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Abstract—To establish a method for investigating hidden ra-
diation sources and their mechanismsin a printed circuit board,
we performed preliminary measurementsof one-dimensional mag-
netic near-field distribution over pins of a large-scale integrated
circuit (L Sl) package by meansof an optical method: thefiber-edge
magnetooptic (FEMO) probing technique. The FEM O probe con-
sists of fiber optics and a magnetooptic crystal glued at a fiber
edge. Itsplanar spatial resolution isapproximately 100 pm. It was
found that a magnetic field generated from each LS| pin could
be distinguished and some radiation was generated from ground
and power supply lines. We compared the measured results with
corresponding radiated electric field strength that was separately
measured. Thefrequency of interest wasthetenth harmonic of the
output signal. We observed a strong correlation between those two
experimental results, which suggests the effectiveness of our pro-
posed method for near-field investigation. One of the beneficial fea-
tures of the FEMO probe is its small probe head, due to which
one can perform detailed near-field evaluations in a microscopic
region. Furthermore, wetried to specify a major electromagnetic
interference source by additional measurements of near-field dis-
tributions and frequency dependence of magnetooptic signals. It
was suggested that the short-through current flowingin the power -
supply system of the input/output circuits caused high-level radi-
ated emission.

Index Terms—Electromagnetic interference (EMI) source,
fiber-edge magnetooptic (FEMO) probing technique, large-scale
integrated circuit (LSl) operation mode, LSl pins, magnetic
near -field distribution, radiated electric field strength.

I. INTRODUCTION

LECTROMAGNETIC near-field probes that utilize op-
tical measurement techniques have attractive features such
as low invasiveness and wide bandwidth [1]-{3]. They have
been mainly applied for performance or failure diagnosis of mi-
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crowave circuits with a relatively simple structure and are ap-
preciated as efficient tools for near-field mapping. However,
their potential for near-field characterization of an active de-
vice, particularly that associated with electromagnetic interfer-
ence (EMI), has been rarely demonstrated until now.

With increasing operation speed and packaging density of
electronic devices, the EMI problems in electronic eguipment
become more and more serious. It is considered that the product
of al of the following factors can generally express the strength
of EMI:

1) intensity of a signa which is responsible for EMI in a

generation source;

2) transmission coefficient for asignal channel;

3) radiation efficiency of an unintended antenna causing

EMI.

Typically, ageneration sourceislarge-scaleintegrated circuit
(LSI) [4], [5]. There are several objects that can become a
resultant signal channel, for example, leads of an LS| package
and power/ground layers in a printed circuit board (PCB).
Power/ground layers in a PCB as well as cables attached to
electronic equipment can also become an unintended antenna
[6].

Recently, with the growing complexity of circuits, it has be-
comehighly desirableto prevent the problemsin theearly stages
of design and packaging of electronic components. To conform
to such atrend, it isindispensable to evaluate the correlation be-
tween el ectromagnetic near-field distribution and radiated emis-
sion and to find out hidden EMI sources. Hence, the near-field
probing technique with high spatial resolution and wide band-
width is needed for realizing this purpose [7]-{9].

The electrooptic probing has been successfully utilized for
characterization of electric near-fields[1]. However, one should
note that a magnetic near-field is more directly associated with
a current than an electric near-field, and an origin of radiated
emission from radiators is known to be a radio-frequency (RF)
current. Therefore, it is considered more essential to apply the
magnetooptic (MO) probing technique in the evaluation of EMI
generation sources.

Near-field scanning optical microscopy utilizing aM O effect
isknown to be apowerful MO probing technique with very high
spatia resolution [10], [11]. Although it has been widely used
for characterizing static magnetic fields, it is not intended to
detect wide-band radiated fields, and thus it is inadequate for
our purpose.

Webelievethat the fiber-edge magnetooptic (FEM O) probing
technique that is used in this paper promises to meet the re-
quirement described above. It consists of fiber opticsand aMO
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Fig. 1. Schematic diagram of a probing system for magnetic near-field
measurements.

crystal glued at afiber edge[2]. In addition to its low invasive-
ness, the structure can be fabricated to have high spatial resolu-
tion [12] or wide bandwidth [3].

To investigate the correlation between magnetic near-field
and radiated emission in the LSI-mounted PCB, we measured
one-dimensional (1-D) magnetic near-field distribution over
LS| package pins by means of the FEMO probing technique. It
was found that the FEMO probe could distinguish a magnetic
field generated from each of the LS| pins with a width of 200
pm and an interval of 500 zm. We compared the measured
results with corresponding radiated electric field strength
separately measured in an anechoic chamber. We confirmed
there was a strong correlation between those two experimental
results. Furthermore, through additional measurements of
near-field distributions and frequency dependence of magne-
tooptic signals, we discussed a generation source of EMI.

Il. PROBING SYSTEM

Fig. 1 shows a schematic diagram of a probing system for
magnetic near-field measurements. It consists of the FEMO
probe head and its optical system [2], [3], [12]. All appara-
tuses in the optical system are connected by optica fibers.
The 1550-nm continuous-wave (CW) light emitted from a
semiconductor laser diode (LD) passes through an Er-doped
fiber amplifier (EDFA), a polarization controller, and an optical
circulator, and is launched from the edge of a core-expanded
fiber into the MO crystal. The incident light in the MO crystal
isreflected by a high-reflection dielectric mirror on the bottom
surface and reenters the optical fiber. During one round-trip
in the crystal, the light responds to the magnetic field sur-
rounding a device under test (DUT) through the MO effect
and its polarization is modulated. The polarization modulation
is converted into intensity modulation through an analyzer.
After the compensation of optical loss caused in the fiber
optics and the MO crystal, the light is converted to electrical
signals by a photodetector (PD). The RF photocurrent detected
by a RF spectrum analyzer is regarded as the MO signal.
Therefore, because the intensity of the MO signal responds
to that of the external magnetic field, a magnetic near-field
distribution is obtained by scanning the probe head over a
DUT. The MO crystal glued at the edge of an optical fiber is
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TABLE |
SPECIFICATIONS OF A TEST LSI

Process 0.35 wm, 2 level metal layers
Design CMOS gate array
Chip size 9.95 x 9.95 mm
Package Quad Flat Package (QFP)
Number of pins 304
Width/intervgl 200 wm/500 wm
of package pins
Power supply Separation of 1/0 V, from
Core Vp
1/0 3mA)

. D-FF cpy

". (serial)
- :

. D-FIF " T/O (8mA)
(parallel) |

/0 (12mA)

Fig. 2. Circuit configuration of atest LSl.
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Fig. 3. Sideview of afabricated PCB.

bismuth-substituted rare-earth iron garnet (BiRIG). The size of
the crystal is400 x 400 ym? inarea x 240 ymin height. The
spatial resolution of the FEMO probe utilized for near-field
distribution measurements is approximately 100 ;m [14].

Ill. TeEST LSI AND PCB

A test LSl and a PCB have been developed for evaluating
the effect of LSl operation mode on EMI [13]. In the devel-
oped LSI, the operation modes can be controlled from the out-
side. The specifications of a test LS| are shown in Table |. It
has been fabricated in a complimentary metal—oxide—semicon-
ductor (CMOS) gate array with 0.35-z:m process technology.
The chip size was 9.95 x 9.95 mm?. The LS| was housed in
a conventional quad flat package (QFP) with 304 pins with a
width of 200 ;zm and an interval of 500 xm. Fig. 2 showsacir-
cuit configuration of atest LSI. It consisted of the central pro-
cessing unit (CPU), random access memory (RAM), interface
circuitsfor external control, and noise-generating circuits. Both
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TABLE 11
LSl OPERATION MODES FOR EVALUATIONS
LSI Circuit Frequency of | Frequency of | QOutput voltage
operation mode operation  internal clock | output data | for traces
Test circuit CPU, clock & 255 Mz Non Non
idle data generators
Internal cireuit D-F/F 25.5 MHz 12.75 MHz Non
operation
P . 33VIOV
]/O. cireuit ope 12 mA /O 25.5 MHz 12.75 Mllz (Rectangle,
ration (12 mA) 12.75 MHz)
c 33VOV
VO clreuitope- |00 25.5 MHz 1275 MH7 | (Rectangle,
ration (3 mA) 12.75 Milz)
Crystal 25.5 MHz 12.75 MHz
oscillator
Clock gencration / /
P for noisc generating > D-F/F
/ circuits
A Output
51 MHz 255 MHz data
Data generation control
for noise generating » 1/0 > >
circuits 7Y
A
DC 12.75 MHz 12.75 MHz
DC
Crystal DC
oscillator
CPU
/ DC
19.6608 MHz LSI

Fig. 4. Block diagram of LS| operations.

input/output (1/0) buffer circuitsand internal logic circuitswere
designed as noise-generation sources. The I/O buffer circuits
consisted of CMOS driverswith three different current drivabil-
ities: 3-mA driver, 8-mA driver, and 12-mA driver.

Each driver has 48 buffers and was alocated at a side of
the chip as shown in Fig. 2, that is, atotal of 144 1/O buffers
were incorporated on the periphery of the test LS. Two types
of logic circuits—D-type flip-flop (D-F/F) circuits and buffer
chain circuits—were incorporated as internal logic circuits. To
avoid the interaction inside the chip, a separated power-supply
system (that consists of separated power layers and a common
ground) was adopted for the I/O buffer circuits and the internal
logic circuits.

An evaluation board for mounting the LSl package was de-
signed. Its planar size was 180 x 180 mm?. Fig. 3 shows a
side view of a fabricated PCB. It consisted of six conductive
layers with a dielectric (FR-4) between each of them. The top
and bottom layers were ground planes. Signal layers were pro-
vided asthe second and fifth layers, which are next to the ground
planes. A power layer that iscommonly used to supply power to

Radiated Emission [dB 4V/m]

400

600 800 1000

Frequency [MHz|

Fig. 5. Radiated electric field strength for 12-mA 1/O circuit operation mode
(vertically polarized wave).

the 1/O buffer and the internal logic circuits was allocated asthe
third layer. Clocks for the CPU (19.6608 MHZz) and noise-gen-
erating circuits (51 MHz) were provided by crystal oscillators
mounted on the PCB.
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TABLE 111
RADIATED ELECTRIC FIELD STRENGTHS AT 127.5 MHz
Antenna height 1 m Antenna height 2 m
Horizontally Vertically Horizontally Vertically
polarized wave| polarized wave| polarized wave| polarized wave
|dBuV/m| [dBuV/m| [dBuV/m]| |[dBuV/m]
Test circuit idle 2.5 2.5 2.5 2.5
Internal circuit operation
(D-I/F) 6 5 6 8
I/O circuit operation
(13 ks 15 9 18 14
I/O circuit operation 12.5 9.5 15 15.5
(3 mA) ) )

IV. RADIATED ELECTRIC FIELD STRENGTH

To investigate a correlation between radiated emission and
magnetic near-field, we selected four kinds of LSl operation
modes as shown in Table Il. For understanding of each oper-
ation, asimplified block diagram of LS| operationsisshownin
Fig. 4. In both cases of the test circuit idle and internal circuit
operation modes, thereisno signal output for traces connecting
with the LSl pins. When the 1/O circuit operation mode is se-
lected, the rectangular output voltages that have a 180° phase
difference with respect to adjacent traces are transmitted.

Fig. 5 shows the radiated electric field characteristic of the
PCB measured in an anechoic chamber. The horizontal distance
between the PCB and the antenna was 3 m and their heights
from the chamber floor were 0.8 and 2 m, respectively. The
LS| operation mode was 12-mA /O circuit operation, which
showed the highest emission level among four kinds of LS| op-
eration modes. High-level emissions are observed in the fre-
guency rangefrom 200 to 500 MHz. It should be noted that those
frequencies are even multiples of 12.75 MHz, the fundamental
of the output signal. Although it is very interesting to measure
the magnetic near-field distribution in this frequency range, the
FEMO probe used in this study did not have sufficient sensi-
tivity for measurement. Therefore, we have systematically in-
vestigated the radiation strength for the LS| operation modesin
Tablell at 127.5 MHz, which istenfold that of the fundamental
of the output signal. Using afield strength meter, we measured
the radiation strengths of both horizontally and vertically po-
larized waves with the conditions of antenna heights of 1 and
2 m. Table |11 shows the measured result. We can find that the
radiation levels in the cases of 1/O circuit operation modes are
higher, and in particular, the maximum strength is observed for
the 12-mA 1/O mode in the case of both antenna heights. Toin-
vestigate the origin of the differencesin the radiation strengths,
we tried to measure magnetic near-field distributions over pe-
ripheral pins of the LS| package.

V. MAGNETIC NEAR-FIELD DISTRIBUTION OVER PINSOF LS
PACKAGE

Fig. 6 showsthe configuration of the FEM O probe head to the
DUT for magnetic near-field distribution measurements. The
gap between the probe head and LS| pins was set to be ap-
proximately 50 »m and the probe head was one-dimensionally
scanned with a pitch of 50 zm. When we measure the magnetic

Optical fiber Scan (pitch 50 pum)

—

MO crystal 240 wm
400 pm $ 50 pm
LS pin M
500 pm 200 wm

Fig. 6. Configuration of the FEMO probe head to the DUT for magnetic
near-field distribution measurements.

near-field in the configuration of Fig. 6, the probe detects the
field element perpendicular to a surface of aDUT [2], [12]. In
the case of the I/O circuit operation mode, the measurement was
carried out over the corresponding L SI pins. On the other hand,
measurements for other operation modes were performed over
the pins for the 3-mA 1/0O circuit (see Fig. 2).

Fig. 7 showsmeasured results of one-dimensional (1-D) mag-
netic near-field distribution at 12.75 MHz. The profiles of MO
signals were normalized to the maximum value. In the results
for the test circuit idle and internal circuit operation modes, no
peaks were observed, while in both cases of the I/O circuit op-
eration modes, sharp peaks appeared continuously. It was found
that these peaks were located between two adjacent pins. As a
result, we could identify which pin contributed to each magnetic
peak. InFig. 7(c), for example, it was found that most peaksthat
had their intensities at above —5 dB, resulting from the magnetic
fields generating from the pinsfor I/0. Smaller peaks were due
to the magnetic fields from the pins for power or ground.

The 1-D magnetic near-field distributions at 127.5 MHz are
shown in Fig. 8. Note that these profiles and those shown later
were normalized to the maximum value in Fig. 7(c) and were
corrected by adding an amount of lowering of the probe sensi-
tivity. Asaresult, one can directly compare the peak intensities
among the profiles at the same or different frequency. Again,
peaks were observed in both profiles of the I/O circuit oper-
ation modes. It was confirmed that all peaks were due to the
magnetic fields from the pins for power or ground. One should
note that the peaks in Fig. 8 are larger than those caused by the
fields from the power/ground pinsin Fig. 7. It can be seen that
the radiation for the 12-mA 1/O mode is stronger than that for
the 3-mA 1/0 mode. From a comparison between Fig. 8 and
Table I11, we can confirm the strong correlation, that is, the I/O
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Fig. 7. 1-D magnetic near-field distributions over LS pins at 12.75 MHz, (a) test circuit idle, (b) internal circuit operation, (c) 12-mA /O circuit operation, (d)

3-mA /O circuit operation.

circuit operation mode gives a higher radiation level in the case
of both magnetic near-field and electric far-field. The measured
results of magnetic near-fields suggest that the difference of ra-
diation strengthsin Tablell1 resulted from that of radiation level
in the power-supply system, which meansthat the power supply
system of the 1/O circuits has a great potential as the EMI gen-
eration source. Furthermore, these results al so demonstrate that
the FEM O probing technique can become an effective tool for
near-field investigation of electronic devices.

V1. DiIScUSsSION ON THE EMI GENERATION SOURCE

In this section, we discuss a generation source of EMI on
the basis of measured results of near-field distribution and fre-
quency dependence of MO signals.

In[5], it was demonstrated that a high-frequency current gen-
erated in apower-supply system of LSI caused EMI from a PCB
that had a simple structure with power and ground planes and
no signal trace. As mentioned above, the power-supply system
of the 1/0O circuits has a high possibility as the EMI source
in our evaluation board. As is well known, in CMOS circuits
a transient current flows in power and ground lines when an
output voltageisrisingor falling [13], [15]. Thetransient current
is classified into two types: the charge—discharge current and
the short-through current. The latter flows between power and
ground lines when both transistors instantaneously switch on
during the high-to-low or low-to-high transition and isknown as

the origin of the so-called delta-| or switching noise [6]. There-
fore, it could be speculated that either or both currents con-
tributed to the peaks in Fig. 8. In general, the effects of these
currents on power-supply lines are indirectly evaluated all to-
gether by measuring the voltages of boards in the time domain
[13], [18]. We considered that if those peaks were caused by
the short-through current, by applying the FEMO probe, there
was a possibility of verifying it based on the following rea-
soning. The charge—discharge current is considered to have the
same frequency components as an output current, since they
are essentially equivalent and form a loop around signal and
power/ground lines [15]. Hence, its fundamental should be the
same as that of an output current, in this study, 12.75 MHz. On
the other hand, in the case of the short-through current, it can
be considered that its fundamental is once or twice that of an
output voltage, which depends on the current waveform during
rising and falling of an output voltage. These contents mean that
if the fundamental of the current generating the peaksin Fig. 8
is 25.5 MHz, the origin of the peaks is the short-through cur-
rent. Therefore, first, we attempted to identify the type of the
current by investigating its fundamental. We measured the mag-
netic near-field distributions at 25.5 and 114.75 MHz, the ninth
harmonic of the output signal. Here, the reason for the measure-
ment at 114.75 MHz isasfollows. If the fundamental of the cur-
rent was 12.75 MHz, the ninth harmonic peaks by that should
also be observed. Figs. 9 and 10 show the measured results. All
peaks in Fig. 9 were found to result from the magnetic fields
generated from the pinsfor power or ground. On the other hand,
thereis no peak in Fig. 10. These results suggest that the peaks
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Fig. 8. 1-D magnetic near-field distributions over LSI pinsat 127.5 MHz: () test circuit idle, (b) internal circuit operation, (c) 12-mA 1/O circuit operation, and

(d) 3-mA 1/O circuit operation.21jlt12-iwanami

observed at 127.5 MHz [Fig. 8(c) and (d)] were caused by the
harmonic of the short-through current.

Next, we attempted to investigate the correlation between
frequency dependences of the magnetic near-field and electric
far-field strengths. In the measured result of radiated electric
field (Fig. 5), the frequencies at which high-level emissions
were observed were even multiples of 12.75 MHz. We con-
sidered that it is important to specify which system between
power supply and 1/O causes this feature. Fixing the probe at
the position between LS| pins, we measured the frequency de-
pendence of MO signals. For the measurements, we used a new
type of FEMO probe with a wide bandwidth, which employs
the Faraday effect during rotations of magnetization of an MO
crystal [3]. Its measurable bandwidth is over 10 GHz with the
sensitivity of minimum detectable current of 140 pA [3]. The
MO signals were measured between power and ground pins
or 1/0O pins with a gap of approximately 1 xm. The frequen-
cies of interest were multiples of 12.75 MHz. The measured
result is shown in Fig. 11, where circular and triangular dots
represent the MO signal intensities between power and ground
pins and between 1/0 pins, respectively. In the case between
power and ground pins, signal intensities at 12.75 x 2n MHz
are higher than those at 12.75x (2n+1) MHz, wheren isanin-
teger. From the discussion described above, we believe that the
short-through current almost contributes the entire signal inten-
sity at 12.75 x 2n MHz and the charge-discharge current gen-
eratesthat at 12.75x (2n+1) MHz. On the other hand, the case

between /O pins shows a contrary characteristic, i.e., signal in-
tensities at 12.75 x 2n MHz are lower. One should note that
intensities of high-level MO signals are larger for the former,
and the relationship between the signal intensities of thetwo is
consistent with the measured results for near-field distribution.
Although the frequency band is different, the MO signal charac-
teristic measured between power and ground pins has the same
feature as the electric field strength characteristic. This sug-
gests that the emission from the power supply system resulted
in the feature of the electric far-field, that is, the origin of the
high-level emission was a current flowing in the power-supply
system.

From the results and discussions described above, it can be
considered that the major EMI source of our evaluation board
isthe short-through current flowing in the power-supply system
of the 1/O circuits. Although detailed evaluations to verify this
consideration are future work, we would like to emphasize that
such knowledge could not be obtained until one performed fre-
guency-domain measurements by means of a highly efficient
magnetic near-field probing technique.

Unfortunately, because of insufficient probe sensitivity, we
could not measurethe MO signal characteristic above 300 MHz.
However, it can be speculated from Fig. 11 that asmaller amount
of currentsinto the power-supply system result in the high-level
emission from the PCB, since the probe sensitivity negligibly
changes, to around 10 GHz [3]. Finally, we examine this possi-
bility.
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Fig. 9. 1-D magnetic near-field distributions over LS| pins at 25.5 MHz: (a)
12-mA and (b) 3-mA 1/O circuit operation.

It is known that the resonance that occurs in a power-supply
system of a PCB leads to strong emission, and several authors
reported a strong correlation between a resonance peak in the
transmission coefficient (|Sq;|) characteristic of that and high-
level emission [16], [17]. In[16], it is demonstrated that at res-
onance frequencies, standing waves with high amplitude arise
in a power-supply system, which means that the system be-
haves as an antenna with high radiation efficiency. Therefore,
using a conventional network analyzer, we measured |S; | of
the power-supply system of the PCB. Two semirigid coaxia
cables were soldered to the power and ground pads connected
with those layers at the opposite corners of the PCB. The mea-
sured |So;] is shown in Fig. 12. One can find the resonance
peaksin the frequency range from 200 to 500 MHz in which the
high-level emission was observed. We believe from this result
that the power-supply system of our evaluation board could be-
come aresonator with high radiation efficiency in thisfrequency
range, which led to the high-level emission from the PCB even
if the currentsin the power-supply system were small. Detailed
analysis of the emission mechanism will be reported el sewhere.

VII. CONCLUSION

In this paper, under the consideration that magnetic near-field
intensity isclosely associated with EMI, weinvestigated the cor-
relation between them in the L SI-mounted PCB. We measured
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Fig. 11. Frequency dependence of MO signals measured at the position
between LS| pins (12-mA 1/O circuit operation).

the one-dimensional magnetic near-field distribution over the
pins of an LS| package by means of the FEMO probing tech-
nigue. It was found that a magnetic field generated from each
LSl pin could be distinguished and some radiation was gen-
erated from ground and power-supply lines. We compared the
measured results with corresponding electric far-field strength
at afrequency of thetenth harmonic of the output signal. We ob-
served a strong correlation between these two experimental re-
sults and found that the power-supply system of the I/O circuits
had a high possibility asthe EMI source. Finally, to specify the
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Fig. 12. |S2.]| of the power-supply system of the PCB.

EMI source, weinvestigated the fundamental of the current gen-
erating the harmonic peaks in the near-field distribution and the
correlation between the frequency dependences of the magnetic
near-field and electric far-field strengths. It was suggested that
the short-through current in the power-supply system caused the
harmonic peaks. What ismoreimportant, theMO signal charac-
teristic measured between power and ground pins had the same
feature as the electric field strength characteristic. From the in-
vestigations, it could be speculated that the major EMI source
of our evaluation board was the short-through current flowing
in the power-supply system of the 1/O circuits.

These research results demonstrate that the FEMO probing
technique can be an effective tool for near-field investigation
and toward low-EMI designs of electronic devices.
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