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EMI Camera LSI (EMcam) with On-Chip Loop Antenna Matrix to
Measure EMI Noise Spectrum and Distribution

Naoki MASUNAGA *, Koichi ISHIDA "™, Members, Takayasu SAKURAI'", Fellow,

SUMMARY  This paper presents a new type of electromagnetic inter-
ference (EMI) measurement system. An EMI Camera LSI (EMcam) with
a 12 x 4 on-chip 250 x 50 um? loop antenna matrix in 65 nm CMOS is de-
veloped. EMcam achieves both the 2D electric scanning and 60 um-level
spatial precision. The down-conversion architecture increases the band-
width of EMcam and enables the measurement of EMI spectrum up to
3.3GHz. The shared IF-block scheme is proposed to relax both the in-
crease of power and area penalty, which are inherent issues of the matrix
measurement. The power and the area are reduced by 74% and 73%, re-
spectively. EMI measurement with the smallest 32x 12 um? antenna to date
is also demonstrated.

key words: electromagnetic interference, on-chip loop antenna, down-
conversion, noise distribution

1. Introduction

Electromagnetic interference (EMI) that degrades the de-
pendability of electronic equipments is becoming a serious
issue. Electromagnetic compatibility (EMC) at the LSI level
has been important, because LSIs are often the main noise
source in electronic equipments [1]. In particular, intrasys-
tem EMC problem in small electronic equipments such as
cell-phones is concerned because of (1) the increasing den-
sity of the packaging, (2) the increasing number of various
RF transceivers within a electronic device, and (3) the in-
creasing signal frequency higher than 1 GHz, which result
in the downsizing of the EMI antenna. In order to measure
the EMI noise generated from the fine pattern on PCB or
the on-chip interconnect, 2D EMI distribution measurement
with 60 um-level spatial precision, which is finer than typi-
cal PCB design rule, is required.

Figure 1 shows dimensions and spatial resolution of
recent EMI measurement systems [2]-[8]. To efficiently
and accurately measure the 2D EMI distribution, the elec-
tric scanning instead of the conventional mechanical scan-
ning of the EMI probe [2] is required. All the conventional
measurement method, however, do not satisfy both the 2D
electric scanning and the 60 um precision. The spatial pre-

Manuscript received October 18, 2011.
Manuscript revised January 26, 2012.
"The author was with the Institute of Industrial Science, The
University of Tokyo, Tokyo, 153-8505 Japan.
"' The authors are with Institute of Industrial Science, The Uni-
versity of Tokyo, Tokyo, 153-8505 Japan.
T The author is with VLSI Design and Education Center, The
University of Tokyo, Tokyo, 113-8654 Japan.
*Presently, with Terumo Corporation, Tokyo, 100-0005 Japan.
a) E-mail: ishida@iis.u-tokyo.ac.jp
DOI: 10.1587/transele.E95.C.1059

and Makoto TAKAMIYA ™7, Member

2D with| EMI measurement This work (12x4)
= electrical | sheet (8x8)[4], [5]1@ @
@ scanning Emscan
£ (42x29) [3]
o
5 2D with 21 17
@ mechanical . [ ®
o scanning —
£ Magnetic
Y field probe
o 1D with
g electrical | [ ]
— scanning Magnetic probe
2 array (3x1) [8]
[]
§ P Anechoic chamber,
(=] 0D |- Switchable double-sensor [6]
[ (G L L L
NA “10cm 1cm 1mm 100um  10um

Spatial resolution

Fig.1 Dimension and spatial resolution of recent EMI measurement
systems.

cision of the conventional 2D electric scanning [3]-[5] is
more than 7.5mm. Though the smallest EMI probe with
50 x 22 um? is reported [7], the probe is single and used for
the mechanical scanning.

To solve the problem of the conventional EMI mea-
surement methods, an EMI camera LSI (EMcam) with the
matrix of on-chip loop antennas and measurement circuits is
proposed. The feasibility of 2D EMI distribution measure-
ment with 60 um-level spatial precision is demonstrated by
using the EMcam [9].

2. EMI Camera LSI (EMcam)
2.1 Overview of EMcam

Figure 2 shows an overview and benefits of the proposed
EMcam. The EMcam chip consists of an EMI measurement
circuit as shown in Fig.3 and on-chip loop antennas. By
putting the EMcam on top of the DUT LSI, the EMcam mea-
sures within-die 2D distributions of EMI noise at various
frequencies. The EMcam can measure also the EMI noise
distribution on a PCB in the same way. Both the location
of the EMI noise source and its frequency can be measured
simultaneously with 60 um-level spatial precision.

2.2 Measurement Core Circuit and Operation
Figure 3 shows the block diagram of the measurement core

circuit in the EMcam. The EMI noise is picked up by the on-
chip loop antenna. Then the EMI noise is down-converted
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Fig.2  Overview and benefits of the proposed EMcam (© 2010 IEEE).
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Fig.3  Block diagram of measurement core circuit in EMcam (© 2010
IEEE).

by the mixer. The down-converted noise, fjr is given by firp
=|femi — frol, where fryy and fio are the frequencies of the
EMI noise and the non-overlap clock generator (NCG), re-
spectively. Then f;r is amplified and filtered by LPF. While
the noise inputs are simply amplified by high-bandwidth
amplifiers in [8], the down-conversion is very important in
our matrix measurement, because the down-converted noise
can be handled with the low-bandwidth amplifiers that con-
sume low power. That is, the total power consumption can
be reduced with a high bandwidth up to 3.3 GHz for the EMI
noise measurement.

Figures 4(a) and (b) show schematics of the mixer and
the amplifiers in Fig. 3. The passive mixer is used to reduce
the power consumption. To amplify differential voltage in-
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Fig.4  Circuit schematics. (a) Mixer. (b) Amplifier (one stage) (© 2010
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Power
— .Down-converted

Noise power is
measured by Vg ..~ ] ““/\

\
\

0 f for fio fem Freq.

n n n n
(e.g) 1MHz 3MHz 999MHz 1GHz

Sweep f o
and measure each Vg,

EMI noise spectrum

¥

Ao

0 Freq.

Power

Fig.5 Principle of EMI noise spectrum measurement using the circuit in
Fig. 3. (© 2010 IEEE)

duced by RF magnetic field, the amplifier consists of three-
stage fully-differential amplifiers with the common mode
feedback by resistors suppressing RF electric field-induced
voltages (Fig. 4(b) shows one stage for simplicity). The sim-
ulated open loop gain and the unity gain frequency of the
amplifier are 16 dB and 6.2 GHz, respectively.

Figure 5 shows a procedure to obtain the EMI noise
spectrum using the circuit in Fig. 3. For instance, when fg;
is 1 GHz and fio is set at 999 MHz, f;r is 1 MHz by the
down-conversion. The noise power at 1 MHz can be mea-
sured by using LPF with the cut-off frequency of 3 MHz.
By sweeping f;o and measuring V,, shown in Fig. 3 at each
fro (e.g. fro is swept from 15 MHz to 3 GHz, 3 MHz step),
the EMI noise spectrum is obtained.

2.3 Matrix Circuits for EMI Measurement

Figures 6(a) and (b) show schematics of a straightforward
and the proposed matrix circuits in the EMcam, respectively.
Although 12 X 4 antenna matrix circuits are implemented
in our design, the schematics in Fig. 6 are drawn as 4 x 4
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Column selector |

matrix circuits for simplicity. In order to relax both the in-
creasing power and area penalty, which are inherent issues
for the matrix measurement, the IF block is shared among
4 antennas, which is enabled by the proposed measurement
circuit array. In the straightforward matrix circuits, each an-
tenna has a mixer and a high-power IF block. In contrast, in
the proposed matrix circuits, each antenna has the proposed
‘mixer and antenna selector (MAS)’ circuit, and 4 antennas
share a decoder and the IF block. By sharing the high-power
IF block, the power and the circuit area are reduced by 74%
and 73%, respectively.

Figures 7(a) and (b) show schematics of the straight-
forward and proposed measurement circuit array in the EM-
cam, respectively. The circuit in Fig. 7(b) is a part of the
proposed matrix in Fig. 6(b). The analog signal (Out) is con-
verted to a digital signal by a rectifier and a comparator to
efficiently get the measured outputs from the matrix. In the
straightforward circuit array, there are series switches be-
tween the mixer and the IF block. Noise signals detected
in the on-chip loop antenna are attenuated by the series
switches and the sensitivity of the measurement circuit be-
comes lower. In contrast, in the proposed circuit array, each
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Fig.7  Schematic of (a) straightforward and (b) proposed measurement
circuit array in EMcam (© 2010 IEEE).

antenna has the NCG and MAS circuit. By controlling LO
and LOb in MAS, MAS operates as the mixer or the antenna
selector with small area and power overhead. When sel0 is
high, MAS operates as the mixer. When sel0 is low, both LO
and LOD are low, and the antenna is separated from the am-
plifiers. In this way, the proposed MAS can operate as both
the mixer and antenna selector. Since the number of transis-
tor switches in the signal path can be reduced, the sensitivity
problem can be minimized. In addition, in MAS, only an an-
tenna coil under measurement is connected to the amplifiers.
Remaining neighbor antenna coils are left open. Therefore,
mutual inductances between the coils can be negligible.

3. Measurement Results
3.1 EMcam Chip

The front-end block of the EMcam shown in Fig. 7(b) was
fabricated with 1.2V, 65 nm CMOS process. The chip mi-
crographs and layouts are shown in Fig.8. Figure 8(a)
shows overall circuit of the EMcam chip. A 12 X 4 on-chip
loop antenna matrix is embedded and the size of the antenna
is 250 x 50 um?. The antenna pitch is 260 um and 60 um in
a horizontal and vertical direction, respectively. Figure 8(b)
shows a layout of a measurement circuit in the EMcam. The
core area of the MAS and NCG is 46 ymz. In contrast, that
of the amplifiers is 2130 um?; it is much larger than that of
the MAS and NCG. Figure 8(c) shows the photomicrograph
and layout of the standard antenna (250 x 50 um?).
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Fig.9  Chip microphotograph and layout of smallest antenna.

In order to show the feasibility of the EMI noise mea-
surement with higher-spatial resolution, the smallest size
loop antenna (32 x 12 um?) is fabricated. Figure 9 shows
the photomicrograph and layout of the smallest antenna.

3.2 Off-Chip DUT

Figure 10 shows the photograph of the measurement setup
to verify the detection of the EMI noise by the off-chip DUT.
The off-chip DUT is made with the center core of the thin
coaxial cable and the other side is connected to an external
1 GHz signal generator that emulates the EMI noise.
Figures 11(a) and (b) show the output waveforms of the
EMcam with the signal generator off and on, respectively.
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Fig.11  Measured output waveforms of the EMcam with the signal
generator (a) off and (b) on.

The frequencies of fry; and fp are 1 GHz and 1.0006 GHz,
respectively. The frequency of, fir is 600 kHz. In Fig. 11(b),
the output shows 600 kHz sinusoidal wave. This shows the
off-chip EMI detection is successful and the EMcam mea-
sures not the power-supply noise but the off-chip EMI noise.

3.3 On-Chip DUT

In order to carry out stand-alone measurement of the EM-
cam chip, EMI noise emulators are also embedded on the
same chip, namely on-chip DUT. Figures 12 (a) and (b)
show schematics of the two DUTs for EMI noise emula-
tion. In the DUT (wire), a long on-chip wire is driven by
an off-chip signal generator to emulate arbitrary waveforms
of EMI noise. The DUT (buffer) emulates clock buffers to
emulate the global clock distribution in the logic circuits.
Figure 13 shows the photograph of the measurement setup
for the on-chip DUT. The EMI noise to be measured is fed
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by the external signal source, fgy. The external local oscil-
lator, f1 drives the mixer in the EMcam chip.

Figure 14 shows a measured and calculated depen-
dence of the amplitude of the EMcam output on the distance
between the DUT (wire) of 2 GHz sine and the antenna. The
power input to the DUT by fryy; is approximately 5 mW. In
this measurement, the NCG is turned off and the noise in-
puts are not down-converted and directly measured without
LPF. The following is a procedure of the calculated results
in Fig. 14.

1063

DUT
Antenna

i <_[ |'250(um)
wn |

x(um) 0m)
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In Fig. 15, the magnetic flux density B is described by
Mo i
B="—.-, 1
2r r M
where p, r, and i are the magnetic permeability, the distance

from the DUT, and the current in the DUT, respectively. And
the magnetic flux @,, is calculated by using (1),

x+50
1
D, = #B-dS =“—°-i-cf ~dr
S 2 . r
50
:'u—0~i~c-ln(x+ ) )
2w X
where

i = Asinwt, 3)

where A is the amplitude of the current. Therefore, the in-
duced electromotive force v(¢) in the antenna is calculated
by using (2) and (3),

dd,, (1)
dt

v(0) = = upAfc (cos wt) ln( 4)

x+ 50)
where f is the frequency of the current. v(¢) is proportional
to In((x + 50)/x). That means the EMcam output is propor-
tional to the function In((x+50)/x). In Fig. 14, the measured
results agree with the calculated results, although there are
some uncertainties such as A and x.

To check the operation of a mixer, an EMI measure-
ment with the proposed down-conversion architecture is
compared to that with the off-chip spectrum analyzer in-
stead of the architecture. The EMI noise is emulated us-
ing the DUT (wire) and the off-chip 1 GHz signal generator.
The f10 sweeps from 15 MHz to 3.35 GHz at 2.7 MHz step.
Each measurement point takes 24 seconds and the total time
for 1192 measurement point, from 15 MHz to 3.35 GHz, is
approximately 8 hours. To reduce the measurement time
in practical use, number of measurement point should be
optimized. Figure 16(a) shows measured EMI noise spec-
trum using the off-chip spectrum analyzer, when the NCG is
turned off same as Fig. 14. Figure 16(b) shows correspond-
ing EMI noise spectrum using the EMcam when the NCG
is turned on. In Figs. 16(a) and (b), the noise peaks match
at 1 GHz, 2 GHz, and 3 GHz. This confirms the operation of
the mixer. On the other hand, the peak intensity ratios be-
tween 1, 2, and 3 GHz differ between Figs. 16(a) and 16(b).
The differences are caused by the unity gain of the amplifier.
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Thanks to the down-conversion architecture, the proposed
EMcam successfully measures the noise peak intensity up
to 3.3 GHz while the noise peak intensity in Fig. 16(a) is at-
tenuated.

Figure 17 shows the simulated frequency response of
the measurement circuits (NCG, the Mixer, and the Am-
plifiers) in Fig.3. Frequency responses including antenna
characteristic of 20 dB/decade are also plotted. With the di-
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rect input, the unity gain frequency is 3 GHz. In contrast,
with the proposed down-converted input (f;r=2 MHz), the
equivalent unity gain frequency is 11 GHz. The 3 GHz peak
in Fig. 16(b) is higher than that in Fig. 16(a), which agrees
with the bandwidth in Fig. 17.

Measurements with the EMI noise generated by the
DUT (buffer) are carried out to emulate the clock buffer
noise, which is the main EMI noise source in a digital
LSI. Figures 18(a) and (b) show EMI noise waveform and
spectrum of DUT (buffer) using the off-chip oscilloscope
and spectrum analyzer, respectively, when Vpp of the DUT
(buffer) is 1.2 V. The NCG is turned off, same as Fig. 14.
In Fig. 18(a), the EMI noise waveform is clearly shown at
the rising and falling edge of the 30 MHz clock signal. Fig-
ure 18(c) shows corresponding EMI noise spectrum using
the EMcam when the NCG is turned on. In Figs. 18(b) and
(c), the noise peaks match at 30 MHz and odd numbers of
this. This confirms the validity of the EMcam. Figure 18(d)
shows a measured dependence of the amplitude of the EM-
cam output on the power supply voltage of the DUT (buffer),
when the NCG is turned on. The f;¢ is 29.5 MHz. The am-
plitude is reduced with the reduced power supply voltage,
because the EMI noise generation is reduced.

Figure 19 shows a within-die 2D distribution of EMI
noise measured with the 12 X 4 on-chip loop antenna matrix
of the EMcam. The antenna pitch is 260 um and 60 um in
a horizontal and vertical direction, respectively. The DUT
wire goes across the matrix. At this time fgy; and fio
are 1 GHz and 1.0006 GHz, respectively. As the distance
between the DUT and the antenna increases, the measured
EMI noise decreases.

In order to show the possibility of an EMcam with
higher-spatial resolution, EMI measurement with the small-
est size loop antenna (32 x 12 um?) is demonstrated. In this
measurement, the NCG is turned off same as Fig. 15. Fig-
ure 20 shows a measured dependence of the amplitude of
the EMcam output on the amplitude of the DUT (wire) in-
put. As the input amplitude decreases, the output amplitude
linearly decreases, which shows a reasonable operation of
the smallest antenna. The performance is summarized in
Table 1.

4. Conclusion

An EMI Camera LSI with a 12 X 4 on-chip loop antenna
matrix in 65 nm CMOS is presented. The feasibility of the
within-die 2D EMI distribution measurement with 60 um-
level spatial resolution is demonstrated without mechanical
scanning. The down-conversion architecture and ‘mixer and
antenna selector (MAS)’ are proposed to relax both the in-
crease of power and area penalty, which are inherent issues
of the matrix measurement. The down-conversion archi-
tecture increases the bandwidth of EMcam and enables the
measurement of EMI spectrum. The shared IF block archi-
tecture reduced the power and the area by 74% and 73%, re-
spectively. MAS reduces the switches and prevents the EMI
attenuation due to the switches. EMI measurement with the
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Table1 Performance summary of the EMI camera LSI. (© 2010 IEEE)
Technology 65nm CMOS
Supply voltage 1.2V

Gain 47dB
EMI camera |Maximum frequency 3.3GHz
LSl Frequency resolution 3MHz
Dynamic range 33dB
Number 12 x 4 array
ehi : 250pm x 50pum (array)
g,?t::.l'i loop |Size 32u;';6x 1?;1 (siT)glle)
. m (vertica
Antenna pitch 260um (horizontal)
Amplifiers 16.06mwW
Power MAS and NCG 0.16mwW
Total 16.22mwW
Amplifiers 2130um?
Core area MAS and NCG 46pum?
Total 2176um?

smallest antenna (32 X 12 um?) is also achieved. The mea-
surement result with the smallest antenna demonstrates the
feasibility of an EMI noise measurement with higher-spatial

resolution in the future.
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