TEMC-398-2015

Emission Source Microscopy Technique for EMI Source
Localization

Pratik Maheshwari, and Hamed Kajbaf, Member, IEEE, Victor V. Khilkevich, Senior Member, IEEE,
and David Pommerenke, Fellow, IEEE

Abstract—For large, complex systems with multiple sources at
the same frequency, localizing the sources of radiation often
proves difficult. This paper presents an emission source
microscopy (ESM) technique derived from synthetic aperture
radar (SAR) to localize radiating sources on a PCB. Near-field
scanning provides limited information about the components
contributing to far-field radiation. This paper presents the source
localization methodology, supported by simulation and
measurement results. After localizing the sources, the far-field
contribution and the total radiated power from each individual
source can be estimated. The results show that the proposed
method can distinguish between multiple radiating sources on a
complex PCB.

Index Terms—source localization, EMI, radiation sources,
near-field scanning, emission source microscopy, synthetic
aperture radar.

. INTRODUCTION

Near—field electromagnetic scanning often is used for root
cause diagnosis by determining the field distribution
close to the PCB [1]-[3]. The near-field measurement contains
both evanescent and radiating fields. In the close vicinity of
the device under test (DUT) the evanescent waves are often
dominant, which may cause them to be misinterpreted as the
dominant contributors to the far-field. Often, engineers focus
primarily on the radiating sources of -electromagnetic
interference (EMI) contributing to far-field radiation. To
identify these sources, engineers must depend upon their
experience or trial and error approach. Another limitation of
near-field scanning is that the probe may not be able to access
all locations near the PCB due to the complex geometry and
high component density. The measurement of fields at
different heights further complicates the interpretation.

To overcome the limitations of near-field scanning in
locating EMI radiation sources, the emission source
microscopy (ESM) presented in this paper can be used to
directly identify the sources of far-field radiation.
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Similar ideas [4]-[5] have been used in the detection of
faulty antennas in antenna arrays. The investigators performed
two phase-synchronized near-field measurements before
applying the synthetic aperture radar (SAR) algorithm to
detect faulty antennas. SAR techniques are used mainly for
antenna diagnostics and antenna pattern measurements [6].
Another application is the reconstruction of surface currents
by scanning very close to the PCB [7]. The method
emphasizes capturing the maximum evanescent spectrum to
reconstruct the fine details of the surface current distribution.
The investigators in [8] demonstrated a method similar to the
one presented in this paper for detecting radiating sources, but
the paper does not discuss the spectral filtering and spatial
sampling requirements. Related techniques also have been
used for microwave imaging to detect concealed objects,
structural defects, radar and aerial imaging [9]-[11].

The emission source microscopy method presented in this
paper derives from the methods employed in [4]-[11]. It is
used mainly for localizing radiating EMI sources on complex
PCBs or enclosures. The phase and magnitude of the fields are
measured on a planar surface a few wavelengths away from
the DUT in order to remain outside its reactive near-field
region. The scanned fields are back-propagated to the source
plane after spectral filtering to identify the radiation sources.
Section Il presents the analytical formulation of the ESM
methodology and then an explanation of how the individual
sources can be distinguished. In addition, the total radiated
power can be calculated for individual sources to determine
the source contributing the most radiation.

Section 11l explains the phase measurement methodology
and discusses how to overcome challenges faced during
product scanning. After showing the results of scanning a SI
test board, limitations of the method and the parameters that
may affect the accuracy of the ESM methodology are
discussed.

Il. EMISSION SOURCE MICROSCOPY ALGORITHM

A. Analytical Formulation of 2D ESM Algorithm

The scanned fields on the observation plane can be
expanded using the plane-wave spectrum theory, which states
that any monochromatic but otherwise arbitrary field
distribution can be represented as a superposition of plane
waves travelling in different directions with different
amplitudes. According to [12], the electric field intensity in a
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source-free region on a plane (x,y,0) can be represented as a
superposition of plane waves in the form of Fourier transform,

E(y,0) = — [ [% flex, ke T Cr R de dk,, (1)

where f(kx, ky) is the 2-dimensional Fourier transform of
E(x,y,0), as given by,

flluky) =7 [7 E(x,y,0) e/ dxdy  (2)

Here, k, and k,, are the spectrum wavenumbers in the x and
y directions, respectively. It has been shown [13] that the
spectrum of the field on any plane (x,y,z,) parallel to
(x,y,0) can be found using,

f(kx: ky; Zo) = f (kx, ky) L (3)

where k = 2m/A is the free-space wavenumber, and A is the
wavelength of the active source of radiation. k, is the z
component of the propagation vector given as,

k, = Jk? —kZ—k2, if kZ+kj<k? (4a)
k, = —jJkZ+kZ—k?, otherwise (4b)

Equation (4a) corresponds to the propagating waves whereas
equation (4b) corresponds to the evanescent waves.

Therefore, if the field on the scanning plane (x,y,zg) is
known, the field on the source plane (x,y,0) can be found
using,

E(x,y,0) = FTF(E(x,y,20)} * e/*%%] ()

where ‘z,’ is the vertical distance between the planes, and
Fand F~! are the forward and inverse Fourier transform
operators, respectively.

Equation (5) allows back-propagation of the field from one
plane to another. The fields are usually not available in the
form of continuous functions, as in (1) and (2), but instead are
sampled at discrete locations. In the case of uniform sampling,
(5) would result in discrete rather than continuous Fourier
transforms. Equation (5) serves as the basis of the 2-D ESM
algorithm. During the transformation (5) the contribution of
the evanescent waves can be easily nullified by replacing the
exponential factor by 0 when the condition in (4b) is satisfied.
This allows to retain information about the radiation
component only and eventually obtain the radiation map on
the source plane (x, y, 0).

In principle, one can obtain all samples of the field
distribution E(x, y, z,) simultaneously using antenna or probe
arrays [14]; however, this is difficult to implement. The
potential advantage of using probe arrays is the ability to
locate time-varying sources, however on practice the
acquisition time of antenna arrays is in the range of

milliseconds at best [15], which allows to work with relatively
slowly changing fields only.

A more practical approach is to use a moving probe or
antenna and sample the field sequentially from point to point.
In this case, the scanning plane can be thought of as a
synthetic aperture of a large antenna. The disadvantage of this
sampling method is that it is limited to non-varying or at least
stationary sources, which however represent a very important
practical case.

For scanning, the scan plane is divided into a discrete grid
of N x M points. At each point, the tangential electric field
components E, and E,, (or Hy, H,) are measured. The spatial
resolution, Ax and Ay, and the spectral resolution, Ak, and
Ak, are related by the following equations,

Ak, = 2T
* " NAx
Ak 2T
YT MAx

The distance between the points on the scanning grid should
be chosen to be less than A/2 in order to satisfy the Nyquist
spatial sampling criterion [16]. There are methods allowing to
perform the transformation for fields sampled above the
Nyquist criterion [17]-[18], however they increase the
complexity of the transformation procedure and are not used
in this paper.

The resolution of scanning, height of the scanning plane,
and frequency of operation affect the final resolution of the
back-propagated image. The ESM method (Equation 5) is
equivalent to focusing by a lens [32]. The numerical aperture
of the lens is given as [19],

N.A.=nx*sinf (6)

where ‘n’ is the refractive index of the medium, and © is one-
half of the aperture angle in radians, as shown in Fig. 1. Here,
‘d’ represents the length of the smallest dimension of the
physical aperture, and ‘h’ is the height of the scanning plane
above the DUT. Based on the numerical aperture in (6), the
resolution of the back-propagated image can be given as,

R=A/(2*N.A) @

Equation (7) sets the limit for the resolution that can be
achieved in the back-propagated image. For an infinitely wide
scanning aperture, the aperture angle would be 90 degrees, and
with air as the medium, the maximum N.A. would be 1. This
limits the theoretical maximum resolution to A /2, which is
also the diffraction limit of optical (and microwave)
microscopy.

B. Method validation on a custom PCB
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To test the usefulness of the ESM method for EMC
applications, a custom PCB with several patches and traces
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Fig. 1. Aperture angle given by the span of the scan plane.

was built. Fig. 2 shows the full-wave model of the PCB built
in the CST microwave studio [21]. The model was used to
compare the experimental and simulation results

]
.‘/I/* Patch P1
\ Patch P2

Fig. 2. Model of the custom PCB.

The PCB was 254 mm x 152 mm in size and had two
20 x 20 mm center-fed patches. The simulation assumed a
perfect electric conductor (PEC) for metal layers and FR-4 (g,
= 4.3) for dielectric material. During the simulation, patches
P1 and P2 were excited simultaneously at 8.2 GHz. Using the
time-domain solver in CST, the complex tangential electric
fields E, and E, were simulated at a height of 2\ (73.2 mm)
above the DUT plane, as shown in Figs. 3 and 4. To compare
these simulated results to the measurement results, the field
magnitudes were normalized to a 1 V input excitation.
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Fig. 3. Simulated E, field magnitude (V/m) (top) and phase (rad) (bottom)
on the scanning plane at 73.2 mm above the DUT using full-wave
simulation.

The image of the DUT was overlapped and aligned with the
image of the scanned fields to allow an observation of the
underlying physical sources of radiation. As Figs. 3 and 4
indicate, observing the fields simulated at 2i yielded no
particularly useful information about the source of radiation.
However, when the ESM algorithm given in (5) was applied to
the simulated fields (with evanescent wave suppression), and
the back-propagated field on the PCB plane was obtained, the
sources were localized easily. The back-propagated field on
the source plane for both orientations appears in Figs. 5 and 6.
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Fig. 4. Simulated E, field magnitude (V/m) (top) and phase (rad)
(bottom) on the scanning plane at 73.2 mm above the DUT using full-
wave simulation.
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Fig. 5. Back-propagated E, field magnitude (VV/m) on the source plane.
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Fig. 6. Back-propagated E,, field magnitude (\VV/m) on the source plane.

The resolution of the back-propagated image, as calculated
using (7), is approximately 1.9 cm. The edge-to-edge
separation between the patches is 4.8 cm, i.e. above the
theoretical resolution limit, which agrees with the obtained
image maps. The ripples in the back-propagated images
around the sources are diffraction rings, which are common in
optical microscopy.

C. Measurement Results for Custom PCB

For measurement, an X-band open-ended waveguide with a
usable frequency range of 8.2-12.4 GHz was used as a
scanning antenna. It was moved in a uniform rectangular grid
over the custom PCB using an API 3-axis EMI scanning
system [22]. The patches were excited simultaneously at 8.2
GHz. A vector network analyzer (VNA) was used to measure
the amplitude and phase of the scanned fields. Port 1 of the
VNA fed a resistive splitter to excite patches P1 and P2, while
Port 2 of the VNA was connected to the scanning antenna to
receive the radiated signal. The calibration of the VNA was
performed up to the input of the patches in order to
compensate for the loss of the splitter. The S obtained using
the VNA provided the amplitude and phase of the fields over
the scanning plane.

The output of the scanning antenna is a convolution of the
fields received at the aperture and the probe response [30]. To
obtain the actual fields existing at the probe locations, the
probe response must be removed using a procedure called
probe correction. This can be accomplished in the spectrum
domain by dividing the spectrum of the received probe output
by the spectrum of the probe response. In the case of an open-
ended waveguide, the beam width is relatively large, so the
far-field antenna factor of the open-ended waveguide was used

as a first-order approximation for the probe response. The
antenna factor was calculated analytically. After applying the
antenna factor, the measured Sy; values can be considered as
the fields from the patches in response to a 1 V input
excitation. This allows the measurement fields to be compared
to the simulated results.

To apply the ESM algorithm, the fields emitted by the
sources are measured on a planar surface at a certain distance
above the DUT. Here, the distance was kept at 2A (73.2 mm)
so that the results could be compared with those from the full-
wave simulation. The spatial scanning resolution was kept at
M6, which resulted in 1800 sampling points. Figs. 7 and 8
depict the measured fields for both polarizations after applying
the probe correction. After applying the ESM algorithm to the
measured data and reconstructing the image from the source
plane, the sources were identified in both orientations, as
shown in Figs. 9 and 10. As can be seen, the obtained images
are very close to those obtained in simulation (Fig 5 and 6) in
both pattern and magnitude.
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Fig. 7. Measured E, field magnitude (V/m) (top) and phase (rad)
(bottom) on the scanning plane at 73.2 mm above the DUT.
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Fig. 8. Measured E, field magnitude (V/m) (top) and phase (rad)
(bottom) on the scanning plane at 73.2 mm above the DUT.

03
15
025
£ 10
% 02
°
-—
0.15 5

o
-

0 0.1 02 0.3
X-dist (m)

Fig. 9. Back-propagated E, field magnitude (\VV/m) on the source plane.
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Fig. 10. Back-propagated E, field magnitude (V/m) on the source plane.

D. Near-field to far-field transformation calculation

The next step is to calculate the far-field pattern of the
sources identified on the source plane. This provides
information such as the maximum radiated emission and the
total radiated power from the DUT, eliminating the need to
perform complicated measurements in the anechoic chamber.
On the other hand neglecting the field outside the rectangular
scanning region (which is inevitable) affects the accuracy of
the computed far-field [27], which makes it essential to define
the scanning region sufficiently large to capture as much
information about the EMI sources and possible.

To interpolate in the frequency domain, the field data in the
spatial domain are zero-padded before conversion to the
spatial spectrum domain. The plane wave spectra fx(kx, ky)
and f, (ky, k,) can be used to calculate the far-field using the

stationary phase method [12],

ke Jkr

Eo(r,0,0) = J*_ (fycosd + fysing) ®
Ey(r,0,¢) zjkz;jrkr cos6 (—fysing + fycosp) 9)

Angles 8 and ¢ in Equations (8) and (9) can be obtained
from k, and k,, by solving the system of equations

k, = ksinfcos¢
k, = ksinfsing.

Firstly, the far-field was computed from the data obtained in
simulation, as shown in Fig. 11. The far-field pattern was
determined in a similar manner from the scanned data
obtained via measurement, as shown in Fig. 12. The 3D field
patterns from the measured data and from the simulation
results appear to agree reasonably well. The maximum value
of component E, obtained from the simulation was 1.7
dBV/m, as compared to 2.7 dBV/m from the measurement
data. This is the maximum peak value of the far-field in the
entire sphere, so the angle is not specified.

The total radiated power can be computed from the
radiation intensity, which can be given as,

U®.®) == [IEe(r 0,91 + [Ey(r. 0,00 (10)



TEMC-398-2015

The total radiated power can be obtained by integrating the
radiation intensity over the hemisphere,

Praa = Ud0 = [ [TUsinddodp (11)

where dQ is an element of the solid angle that equals
sin6 d6 d¢.

Fig. 11. Far-field pattern for component Eg4 in dBV/m from simulation.

Fig. 12. Far-field pattern for component Eg4 in dBV/m from
measurement.

The numerical integration over the 2D surface can be
evaluated using Simpson’s rule [25]. The total radiated power

calculated was 6.3 dBm using the measurement data. The total
radiated power obtained from full-wave simulation for the two
patches was 7.04 dBm. This shows that the back-propagated
fields on the source plane can be used to predict the total
radiated power of the DUT with accuracy sufficient for most
EMC applications. Of course, the transformation to the far-
field can be performed directly from the scanned data without
the intermediate back-propagation step. The back-propagation
however allows to calculate the contributions of individual
sources, which is discussed in the next section.

E. Determining Contributions from Individual Sources

As seen in Fig. 6, the two sources were identified on the
source plane using the ESM method. Often it is interesting to
estimate the far-field contribution of each individual EMI
source. This can be achieved by masking the ESM image (i.e.
nullifying the field outside a certain region associated with the
source) to remove contributions of other unwanted sources
and then performing the near-field to far-field transformation
as described above. An example of masking the ESM image
on fig. 9 and 10 to estimate the contribution of the patch P1 is
shown in Fig. 13.
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Fig. 13. Back-propagated E, (left) and E, (right) field magnitudes
(V/m) on the source plane from scanned data with sources masked. The
masks are showed as white circles.
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The maximum value of component E, obtained from the
simulated fields was -6.0 dBV/m, whereas the scanned fields
yielded a maximum value of -5.2 dBV/m. Also, the total
radiated power from the simulated fields for the source
corresponding to patch P1 was 1.96 dBm, whereas the
measurement yielded a value of 1.19 dBm. This result
indicates that after the sources are localized on the source
plane using the ESM methodology, contributions from
individual sources can also be calculated with sufficient
accuracy for most EMC applications.

I11. APPLICATION OF ESM METHODOLOGY ON AN ACTIVE DUT

The application of the ESM methodology on an active DUT
is presented in this section. For this method to work, the
amplitude and phase of the electromagnetic field must be
measured. The literature  describes different phase
measurement methods, including a time-domain method [23]
and a spectrum analyzer based method [24]. The drawback of
the latter method is that it requires three scans to retrieve the
phase information. On the other hand in the time domain, the
sample frequency must be relatively high. For example if no
down-mixing is used, a 20 GS/sec sampling rate will be
required at 8.2 GHz.

A further complication of the time domain method results
from the relationship between the recorded length and the
spectral resolution. If the sources have multiple frequency
components, the method must distinguish between them. This
could result in the need for a very long time record. To
overcome the drawbacks of the above two methods, the phase
and magnitude were measured using a vector network
analyzer (VNA) in tuned receiver mode.

In tuned receiver mode, the internal RF source is turned off
and the VNA measures the amplitudes of each receiving
channel signals at the set frequency and the phase difference
between them. A phase reference signal is needed, which can
be obtained either by using a stationary antenna pointed on the
DUT or by tapping into the DUT being measured. The other
port of the VNA is connected to the scanning antenna. The
phase difference between the reference and the measurement
channels provides the phase value for the scanned fields. The
amplitude from the scanning antenna is measured directly.

A. Phase measurement setup and algorithm

An off-the-shelf FPGA transceiver board [31] operating at
the clock frequency of 3.125 GHz was used as a DUT. The
FPGA was programmed to output a differential clock signal
on one of the differential channels. At the clock frequency, the
achievable spatial resolution was 5 cm (calculated using (7)).
At the third harmonic, 9.375 GHz, the resolution improved,
reaching 1.56 cm. This resolution limit is less than the
distance between the adjacent SMA connectors on the board
and thus allows for radiating structure to be identified in this
example. So, this value was selected as the test frequency. The
clock signal was outputted at two SMA connectors, as shown
in Fig. 16.

Fig. 14. Far-field pattern for E4 component in dBV/m from back-
propagated masked fields using simulated data.

Fig. 15. Far-field pattern for Eq component in dBV/m from back-
propagated masked fields using scanned data.

clock trace

Fig. 16. Differential clock trace feeding into open SMA connectors on
the FPGA transceiver board.

Fig. 17 illustrates the measurement setup. An open-ended
X-band waveguide served as the scanning antenna. It is moved
by an API 3-axis EMI scanning system [22]. The reference
signal required for phase measurement was obtained by
tapping the right SMA connectors of the differential clock
line. The left SMA connector was not terminated. The
scanning step was kept at 7 mm in both the x and y directions.
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Fig. 17. Measurement setup for tuned receiver mode.

The VNA was centered on the desired frequency and
operated in zero span mode. The number of sweep points was
set to 100 to obtain an average of the measured signal, which
improves the signal-to-noise ratio. The IF bandwidth was kept
at 300 Hz. The settings were determined as a trade-off
between the sweep time, the signal-to-noise ratio, and the need
to accommodate the frequency drift of the signal emitted by
the DUT. A larger IF bandwidth would have allowed to
capture the signal without having to track the thermally
drifting frequencies of the DUT, however, the signal to noise
ratio would have not been sufficient.

Every 100 spatial scan points, the drift compensation
routine changed the VNA span from 0 Hz to 500 kHz and
searched for the exact peak corresponding to the desired
frequency. It then designated it again as the center frequency
and continued the measurement.

Fig. 18 shows the magnitude of the total tangential electric

field E, = f(E,% + E2), and Fig. 19 shows the phase of the E,

component. The data indicate that limited information about
the sources of radiation can be obtained from the scanned
fields.

To demonstrate the advantages of the ESM technique over a
conventional near-field scan, the near-field was measured
using a 2 mm loop probe at a height of 0.5 mm above the PCB
surface with the step of 3 mm. Only the field magnitude was
measured. The result of the near-field scanning appears in Fig.
20, where the active differential trace is clearly visible,
however no radiation form the heat sink and open SMA
connector can be seen.

Using the fields measured at a distance of 5 cm, the ESM
technique was applied, and the fields were back-propagated to
the source plane. The back-propagated fields on the source
plane appear in Fig. 21, which indicates two sources of
radiation — one related to the FPGA heat sink and the other
related to the open SMA connector. The evanescent field
components associated with the microstrip transmission line
are completely suppressed (compare fig. 21 to fig. 20). The
possible reason for the relatively strong radiation from the heat
sink is the asymmetric termination of the differential
transmission line, creating strong common mode exciting the
heat sink. In order to verify this hypothesis, the open SMA
connector was terminated using a 50 ohm termination, which
drastically reduced the common mode current on the

Y-dist (mm)

100
X-dist (mm)
Fig. 18. Measured field magnitude (V/m) on the scanning plane at 5 cm
above the DUT.

Y distance (mm)

o] 100 200 300
X distance (mm)

Fig. 19. Measured field phase (rad) on the scanning plane at 5 cm above
the DUT.
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Fig. 20. Measured tangential fields (magnitude) for the FPGA board
using near-field scanning.

differential clock trace and thus the resulting radiation. The
back-propagated field on the source plane with symmetrical
termination of the differential clock line appears in Fig. 22.
The same scale in fig. 21 and 22 allows to visually compare
the radiation intensity observed with asymmetrical and
symmetrical termination of the differential line.

For the case with the matched load, the total radiated power
decreased by 7.36 dB relative to the case with asymmetrical
termination as predicted by the ESM scans. To validate the
reduction in the total radiated power, measurements according
to [26] were performed in a reverberation chamber with and
without the matched load. The measurement showed a
reduction of 6-7 dB which agrees well with the ESM
prediction.
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0 100 200 300
X-dist (m)
Fig. 21. Back-propagated field magnitude (V/m) on the source plane
with left SMA connector kept open and the right one loaded by a
matched load (VNA port).

200

Y-dist (m)
o
o

0 100 200 300
X-dist (m)
Fig. 22. Back-propagated field magnitude (V/m) on the source plane
with both connectors loaded by matched terminations.

B. Discussions and challenges

The ESM method shows the field distribution of the active
sources on the source plane corresponding to the propagating
waves only. Its main limitation is the resolution of the back-
propagated image on the source plane, as given by Equation
(7). This limits the usage of the method at lower frequencies
where wavelength might become comparable to the size of the
DUT. Another limitation of the method is that it requires
phase measurement. Table 1 compares near-field scanning and
the proposed ESM method.

Parameters ESM scanning Near-field
scanning
Image resolution Limited by Limited by the
wavelength and probe size, probe
aperture to source distance
and scanning
spatial step
Phase Required Magnitude
measurement information
usually sufficient
Scanning distance | Possibleto scana | Asclose as

few wavelengths
away

possible to DUT

Data

Information about
radiating sources
only

Both evanescent
and propagating
fields are obtained

Table 1 Comparison of scanning methods

The accuracy of the ESM method is limited in several ways.
The limited range of the scanning hardware causes the
measurement plane to be truncated. The aperture diffraction
rings and the effect of truncation can be minimized by
windowing techniques [17], [28] and [29], but cannot be
eliminated completely. Uncorrelated amplitude and phase
noise received by the scanning antenna might affect the
accuracy of the overall measurement. Other factors, such as
the cable transmission coefficient variation, back scattering
from the antenna, limited dynamic range of the receiver, and
insufficient image channel rejection of the super heterodyne
receiver, also affect the accuracy of the measurement.

IV. CONCLUSION

An important step in mitigating EMI involves identifying
the sources of radiation on the DUT. The ESM methodology
presented in this paper can help to localize the sources of
radiation on the PCB. After the radiating sources are located,
individual sources can be distinguished and identified. Using
masking algorithms, far-field contributions from individual
sources can be calculated. It was shown that the total radiated
power and maximum field from each source can be estimated
with good accuracy (approximately 1 dB). Once the dominant
source of EMI is identified, an appropriate EMI mitigation
method can be applied to reduce the radiated emissions with
immediate control of the achieved EMI reduction.
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