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An insulated signal transmission system using a near-field resonant coupler was developed for providing driving sig-
nal transmission to control power switching devices. The resonant coupling in the near-field can reduce the unwanted
leakage that prevents conventional wireless systems from being deployed inside the metal housing of the switching
devices. The focus was on the parasitic capacitance of the resonant coupler because the capacitance needs to be
reduced for suppression of the noise current caused by the switching devices. An equivalent circuit model of the reso-
nant coupler was introduced to simulate the capacitance, and validated by showing agreement between the calculated
value of 0.76 pF and the measured value of 0.80 pF. An insulated communication module configured with the resonant
couplers and two transceivers on the PCB was fabricated. The module demonstrated the switching operation of 3.3 kV-
1200 A insulated-gate bipolar transistors (IGBTs) without disturbances between the high-power switching IGBTs and

RF transceivers.
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1. Introduction

The amount of electrical equipment connected to networks
in fields ranging from consumer electronics to social infras-
tructure has been increasing, and this has caused a significant
increase in the number of cables used between the pieces
of equipment or between the devices used within them. In
particular, the explosive growth in the number of inside ca-
bles has interfered with the efforts to downsize equipment,
reduce costs, and improve the overall reliability. Moreover,
the detachable connectors generally used for cable connec-
tions have reliability and cost problems. Therefore, there
has been an increasing demand for a new connecting method
that enables for connections to be made without exposing the
electrode and without needing to have a physical attachment-
detachment mechanism. The means for eliminating cables
could be considered, such as by using general-purpose wire-
less communication systems, e.g., wireless LANs. However,
these systems suffer from degraded communication quality
owing to the diffused reflection of electromagnetic waves on
the metallic walls of the equipment.

In providing driving signal transmission to control power
electronic equipment such as high voltage inverters ", a
high degree of insulation is particularly important in addi-
tion to eliminating the cables and connectors as mentioned
above. The traditional way of easily obtaining a high insu-
lation for insulated signal transmission is to use signal iso-
lation elements like as optical fibers. However, these fibers
are very sensitive to temperature and vibration, which is es-
pecially problematic in outdoor applications. Moreover, it is
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essential to avoid using as many electrical contacts as possi-
ble under unfavorable conditions, e.g., the presence of dust or
water @@, It is also required to reduce a parasitic capacitance
of the signal isolation element for suppression of an electro-
magnetic interference (EMI) noise caused by power switch-
ing devices. When the switching devices such as insulated-
gate bipolar transistors (IGBTs) are operated in a power in-
verter, their high dV/dt rate in the rise time and the fall time
causes a noise current in a signal line through the signal iso-
lation element due to its parasitic capacitance between the
primary and the secondary.

To address these issues, Nagai et al. introduced a Drive-
by- Microwave gate driver which consists of 2.4 GHz GaN/Si
transmitter and receiver chips and the butterfly isolation cou-
pler ®. This gate driver can reduce its cost and its size by inte-
grating its components in a printed circuit board based pack-
age. They approximately estimated the parasitic capacitance
of the butterfly isolation coupler using a theoretical formula
of a parallel plate capacitor. For higher-voltage application,
however, it is required to analyze the parasitic capacitance
more accurately.

The authors previously proposed an insulated signal trans-
mission system using near-field resonant coupling technol-
ogy ®. The driving signal is transmitted owing to the reso-
nant coupling of two separated planar elements arranged on
a multilayer printed circuit board (PCB) with a gate driver
circuit. The resonant coupling makes the proposed system
better capable of reducing the unwanted leakage to the out-
side of the board than general wireless communication sys-
tems using electromagnetic waves. This makes the system
suitable for introduction into power electronic equipment.

Our primary focus for this paper is the design detail of
the near-field resonant coupler, including the parasitic capac-
itance simulation using the equivalent circuit model, which
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is different from ®. In the following sections, we present an
insulated signal transmission system using the resonant cou-
pling technology, describe the design of the developed cou-
pler, and discuss the results of our experiments to determine
the effectiveness and impact of the coupler.

2. Insulated Signal Transmission System Based
on Near-field Resonant Coupling Technology

Figure 1 is a block diagram of an inverter system based
on the insulated signal transmission using near-field resonant
coupling technology. The IGBT gate drivers convert the driv-
ing signals from a logical controller to voltage signals of less
than 20 V. These signals are input to an IGBT gate electrode
and drive six IGBTs that operate a three-phase motor. In ad-
dition, the gate drivers transmit status signals that forward the
IGBT on/off status to the logical controller for error detec-
tion. While the IGBTs are operating, the collector-to-emitter
voltage of the IGBTSs and the ground voltage of the gate driver
together reach several kilovolts. Therefore, the system re-
quires an insulated signal transmission between the logical
controller and the IGBT gate drivers. As the design target,
we set an insulated communication module for the insulated
signal transmission.

Near-field resonant couplers and RF transceivers are used
for the insulated communication module, as shown in Fig. 2.
One of the two pairs of couplers is used for the driving signals
and the other for the status signals. The pairs are separately
arranged on a multilayer PCB. A dielectric layer interposed
between the couplers allows the system to maintain a suitable
insulation characteristic. The RF transceivers are configured
with a transmitting (Tx) circuit and a receiving (Rx) circuit
for the microwave band. An amplitude modulation scheme
with a low latency characteristic is applied to reduce the prop-
agation delay to less than one hundred nanoseconds for real-
time control. The operation frequency of the RF transceivers
is set to 2.45 GHz, which is immune from IGBT disturbances
because the radiated EMI due to high voltage IGBT switch-
ing is generally lower than 0.5 GHz®. When a Tx signal has
a high signal level, the output from a voltage controlled os-
cillator (VCO) is transmitted to the coupler because the RF
switch is ON. On the other hand, when the Tx signal has a
low signal level, the RF switch is turned OFF and the output
is cut off. This enables the high/low level signals to be mod-
ulated. A detector detects the signals from the couplers and
converts them into the voltage that is binarized by a compara-
tor. This enables the high/low level signals to be demodu-
lated. In addition, surge noise filters are supplementarily used
to reduce the dV/dt noise currents in the signal line at a con-
nection point between the Tx or Rx circuit and the resonant
couplers. The noise current due to the parasitic capacitance
of the resonant coupler, can be reduced by a filter comprised
of inexpensive chip capacitors and inductors, since the 2.45-
GHz signal frequency is considerably higher than the noise
current frequency, which is a maximum of 0.1 GHz.

We focused on the insulated communication module and
designed the signal level and the propagation delay of it,
as shown in Table 1. The values were extracted from data
sheet of each component selected from commercially avail-
able discrete ICs. Considering the input signal level allow-
able by each circuit component, the signal level that can be
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Table 1. Estimated signal level and propagation delay

of insulated communication module

Surge
noise
filter

Surge
noise
filter

: Resonant o ]
Component | VCO | RF switch coupler Detector | Comparator

>-0.6 dB (ON)

-1.0dB
<-22 dB (OFF) 0d

Each gain -0.9dB -1.0dB -44 mV/dB

Highsignal | -3dBm | >-3.6dBm |>-4.6dBm | >-55dBm | >-6.5dBm <03V

Low signal | -3dBm <-25dBm <-26dBm | <-26.9dBm | <-27.9dBm | >12V

Each delay 10ns 0.3ns 10ns 30ns

Total delay 10ns 10ns 10.3 ns 10.3ns 20.3ns 50.3ns

outputted, and the signal gain in each component, we selected
the components so that the signal levels of all the components
were within the range where normal operation was possible.
The RF switch was selected to satisfy the target specification
of 20dB for the communication signal ratio of high to low.
The propagation delay of the resonant coupler was calculated
by a high frequency structural simulator (HFSS) which is a
commercial finite element method solver for electromagnetic
structures in the next section. As a result, we obtained the
propagation delay of 50.3 ns which satisfied the target which
was set to less than 100 ns.

3. Near-field Resonant Coupler

3.1 Structure and Operation Principles Figure 3 is
a schematic of the essential structure of the near-field res-
onant coupler we proposed. A resonant coupling element
configured with a meander pattern and a ground pattern is
arranged on both the front and back side of the PCB. The
resonant coupling of the two separated elements allows for
the signal transmission while maintaining a suitable insula-
tion characteristic. Applying the meander pattern to one por-
tion of the resonator can cancel the radiation component from
the pattern since each current flows in the reverse direction
at an adjacent conductor of the pattern. The ground pattern
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Fig.3. Structure of near-field resonant coupler (HFSS

model)

also allows the radiation from the meander pattern to be re-
duced. Each element is connected with a co-planar waveg-
uide (CPW) as an I/O interface. In fact, the couplers are built
in the PCB to avoid surface discharge 7.

3.2 Design The design parameters of the coupler are
shown in Fig. 3. At the first step, we chose a silicon confor-
mal coating (&, = 2.7) and set thickness D; to 2 mm, which is
sufficiently thick compared with a common solder resist, as
the cover layer in this research. In addition, thickness D, of
the core glass epoxy layer (g, = 4.2) was temporarily set to
2.4 mm, which is much thicker than the general layer, in order
to prevent a partial discharge in the core dielectric ®®. Typi-
cally, an electric field concentrates at the tip of a sharp-shaped
metal. If the electric field intensity exceeds the breakdown
strength of an insulator, a partial discharge occurs owing to a
local breakdown of the insulator. Therefore, we estimated the
maximum electric field intensity in the pattern to determine
the line width of the meander pattern My . In the ideal case,
that of a revolving, projectile-shaped metal tip, the maximum
electric field intensity E,,,, at the tip is approximately given
by

2V,
Epax = L

D
1.15My log (1 + 0.5A42W)
where V,,, is the applied voltage "”. We set V,,, to 1.65kV as
required for the IGBT operation. We assumed the E,,,, was
less than 10 kV/mm which is the actual breakdown voltage of
the glass epoxy. We obtained My = 0.12 mm from the equa-
tion since My must be minimum for suppressing the parasitic
capacitance.

At the second step, to determine the other five parameters,
we set target values to have below —20 dB reflection and over
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Fig.5. Simulated characteristics of resonant coupler as
function of ground space Sy (S, =10, Gy = 1.5, My =
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—0.7 dB transmission of the coupler in the 2.4-2.5 GHz fre-
quency range. This transmission target was set so that the
whole transmission of the resonant coupler was over —1.0 dB
including the —0.3 dB transmission of CPW to microstrip line
(MSL) transitions used for matching the interfaces of the
couplers and the RF transceivers. To calculate the coupler
with the reflection and transmission characteristics, we used
HFSS. The reflection was defined as an input reflection at an
I/O port of the coupler. This port was connected to a 50-Q
load. The transmission was defined as a power ratio of the
output to input. We calculated the sensitivity of five parame-
ters to the reflection and transmission characteristics. These
parameters are listed below in Fig. 3:

S 1 Length of ground pattern

Sw: Space between two ground patterns
Gw: Width of ground pattern

M 4: Width of meander pattern

Mp: Pitch of meander pattern

Figure 4 shows the calculated reflection and transmission of
the coupler as a function of the ground length S';. The other
four parameters were fixed. As the S increases, the coupler
resonates at a lower frequency, because a self-inductance L,
of the meander pattern increases with the feeding line for the
meander pattern as it gets longer. In addition, the fact that
there are two valleys in the reflection characteristic at S =
16 mm denotes that the coupler structure has two resonant
frequencies. Anti-phase current flows in each element at the
lower resonant frequency. On the other hand, the in-phase
current flows at the higher one. Moreover, a larger S, allows
the coupler to become more efficient and wider in bandwidth
because a capacitance C, between the two ground patterns
increases. Figure 5 shows the characteristics as a function of
the ground space S'y. As the Sy decreases, the resonant fre-
quency decreases depending on a capacitance C; between the
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meander and ground patterns slightly increasing. Although
the distance between the meander and the ground pattern on
both sides is shorter when the Sy decreases, the distance be-
tween the meander and ground patterns of the CPW is con-
stant. Therefore, there are few changes in the C;. The figure
shows that the level of reflection varies by changing the Sy
and has a minimum point. This parameter mainly functions
as a component for impedance matching, and the coupler for
the Sy = 14 mm has the lowest reflection at 2.4 GHz. Fig-
ure 6 shows the influence of the ground width Gy on the
characteristics of the coupler. The influence of the Gy has a
similar tendency to that of the Sy. A larger Gy enables for
the coupler to be even more efficient and a wider bandwidth
because the C, increases. This parameter also contributes to
the impedance matching. The influence of the meander width
My is shown in Fig. 7. As the My decreases, the L,, C,, and
C; equivalently decreases. All of these behaviors allow the
coupler to resonate at a higher frequency. The figure shows
two valleys in the reflection characteristic at M, = 5.0 mm.
Although a capacitance C,, between the two meander pat-
terns is small, the coupler could have two resonant frequen-
cies depending on the phase relation between two elements.
As for the meander pitch Mp, incidentally, the characteristics
are that the resonant frequency becomes monotonically lower
with a decreasing Mp due to the small capacitance C, of the
meander pattern. The design results of the characteristics are
to be mentioned later.
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Fig.9. Comparison of S-parameter results using the
equivalent circuit and HFSS models

At the third step, we calculated the parasitic capacitance
using an equivalent circuit model of the resonant coupler in
a low frequency range (= 2 MHz), which is important for an-
alyzing the parasitic capacitance. We set a target value to
have the parasitic capacitance of less than 1 pF, which is suf-
ficiently small compared with that of a general transformer
used for supplying power to the IGBT gate driver. Figure 8
shows the equivalent circuit model we assumed. The mean-
der pattern was modeled as a parallel circuit configured with
a self-inductance L,, a capacitance C,, and a resistance R,.
In addition, there was a capacitance C; between the meander
and ground patterns. These components allow the element
to resonate at a certain frequency. The correspondence of
the resonance frequencies of the two elements allows for the
resonant coupling through a capacitance C,, between the two
meander patterns. A capacitance C, between the two ground
patterns also contributes to the coupling. Increasing capaci-
tances C,, and C, would improve the coupling efficiency, but
could also possibly cause an increase in the noise currents
through a parallel circuit configured with C,, and C,, namely,
the parasitic capacitance C, owing to the IGBT switching.
Furthermore, the coupling structure is immune from radiated
IGBT disturbances since the elements function as a band-
pass filter. In this equivalent circuit, a mutual inductance be-
tween two meander patterns need not be considered because
the coupling of this structure is determined by the capaci-
tances C,, and C,. Figure 9 compares S-parameters of the res-
onant coupler calculated by our equivalent circuit and HFSS
models. In our model, we set C,,, = 0.32pF, C, = 0.44pF, L,
=16.63nH, R, =0.11 Q, C, = 0.98 pF, and C = 0.30 pF. We
confirm effectiveness of our model because each S-parameter
of our model is in good agreement with one of HFSS model.

At the final step, we made a final decision on the thickness
D, of the core glass epoxy layer. The thickness D, should
be chosen in consideration of trade-off between the transmis-
sion in the second step and the parasitic capacitance in the
third one, as shown in Fig. 10. The trade-off curve obtained
by our design method is important to optimize the design of
the resonant coupler. In this paper, we chose D, = 2.4 mm
from the range of D, which satisfied the target conditions. At
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Table 2. Parameters of resonant coupler

Parameter Symbol Value
Design frequency f 2.45GHz
Permittivity of cover dielectric & 2.7
Permittivity of core dielectric & 4.2
Thickness of cover dielectric D, 2.0 mm
Thickness of core dielectric D, 2.4 mm
Line width of meander pattern My, 0.12 mm
Length of ground pattern Sy 10.0 mm
Space between two ground patterns Sw 14.0 mm
Width of ground pattern Gy 1.5 mm
‘Width of meander pattern My 5.8 mm
Pitch of meander pattern Mp 0.4 mm
CPW to MSL

transition

/ Resonant coupling
elements

CPW to MSL
~ _ transition

o/

Fig. 11.
adapters

HFSS model of resonant couplers with I/O

this value, the transmission and the parasitic capacitance C),
were —0.5 dB and 0.76 pF, respectively. Table 2 outlines the
design parameters of the coupler.

Figure 11 is the simulation model of the two pairs of cou-
plers as designed above. They are arranged so that they are
adjacent to each other. The CPW to MSL transitions are con-
nected to the edges of the resonant coupling elements as 1/O
adapters. We calculated the reflection, transmission, isola-
tion, and radiation of the couplers as a function of the fre-
quency. The reflection is defined as the input reflection at
Port 1, whose characteristic is equal to that of the other ports.
All the ports are connected to a 50-Q load. The transmission
is defined as the one from Port 1 to Port 2. The isolation is
defined as the ratio of the transmission to the leakage from
Port 4 to Port 2. These simulated characteristics are plotted
with the measured values in the next section. We observed
that the couplers have a band-pass filter characteristic whose
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center frequency is 2.45 GHz. In the 2.4-2.5 GHz frequency
range, we obtained a reflection of < —22.6 dB and a transmis-
sion of > —0.9 dB, which respectively met the target values.
As for the isolation characteristic, we obtained a high isola-
tion of > 38.5dB in the same frequency band. This value is
sufficiently small compared with the target value of > 20dB
in order to avoid any interference between the driving and
feedback signals. Figure 12 shows the calculated radiation
of the couplers as a function of the frequency. The radiation
is defined as the total power radiated from one coupler. We
obtained a radiation of under —18.0 dB in the same frequency
band. We were able to confirm that the radiation is larger at
discontinuous points, such as in the CPW to MSL transitions
and the CPW to meander pattern transitions, by monitoring
the distribution of the electromagnetic field intensity in the
model.

3.3 Experimental Results Figure 13 shows a pho-
tograph of the developed resonant couplers, which are
32 mm X 30 mm in area after removing the 2.0-mm-thick sil-
icon conformal coating. The two pairs of couplers are ar-
ranged on the first and fourth of the four conductor layers
in the PCB. Coaxial connectors are mounted on the PCB to
connect the RF transceivers.

Figure 14 plots the measured reflection and transmission
characteristics in comparison with the calculated values. We
measured the S-parameters after the couplers were connected
to the vector network analyzer using coaxial cables. In the
2.4-2.5 GHz frequency range, we obtained a reflection of
< —26.4dB which satisfied the target value. In the same
range, however, the transmission was above —1.14 dB, which
didn’t meet the target value. We would speculate that an ac-
tual loss tangent of the glass epoxy was higher than the value
of 0.019 we assumed. The slight difference in frequency
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between the measured and calculated values was caused by
the difference in relative permittivity of the coating. Fig-
ure 15 plots the measured isolation characteristics with the
calculated values. The ports are defined in Fig. 10. The iso-
lation in the operation frequency range of 2.4-2.5 GHz was
over 35 dB. The obtained values also satisfied the over 20 dB
requirement for the Rx circuit to distinguish the signals from
interference. The gap between the measured and calculated
values was caused by a large simulation error at the frequency
away from the center frequency in addition to the difference
in relative permittivity of the coating mention above.

We measured the S-parameters of the resonant coupler to
convert them into the parasitic capacitance C,, after con-
necting one port to the vector network analyzer and short-
circuiting the other three ports. Thus, the resonant couplers
were regarded as a series circuit configured with 2R, and
C, located between the measurement port and the ground.
Therefore, we could measure C,, from the reactance compo-
nent of the S-parameter. We adjusted the measured values to
compensate for the electrical length of the co-planar waveg-
uide and the coaxial connector. We obtained the parasitic ca-
pacitance of 0.80 pF which was close to the value of 0.76 pF
calculated by our equivalent circuit model. We were also able
to verify the validity of our model experimentally.

Furthermore, we measured the partial discharge of the cou-
plers with or without the silicon conformal coating. We
monitored the electric discharge of the couplers in this mea-
surement by applying an AC voltage to the coaxial connec-
tors shown in Fig. 13. The partial discharge inception volt-
age (PDIV) in this paper is defined as the applied voltage
when the electric discharge reached 100 pC. The PDIV for
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Table 3. Parameters of resonant coupler

Item This work | PTive-by- MW | Digital isolator Opk[)]cgﬁlpler
v V] 103 25 5.0 50
cap;aif;sllctéc[pF] 08 0.42 22 0.5
Pg‘;'l’;ygf;;‘j“ 38.0 unknown 13.0 150.0

the couplers without the coating was less than 5 kV while no
discharge occurred at less than 12kV for those with coating.
This clearly demonstrates that the coating helps to avoid any
electric discharge along the dielectric surface. We performed
an accelerated aging test to ensure the insulation reliability
of the couplers. The couplers were exposed to a temperature-
humidity- bias test at 85°C and 85% rel. A DC bias voltage
of 3.3kV was simultaneously applied between the connectors
on the primary and secondary sides. Figure 16 shows a pho-
tograph of the coupler as the test sample. The 0.6-mm-thick
cover layer is made of the same glass epoxy as the core layer.
Figure 17 plots the PDIV characteristic of the test sample as
a function of the accelerating time. The PDIV, which was
12.8 kV before the test, gradually decreased as the accelerat-
ing time elapsed. At 1000 hours, however, we confirmed the
PDIV was 10.3kV, which was sufficiently higher compared
to the target value of 3.3kV, and demonstrated excellent cou-
pler reliability.

Table 3 compares the performance obtained in this work
with other technologies. Our insulated communication mod-
ule has the insulation voltage of 10.3 V, which is the highest.
This is presumably because the core and the cover dielec-
tric effectively prevent the partial and the surface discharge.
As for the parasitic capacitance and the propagation delay,
our module has intermediate values of the Digital isolator
and the Optocoupler. In order to further reduce the parasitic
capacitance of our module, it is effective to reduce the size
of the coupler and add a Tx amplifier to compensate for the
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deteriorated transmission loss. As for the propagation delay,
it is possible to reduce the delay by adopting high-speed cir-
cuit components though it is a trade-off with cost.

4. Measurement of Insulated Communication
Module

Figure 18 shows a photograph of the insulated communi-
cation module we developed. The primary and secondary
transceivers in the module configured with the couplers oc-
cupy a 32 mm X 74 mm area on the PCB which, like the cou-
plers shown in Fig. 13, has four conductor layers. We con-
firmed that this module had a propagation delay of 38.0ns
from the input of the primary transceiver to the output of the
secondary one.

We performed an IGBT switching operation experiment by
using the insulated communication module shown in Fig. 19.
The 3.3kV-1200 A IGBTs were connected to the gate driver
and the insulated communication module. A large-sized coil
and capacitor were used to provide a load equivalent to that
of a motor. The measured waveforms obtained in the opera-
tion (Fig. 20) confirmed that our developed module functions
correctly, and thus, demonstrated that it is possible to trans-
mit driving signals via insulated communication without dis-
turbances between the high power switching IGBTs and RF
transceivers. We confirmed that the observed delay of sev-
eral microseconds mostly occurred in the gate driver. In our
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future work we plan to use our technology to supply power
to the IGBT gate driver and integrate the power supply with
the signal transmission V¥,

5. Conclusion

We developed an insulated signal transmission system us-
ing a near-field resonant couplers for providing driving signal
transmission to control power switching devices such as 1G-
BTs. In this paper, we focused a parasitic capacitance of the
resonant coupler because the capacitance needs to be reduced
for suppression of the noise current caused by IGBTs. We
introduced an equivalent circuit model of the resonant cou-
pler to simulate the capacitance, and showed a validity of our
model by confirming agreement between the calculated value
of 0.76 pF and the measured value of 0.80 pF. An insulated
communication module that consists of the resonant cou-
plers, the primary and secondary transceivers on the PCB was
fabricated. The module demonstrated the switching opera-
tion of 3.3kV-1200 A IGBTs without disturbances between
the high power switching IGBTs and the RF transceivers.
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