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Abstract—This paper presents for the first time a fully
integrated galvanic isolation interface in a GaN technology. It is
based on planar micro-antennas and chip-to-chip communication
with an on-off keying-modulated RF carrier. This approach can
achieve high isolation rating and high common-mode transient
immunity by properly setting the distance between chips. The
interface provides the isolation channel for a main driver/power
switch and the one for the control feedback of the dc-dc converter
providing the isolated power supply. Driver and power control
channels adopt an RF carrier of 2 GHz and 1.2 GHz, which
are modulated by a pulse width modulated signal of 2 MHz
and 0.5 MHz, respectively. The interface includes a continuously
operating offset compensation approach, which overcomes not
only the strong variations due to the large process tolerances of
the GaN technology, but also offset drifts due to temperature
variations. An accurate pulse width modulated signal with a
large duty cycle variation in both channels was achieved. The
isolation interface adopts a 6-V power supply, which delivers a
quiescent current of 6.3 mA and 7.5 mA to the driver and power
control channels, respectively, assuming a signal with a duty cycle
of 50%.

Index Terms— Galvanic isolation, GaN technology, micro-
antennas, RF oscillator, OOK modulation, RF rectifier, gate
driver, switching power converters.

I. INTRODUCTION

ALLIUM Nitride (GaN) High Electron Mobility Tran-
sistors (HEMTs) are very promising devices for both
switching and RF power applications, thanks to the inherent
material properties, such as the wide bandgap and the high
mobility, of the two-dimensional electron gas (2DEG) gener-
ated at GaN/AlIGaN interface [1], [2]. These characteristics
allow transistors with higher breakdown, faster switching
speed, and lower on-resistance than silicon ones.
In recent years, the GaN technology has been improved to
push up power conversion efficiency so that GaN HEMTs are
becoming more and more common discrete devices [3], [4].
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Moreover, to enhance performance of GaN power switches
a fully integrated circuit (IC) approach has been attempted
through the implementation on the same substrate of
low-power and high-power GaN transistors, thus overcom-
ing the performance limitations due to parasitic inductances
between driver and power switch [5], [6], [7]. This solution
minimizes losses and allows higher switching speed, effi-
ciency, and compactness to be achieved. However, the current
GaN technology presents several limitations mainly due to the
absence of low-power p-channel transistors and wide electrical
parameter spread [8], [9], [10], [11].

An important requirement of many switching power systems
is galvanic isolation, which makes a wide range of application
areas (e.g., medical, smart-home systems, electric vehicles,
industrial instrumentations, etc.) compliant with safety and
reliability standards [12], [13], [14]. Many isolator solutions
based on optocouplers, discrete/integrated transformers and
capacitors, etc., have been presented in literature for data
transfer up to several tens of Mb/s [15], [16], [17]. Among
them, integrated transformers are also able to transfer power
with galvanic isolation from few tens of mW up to 1 Watt [18],
[19]. They are employed to reduce cost while improving
reliability and power density although with a lower power
efficiency with respect to discrete implementations.

In this scenario, research efforts have been addressed to
the design with all-GaN approaches of integrated basic cells,
gate drivers, and power switch systems, including the control
circuitry [20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[30], [31]. However, high-performance integrated galvanic
isolation is still a prerogative of silicon implementations since
it usually needs a high complexity in terms of analog/digital
circuitry, which cannot be easily managed by a GaN technol-
ogy, given its component limitations and the high fabrication
tolerances.

On the other hand, the high switching frequency allowed
by GaN transistors leads to a high common-mode transient
immunity (CMTI), which is in the order of 200 kV/us.
This requirement, along with the introduction of a reinforced
galvanic isolation standard at 10 kV, can well be faced with
the package-scale isolation approach [32], [33]. Indeed, this
approach can be exploited using RF-coupled planar micro-
antennas to implement a highly isolated data communication
interface [34], [35], [36], [37]. These works show interesting
performance, but they are all in CMOS/BCD technologies
while no GaN fully integrated implementations are available.
On the other hand, the planar micro-antenna approach in the
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Fig. 1. Simplified representation of the on-package system implementation.

GaN technology is very interesting. Indeed, it allows integra-
tion of the galvanic isolation interface with the driver/power
circuit, thus achieving a high-performance power switching
system with high rating of galvanic isolation and high CMTL

This paper presents for the first time a fully integrated gal-
vanic isolation interface in GaN technology, which is based on
the planar micro-antenna approach and includes two isolation
channels, i.e.,, a driver channel and a power supply control
channel. Main design challenges concerned the management
of a mixed analog/digital integrated circuit, while overcoming
typical GaN technology limitations.

To this purpose, the isolation interface adopts an innovative
strategy for offset compensation and noise immunity. Specif-
ically, a dynamic offset compensation was used to face the
detrimental effects of the high process tolerances of GaN
transistors and the offset drift due to temperature variations.
Dynamic offset compensation and noise immunity approaches
make the circuit robust against large bias variations and
disturbances.

The overall system is made up of two chips, a controller
chip (chip CTR) and a power chip (chip PW), as shown in
Fig. 1. They should be assembled side-by-side in the package
lead frames at a proper distance through insulation (DTI) to
guarantee the desired galvanic isolation performance. Chip-
to-chip wireless communication with magnetically coupled
planar micro-antennas and modulated RF carrier are used for
data communication through the isolation interface. Besides a
high galvanic isolation rating, the distance between the two
chips also guarantees high CMTL

The paper is organized as follows. Section II deals with the
system architecture and the fabrication technology. Section III
presents the main system building blocks, such as the micro-
antennas, the oscillator, the receiver with the offset compen-
sation strategy, and the signal generator with the pulse width
modulation (PWM). Section IV describes measurements and
Section V draws conclusions.

II. SYSTEM SOLUTION

The isolation interface consists of two channels, namely the
driver control channel and the power supply control channel.
The former is used to drive a power switch through a driver
stage to implement a dc-ac switching power converter, the
latter performs the feedback path of a dec-dc power converter
(i.e., a flyback dc-dc converter) that provides the isolated
power supply for the power chip. The simplified block diagram
in Fig. 2 shows the isolation interface with a couple of
driver/power switches, which together perform a complete
system. Indeed, the objective of this work is not a stand-alone
isolation interface to be used with an external driver/power
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Fig. 2. Example of system application. (a) Driver control channel and
(b) power supply control channel.

switch as in traditional implementations. In these last cases,
the isolation interface can adopt any technology since it is
not constrained to the power technology. The perspective of
this proposal is instead to embed the isolation interface with a
driver/power switch to achieve a fully GaN high-performance
integrated power switching system with a two-chip solution.
Each channel of the isolation interface in Fig. 2 adopts
an RF front-end that is composed of a transmitter (TX)
and receiver (RX). As mentioned before, the distance (DTI)
between chips imposes the isolation rating. The simulated
curves in Fig. 3 show the dependence of the micro-antenna
insertion loss, IL, and the signal amplitude at the receiver
input, Ay rx, as a function of this distance in the driver
channel. In this design, we set 250 um between chip CTR
and chip PW to achieve an isolation rating as high as 12.5 kV
assuming a typical molding compound for the package assem-
bly with a dielectric strength around 50 V/pum. With this
distance, /L and AN _rx are about 58 dB and 250 mV,
respectively. As far as CMTI is concerned, the simulation in
Fig. 4 shows the response of the micro-antennas of the driver
channel to a common-mode transient generated by applying
an impulse, Vcum, with a slope of 250 kV/us to the ground
of chip CTR. A current impulse, Icy, of 5 mA flows in
the metal spirals of the micro-antennas towards the power
supply lines and produces a disturbance on the common-mode
input voltage of the receiver, Vom rx. However, thanks to
the connection of the antenna center taps to low-impedance
nodes (i.e., ground or Vpp), this current does not affect either
the TX oscillation or the receiver input signal. Indeed, the
RX differential input signal, Vi rx, and the output signal,
VouT pwwM, are not appreciably disturbed by the common-
mode transient. As final consideration, the galvanic isolation
rating and CMTI performance can be correctly evaluated with
a package assembly and considering the specific application.

A. Channel Description

Several challenges were faced to satisfy data transfer
requirements through the galvanic isolation barrier and achieve
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Fig. 3. Micro-antenna insertion loss and receiver input signal amplitude
versus the distance between chips.
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Simulation of the driver channel with a 250-kV/us common-mode

an effective integrated implementation in terms of robustness,
power consumption, and area occupation, despite the limita-
tions of the GaN technology. As well-known, these limitations
come mainly from the absence of a p-channel transistor, the
high absolute tolerances of threshold voltages, and the high
mismatch between transistor pairs, which have a big impact on
the performance of both analog and digital integrated circuits.

Both channels of the proposed galvanic isolation interface
share the same data transfer circuitry that is made up of
a transmitter (TX), a receiver (RX), and two magnetically
coupled coplanar micro-antennas. The TX is performed by an
LC oscillator, whose parallel tank exploits a micro-antenna as
inductive component. The oscillator provides the RF carrier
that is on-off keying (OOK)-modulated by the PWM signal
and transmitted through the isolation barrier.

Due to the distance between TX and RX antennas, the RF
signal arrives to the RX input with a strong attenuation and
hence it must be properly amplified to be recovered. The first
circuit of the RX is a rectifier that provides a 6-dB conversion
gain. It is followed by a gain stage to further increase the
signal level.

The last building block of the RX is a buffer that performs
a differential-to-single-ended signal conversion and drives the
power section (see Fig. 2). Since the output of the rectifier
delivers a low frequency signal whose duty cycle must be
accurately preserved, the limitations on the signal amplifi-
cation due to the offset voltage cannot be overcome with
a simple ac coupling. Specifically, an offset compensation
approach was used, which also embeds a threshold voltage
to guarantee high noise immunity. Besides the TX and RX
front-end, the power supply control link includes additional
circuits for the generation of the PWM control signal and the
start-up of the dc-dc converter. Indeed, the output capacitance,
CL, of the dc-dc converter (see Fig. 2(b)) is initially charged
thanks to the start-up circuit that drives the power section with
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Fig. 5. Drain current versus gate-source voltage for fast (F), typical (T),

and slow (S) conditions, for (a) enhancement (W/L = 5/1, Vpg = 6 V) and
(b) depletion (W/L = 5/0.5, Vpg = 6 V) devices.

a locally generated PWM signal until the converter output
voltage, VRecT, is high enough to turn on the circuitry of chip
PW. Starting from this time, the PWM generator delivers to
the RF oscillator a PWM signal whose duty cycle is strictly
related to Vrgcr. This signal is transmitted by the RF front-end
from chip PW to chip CTR and then recovered by the RX and
delivered to the dc-dc converter.

B. Fabrication Technology

The two chips were implemented in a 0.5-um GaN on
Si technology that includes enhancement (E) and depletion
(D) n-channel transistors, capacitors, and resistances. A 650-
V power transistor is also available, which allows future
integration of the galvanic isolation interface with the power
sections.

The technology provides three metal layers for interconnec-
tions and inductive component design.

As already mentioned, GaN technology parameters are
affected by large spreads. Fig. 5 shows simulations of the
Ips- Vgs transfer characteristics for both types of transistors
under different process corners. Specifically, it shows that the
enhancement (depletion) threshold voltage, whose nominal
value is about 1.6 V (—0.7 V), becomes 0.9 V (—1,2 V)
and 2.3 V (—0.3 V) for fast and slow models, respectively,
which means a variation of around 44%. Moreover, also the
mismatch between transistors is much higher than the CMOS
counterpart. These high process tolerances greatly impact bias
point accuracy and power consumption.

III. MAIN BUILDING BLOCKS
A. Micro-Antennas

The performance of the micro-antennas is a key aspect
of the galvanic isolation interface. Most important parameters
are the quality factor (Q) and the magnetic coupling coefficient
(k). The former is important to achieve a high oscillation
amplitude in the TX local oscillator without an excessive
current consumption and to reduce losses in the RX resonant
input network. The latter is instead responsible of the coupling
loss between TX and RX antennas, which greatly impacts the
overall performance of the communication channel.

A rectangular U shape differential configuration was
adopted for the micro-antennas as shown in Fig. 6. Proper
aspect ratio (i.e., ratio of the longer to shorter side), metal
width, and turn ratio between antennas were set to achieve a
good trade-off between contrasting requirements such as the
coupling factor (k), the quality factor (Q), the self-resonant
frequency (SRF), and the chip size [36], [37].
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Fig. 6. Layout of the micro-antennas of (a) TX and (b) RX driver channel
and (c) TX/RX power supply control channel.

TABLE I
GEOMETRICAL PARAMETERS OF THE MICRO-ANTENNAS
A w S dout_max | dour miN
ntenna n
[nm] [nm] [nm] [nm]
Driver Lrx 5 6 8 336 280
channel Lrx 9 4 8 336 290
Power Lrx 7 7 8 346 300
channel Lrx 7 7 8 346 300
TABLE 11

MEASURED PERFORMANCE PARAMETERS OF THE MICRO-ANTENNAS

Parameters Driver channel Power channel Units
Lrx Lrx Lrx/ Lrx
Operative 5 5 12 GHz
frequency, frr
Low frequency 20 41.7 26.7 nH
inductance
Inductance @ fzr 22.5 47.5 28.8 nH
Q-factor @ fzr 7.6 5.1 7.6
Self-resonant 6 38 47 GHz
frequency

To this end, the GaN technology takes advantage of a
high substrate resistivity and low parasitic capacitances, which
allow better Q and SRF to be achieved. The differential
configuration with the central tap in both TX and RX is
imposed by the CMTI. Indeed, the central tap guarantees a
low-impedance path towards the power supply or ground to the
common-mode disturbances. Of course, the crosstalk between
TX and RX antennas of adjacent channels was carefully
considered.

The adopted geometrical parameters are summarized in
Table I for each micro-antenna. Besides the number of spirals
(n), the metal width (W), and the spacing (§), there are the
external longer (dout max) and shorter (dout min) side of
the half inductance. A turn ratio of 1.6 was set in the driver
channel to increase the RX input voltage, thus compensating
for a lower RF signal due to the higher carrier frequency in
this channel. This was accomplished using a smaller metal
width for the RX antenna, while maintaining the same overall
outer size for each couple of antennas to avoid degradation of
the magnetic coupling between them.

Main performance parameters of the micro-antennas are
summarized in Table II, which were obtained from s-parameter
on-wafer measurements.
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B. Oscillator

The RF oscillator is a key building block of the isolation
channel since it mainly impacts the accuracy of the PWM
signal through the communication channel as well as the
power consumption of the isolation interface. Indeed, maxi-
mum rate, pulse distortion and delay of the PWM signal are
greatly related to the oscillator turn on/off times.

Moreover, for a given DTI and hence antenna coupling
loss, the oscillation amplitude sets the signal amplitude at the
RX input, which to some extent impacts the RX complexity
and robustness. Thanks to the GaN technology that exhibits
high breakdown voltage, the D-class oscillator in Fig. 7 was
adopted [38], which provides an oscillation amplitude as high
as 12 V in both channels with a supply voltage, Vpp, of 6 V.

On the other hand, the oscillation frequency, frr, was set
to about 2 GHz and 1.2 GHz for the driver and power supply
channel, respectively, to reduce crosstalk. However, the main
contribution to the crosstalk attenuation in this design comes
from the distance between micro-antennas since the selectivity
of the resonator at the receiver input is low due to the low Q
and hence the relatively wide band.

With these oscillation frequencies, the tank capacitor, C,
is still dominant on the parasitic capacitances due to transistors
and interconnections. On the other hand, the receiver input
impedance does not affect the oscillator tank due to the
low coupling coefficient between micro-antennas. Although an
optimum design in terms of power consumption would suggest
in principle a tank resonance exploiting only the parasitic
capacitances, this approach has the drawback of increasing
the dependence of the oscillation frequency on the process
tolerances.

The coupling capacitors, Cc, besides providing the positive
feedback for the oscillator also perform a voltage parti-
tion with the gate-source capacitances of the transistor pair,
Qk1,2, which reduces the gate peak voltage and hence avoids
breakdown.

Finally, the OOK modulation of the RF carrier generated
by the oscillator is performed using a couple of switches
implemented by the transistors, Qg4 5, which are driven by
the PWM signal and turn on/off the oscillator.

C. Receiver (RX)

A simplified block diagram of the receiver chain is shown
in Fig. 8. It is composed of a rectifier, a gain stage with
dynamic offset compensation, a buffer, and a phase generator.
The receivers of the two isolation channels only differ for the
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Fig. 8. Receiver (RX) circuit diagram.

parameter values of the resonant input networks being the RF
carrier different for the two channels.

The rectifier exploits a common-source topology [39] based
on Qg2 in series with a common-gate transistor, Qg3, and
a resistive load, Rj . It achieves a first gain contribution that
avoids the need for RF amplification. Transistors Qgj—3 and
Q4,5 form a cascode current mirror that defines the rectifier
bias current. The antenna is ac-coupled to the receiver input
thanks to the capacitors, Cc, and the resistances, R3 4. The
RX inductor central tap is connected to ground to increase
rejection to common-mode disturbances.

The amplifier, Amp;, increases the signal level whereas the
final buffer provides a differential-to-single-ended conversion
to drive the power section. The buffer was oversized to
also drive the external probe capacitance without excessively
impacting the PWM signal. In all the open and closed-loop
amplifiers, in which a bias sink current is required, a current
generator based on a depletion transistor with degeneration
resistance [40] was used instead of the more traditional
current mirror, being the latter affected by higher fabrication
tolerances.

The receiver requires an offset compensation approach
to overcome the offset voltage due to process tolerances,
which hinders signal amplification. Moreover, a hysteresis
technique is also needed to guarantee robustness against dis-
turbances. To these purposes, the receiver adopts an effective
offset compensation strategy that also embeds the hysteresis
functionality.

The compensation circuit is made up of the feedback loop
that includes Amp;, Amp,, and the hold capacitor, Cy. It also
uses the switches, Oge—9, and the clock phases, ¢; and ¢,
as shown in Fig. 8. Compensation is performed during phase
¢1 by closing switches Qgg—g and charging Cy to the value
of Vo1. During the next phase ¢», the inverting input of Amp;
is connected to Vpp, which is a AVt higher than Vg, thus
forcing the buffer output low when the PWM signal is low
or absent. In this way, a kind of hysteresis functionality is
performed by exploiting AVt (i.e., the voltage drop across
resistance Rj), which hence defines the hysteresis level. In this
design, the value of AVt was set to 200 mV to guarantee good
noise immunity, whereas the value of the PWM signal at the
rectifier output is around 500 mV. When the PWM signal at
the receiver input is high, it produces a negative voltage at the

Clock selection circuit
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Fig. 9. (a) Phase generator. (b) RF signal and clock phases.

rectifier output, which overcomes the hysteresis threshold and
switches high the buffer output.

Phases ¢ and ¢, of the compensation circuit exploit two
clock signals that are dynamically selected to allow operation
in all the operating conditions of the receiver, which are start-
up, working, and stand-by conditions.

The phase generator is shown in Fig. 9(a). It is made up
of a clock selection circuit and a dis-overlap circuit. The
former is composed of three D-Flip Flops, two NOR gates,
and two delay blocks, D1 2. The latter is the well-known dis-
overlap topology. A low frequency clock, Vck_LF, is internally
generated by a ring oscillator. It drives the two upper Flip
Flops that along with delay D provide a large time slot for
the offset compensation during start-up/stand-by conditions.
This large time slot is also useful to overcome the slew-rate
limitation of the compensation loop in the start-up transient.
If during the low value of clock Vck 1r a PWM signal
is received (i.e., the working condition starts), the clock of
the phase generator is switched to the second clock that is
performed by the PWM signal itself. In the working condition,
offset compensation is carried out when the PWM signal
is low thus preserving the receiver functionality. The time
slot for compensation, in this case, is set by a small delay,
D». It accounts for the minimum time value imposed by the
maximum duty cycle and for worst case conditions due to
process and temperature variations. In this design, a PWM
signal of 2 MHz and 90% of maximum duty cycle was
considered, which leads to a minimum time available for
offset compensation of 50 ns. Delay D, can be set small
since there are no slew rate limitations during the working
condition. Indeed, capacitor Cy that also provides loop-gain
frequency compensation, is already charged to the nominal
value during the start-up and only small charge variations are
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Fig. 10. PWM generator. (a) Analog and (b) digital section.

required during the working condition. The nominal values of
D1 and D, were set to 400 ns and 20 ns, respectively.

In case a stand-by condition arises, the phase generator is
again switched to the internal clock, Vcg . Fig. 9(b) shows
the RF signal at the receiver input, Vin rx, and clock phases
¢1 and ¢, during start-up, working, and stand-by conditions.
To preserve accuracy, a dis-overlap between clock phases was
guaranteed. Moreover, phase ¢; of switch Qgg was slightly
delayed with respect to phase ¢; of Qg to avoid overlap
between offset compensation and input signal. The proposed
compensation strategy is very effective. Indeed, it overcomes
not only the offset voltage due to process tolerances, but also
the offset drift caused by temperature variations during the
operating conditions.

D. PWM Generator

The PWM generator for the power supply control channel
is shown in Fig. 10. The circuit produces a PWM signal,
VpwMm_c, whose duty cycle is directly related to the rec-
tified voltage, Vrect, at the output of the dc-dc converter
(see Fig. 2(b)). The purpose of the duty cycle control is
to keep constant the converter output voltage at the desired
value. Specifically, if voltage VrgcT goes high (low) due
to a variation of the load power, the PWM generator will
decrease (increase) the signal duty cycle, thus varying the
dc-dc converter output power and hence maintaining constant
the steady-state value of VRgct. Under nominal conditions,
the duty cycle of Vpwwm c is set around 50%.

The PWM generator is composed of an analog section and a
digital control section, which are shown in Fig 10(a) and (b),
respectively. The analog section mainly consists of an offset-
compensated switched-capacitor (SC) integrator and compara-
tor. Indeed, offset compensation is mandatory for the accuracy
of the analog processing, since the mismatch of GaN transistor
pairs is larger and can greatly impact circuit operation. Offset
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compensation is performed with the SC approach, by using
the hold capacitors, Cy; and Cpyp, for the integrator and
comparator in the analog side, respectively, and Cyz for
inverter 1 in the digital side. Offset compensation also needs
typical dis-overlapped clock phases, ¢; and ¢, which are
performed using the PWM signal as main clock signal to guar-
antee synchronous operation. Specifically, offset compensation
and integration capacitor reset are both performed during
phase ¢, which corresponds to Vpwm_c low, whereas the main
operations of integration and comparison are carried out during
phase ¢, with Vpwm ¢ high. The integrator input signal, VN,
is determined by a voltage partition of VRgct using R and R».
It is applied to the input resistance, RiNT, that along with the
feedback capacitor, CinT, defines the integrator time constant.
Fig. 10(b) shows the digital section. It incorporates a 23
divider, a D-Flip Flop, a dis-overlap circuit, two NOR gates,
and the offset-compensated inverter. The divider provides a
reference clock frequency, fpwwm, for the PWM signal that
goes high with the rising edge of this clock. The duty cycle
of Vpwm c is generated as follows. The voltage difference
between Vin and VRrgp; across resistance RinT produces a
current, IinT, which flows into Cint, thus generating a voltage
ramp at the integrator output, Vour INT, Whose expression is
given by
It __ Vrer1 —VIN
VouT_INT~ Ct t+ VREF1 ~ Rt CinT
As soon as Vout INT goes below the comparator reference
voltage, VRgr2, the comparator switches high and reset the
Flip Flop, thus determining the duty cycle of Vpwwm c.
Specifically, the ramp slope at the integrator output is related
to the value of Vrpct and determines the duty cycle, D,
of VpwmMm_c, which is given by

-t+Vrer1 (1)

fon 1 RinTCINT
= — ~ — (VRer2 — VREFI) 0——— 2
T T VReF1 — VIN

where fo, is derived from (1), as the time at which Vourt INT
is equal to VRgm.

In case of ramp slope too high or too low, the duty cycle
is imposed by the digital circuit that sets its maximum and
minimum value to around 94% and 5%, respectively.

Finally, the selected control approach is among well-known
solutions for dc-dc power converters. It has the advantage
of simplicity and inherently exploits the galvanic isolation
based on micro-antennas and PWM signal transmission. The
drawback lies in the non-linear response as apparent in (2).
However, the key aspect of the proposal relies in its imple-
mentation tailored for the GaN technology, rather than in
the specific control approach. This implementation exploits
an analog/digital design strategy in which the accuracy is
achieved thanks to both offset-compensated analog circuits
and digitally defined minimum/maximum duty cycles. The
proposed implementation strategy can easily be arranged for
different control approaches.

IV. EXPERIMENTAL RESULTS

The two chips of the galvanic isolation interface were
assembled chip-on-board at 250 pum as shown in the pho-
tograph in Fig. 11. Driver and power supply control channels
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Fig. 11. Photograph of the chip-on-board assembly of the galvanic isolation
interface.
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Fig. 12. 2-MHz and 10% PWM signal in the driver channel.
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Fig. 14. 4-MHz and 50% PWM signal in the driver channel.

are highlighted by dashed lines. A third channel is shown on
the bottom side, which exploits a different approach for the
micro-antennas that is not presented in this paper.

The chips are pad limited since various test buffers were
included along the signal path of the two isolation channels to
allow an exhaustive experimental characterization to be carried
out. The two chips have the same overall area of 3.8 mm x
2.3 mm, although the effective circuit area is much lower, and
a wide part of the chip is occupied by interconnections to the
pads and the third channel in the bottom side.

A power supply of 6 V was used in both channels. Consider-
ing a PWM signal duty cycle of 50%, the TX and RX current
consumptions are 4.3 mA and 2 mA for the driver channel
and 4.5 mA and 3 mA for the power supply control channel,
respectively. These currents also include the consumption of
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Fig. 15. 2-MHz and 95% PWM signal in the driver channel.
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Fig. 16. Details on delay and duty cycle distortion of the 2-MHz 50% PWM
signal in the driver channel.
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Fig. 17. 0.5-MHz and 6% PWM signal in the power channel.
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Fig. 18. 0.5-MHz and 94% PWM signal in the power channel.

the test buffers, which is around 1 mA in both channels. The
measured oscillation amplitude and frequency for the two TX
oscillators closely agree with the expected values mentioned
above. The 2-MHz PWM signal at the input and output of the
driver channel is shown in Figs. 12 and 13 for duty cycles of
10% and 90%, respectively, whereas a 4-MHz PWM signal
is shown in Fig. 14 to demonstrate the maximum frequency
capability of the driver channel. The slower rise time at 4 MHz
is due to the large load capacitance of the measurement set-up
on the output of the test buffer.

Fig. 15 shows a measurement of the driver channel with
the maximum allowable duty cycle of 95%. This measure
demonstrates that the proposed offset compensation strategy
can correctly operate even with a time window as low as 25 ns
(i.e., equal to 5% of the PWM period).

Fig. 16 highlights the delay and duty cycle distortion on a
2-MHz 50% duty cycle PWM signal, due to the processing
chain of driver channel. Delay and pulse distortion are 30 ns
and 18 ns, respectively, and are mainly due to the oscillator,
which exhibits different values of turn on/off times. However,
the pulse distortion can be greatly improved by properly
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TABLE III
SUMMARIZED PERFORMANCE AND COMPARISON WITH THE STATE OF THE ART

Parameters [32] [41] [42] [43] [44] This work
Application General Gate drivers Gate drivers General General Gate drivers

purpose purpose purpose
No of isolation channels 4 2 2 2 1 2
Max data/PWM rate 1 Mbit/s 1 MHz 1 MHz 80 Mbit/s 1 Mbit/s 4 MHz®

0.5 MHz®
Propagation delay [ns] 42 44 28 15.5 11 309
Isolation technolo Face-to-face Polyimide On-chip On-chip Polyimide Planar
2 stacked antennas transformers Si0; capacitors SiO; lateral transformer ~ micro-antennas

Isolation level (7 KVrus) (5.7 Vins) (8 kVik) (5 kVp) Q0kVe) (510 kVe)®
CMTI )
[kV/us] n.a. 150 100 650 200 >250
Supply voltage [V] 33V 5 3/5.5 5V 1.7-55V 6V
Current per channel [mA] 1.65 n.a. n.a. 1.9M 2.8® 6.3%/7.5®

0.25-pm 0.25-pm 0.18-pm 0.5-um
Technology SOI BiCMOS fa fa CMOS CMOS GaN
Area per channel [mm?] n.a. n.a. n.a. 0.95 n.a 2.9
No. of dice 2 2 3 2 2 2
M At 1 Mbit/s. @DVpp=5V. © Driver channel. ® Power supply control channel. © Expected.

delaying the falling edge of the PWM input signal that drives
the oscillator.

Fig. 17 and 18 show minimum (6%) and maximum (94%)
duty cycles of the PWM signal at the output of the power
supply control channel. The signal frequency is 0.5 MHz.

As mentioned in the previous section, the boundary values
of the duty cycle and the frequency of the PWM signal in the
power supply control channel are set by the digital circuitry
of the PWM generator in Fig. 10(b).

Finally, Table III summarizes the measured main perfor-
mance parameters of the galvanic isolation interface. For
completeness, Table III also reports the performance of some
typical state-of-the-art solutions of galvanic isolation in silicon
technologies since no integrated implementations are available
in the GaN technology.

The performance of the proposed galvanic isolation inter-
face is similar to the best silicon works, although a fair
comparison between silicon and GaN solutions is not possible,
especially when mixed analog/digital integrated circuits are
involved as in this work. However, as mentioned before, the
objective of this work is not a stand-alone isolation interface as
in traditional implementations with silicon technologies. The
measured results demonstrate that the proposed GaN isolation
interface is suitable for a monolithic implementation with a
driver/power switch. This means that a fully GaN integrated
power switching system can be pursued, which embeds the
galvanic isolation in both driver and power supply control
channels.

V. CONCLUSION

An integrated galvanic isolation interface in a 0.5-um
GaN technology has been presented, which is based on

chip-to-chip communication and RF coupling between planar
micro-antennas. The isolation interface implements two iso-
lation channels, one to drive the power section of a dc-ac
converter and the other to perform the feedback control
path of a dc-dc converter that provides the isolated power
supply. An innovative offset compensation strategy has been
also discussed, which guarantees accurate biasing and robust
operation. Measurements have been presented that well val-
idate the galvanic isolation interface and demonstrate that
a high-performance fully GaN integrated power switching
system with galvanic isolation is feasible.

ACKNOWLEDGMENT

The authors would like to thank Alessandro Castorina,
Mariantonietta Rizzo, and Egidio de Giorgio of STMicroelec-
tronics, Catania, Italy, for their support in measurements and
layout, respectively.

REFERENCES

[1] A. Hassan, Y. Savaria, and M. Sawan, “GaN integration technology,
an ideal candidate for high-temperature applications: A review,” IEEE
Access, vol. 6, pp. 78790-78802, 2018.

[2] M. Meneghini, G. Meneghesso, and E. Zanoni, Eds., Gallium Nitride
Enabled High Frequency and High Efficiency Power Conversion, 1st ed.
Cham, Switzerland: Springer, 2018.

[3] K. J. Chen et al., “GaN-on-Si power technology: Devices and appli-
cations,” IEEE Trans. Electron Devices, vol. 64, no. 3, pp. 779-795,
Mar. 2017.

[4] R. Sun, J. Lai, W. Chen, and B. Zhang, “GaN power integration for
high frequency and high efficiency power applications: A review,” I[EEE
Access, vol. 8, pp. 15529-15542, 2020.

[5] X. Ke, J. Sankman, Y. Chen, L. He, and D. B. Ma, “A tri-slope gate
driving GaN DC-DC converter with spurious noise compression and
ringing suppression for automotive applications,” IEEE J. Solid-State
Circuits, vol. 53, no. 1, pp. 247-260, Jan. 2018.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

SPINA et al.: FULLY INTEGRATED GALVANIC ISOLATION INTERFACE IN GaN TECHNOLOGY 9
[6] A. Seidel and B. Wicht, “Integrated gate drivers based on high-voltage  [29] N. Greco, A. Parisi, P. Lombardo, N. Spina, E. Ragonese, and
energy storing for GaN transistors,” IEEE J. Solid-State Circuits, vol. 53, G. Palmisano, “A double-isolated DC-DC converter based on integrated
no. 12, pp. 3446-3454, Dec. 2018. LC resonant barriers,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 65,
[7] H. Majima et al., “Cascoded GaN half-bridge with 17 MHz wide-band no. 12, pp. 4423-4433, Dec. 2018.
galvanically isolated current sensor,” Japanese J. Appl. Phys., vol. 61, [30] E. Ragonese et al., “A fully integrated galvanically isolated DC-DC
no. SC, Feb. 2022, Art. no. SC1052. converter with data communication,” IEEE Trans. Circuits Syst. I, Reg.
[8] Y. Wang, Y. Ding, and Y. Yin, “Reliability of wide band gap power Papers, vol. 65, no. 4, pp. 1432-1441, Apr. 2018.
electronic semiconductor and packaging: A review,” Energies, vol. 15, [31] A. Parisi, E. Ragonese, N. Spina, and G. Palmisano, “Galvanically
no. 18, p. 6670, Sep. 2022. isolated DC-DC converter using a single isolation transformer for multi-
[9] M. Meneghini et al., “Investigation of trapping and hot-electron effects channel communication,” IEEE Trans. Circuits Syst. 1, Reg. Papers,
in GaN HEMTs by means of a combined electrooptical method,” IEEE vol. 67, no. 12, pp. 4434-4444, Dec. 2020.
Trans. Electron Devices, vol. 58, no. 9, pp. 2996-3003, Sep. 2011. [32] S. Uchida et al., “A face-to-face chip stacking 7kV RMS digital isolator

[10] L. Sayadi, G. Iannaccone, S. Sicre, O. Hiberlen, and G. Curatola, for automotive and industrial motor drive applications,” in Proc. IEEE
“Threshold voltage instability in p-GaN gate AIGaN/GaN HFETs,” IEEE 26th Int. Symp. Power Semiconductor Devices IC’s (ISPSD), Jun. 2014,
Trans. Electron Devices, vol. 65, no. 6, pp. 2454-2460, Jun. 2018. pp. 442-445.

[11] S.-W. Tang et al., “Using gate leakage conduction to understand positive ~ [33] C. M.-A. Renna et al., “Microstructure device comprising a face to
gate bias induced threshold voltage shift in p-GaN gate HEMTs,” IEEE face electromagnetic near field coupling between stacked device portions
Trans. Electron Devices, vol. 70, no. 2, pp. 449-453, Feb. 2023. and method of forming the device,” U.S. Patent 9018730 B2, Apr. 28,

[12] J. P. Kozak et al., “Stability, reliability, and robustness of GaN power 2015. ) . . .
devices: A review,” IEEE Trans. Power Electron., vol. 38, no. 7, [34] N. Spl.na., G. G1rla.nd0, VS. A. SmerZI_’ e}nd G. Palmisano, “Integrated
pp. 8442-8471, Jul. 2023. galvanic isolator using wireless transmission,” U.S. Patent 8 364 195 B2,

[13] Analog Devices. Surging Across the Barrier: Digital Isolators Set the Jan. 29, 20,13' w . o
Standard for Reinforced Insulation. Accessed: 2019. [Online]. Available: ~ [331 S- Mukherjee et al., *25.4 A S00Mb/s 200pJ/b die-to-die bidirectional
https://www.analog.com !mk vs_mh 24k\_/ surge isolation and” §OkV/;Ls CMR.usmg res_ona_nt

[14] NVE Corporation, Isolator High Voltage Safety Standards. Accessed: inductive coupllng in 0.18um CMOS,” in IEEE Int. Solid-State Circuits
2019. [Online]. Available: https://www.nve.com Conf. (ISSCC) Dig. 'Tech. Paper.s,. Feb. 2017, pp..4344‘:‘55,

[15] B. Chen, “Fully integrated isolated DC-DC converter using micro- (36] Eérﬁ?egrogezznll\r‘bispelga&?' li?erSl’R;mci:og.lil:;lalnﬁ)sfrre)inférc(e:g/loaslvgﬁi
transformers,” in Proc. 23rd Annu. IEEE Appl. Power Electron. Conf. isolation )\/Jvith 25KV surpe voltage an(f 25gO-kV s CMTI g MDPI
Expo., Feb. 2008, pp. 335-338. Electron., vol. 9, pp 117, Jum, 2020 g ’

[16] P. Lombardo, V. Fiore, E. Ragonese, and G. Palmisano, “16.7 A fully- (37] E Ragor'l’ese A ’PaI.iSi N ,Spin.a and 'G Palmisano, “Compact galvani-
integrated half-duplex data/power transfer system with up to 40Mb/s data cz.illy iqolate(i ar.chitectilre‘e for léw-powér DC_DC éonve rtors with data
rate, 23 mW outpu.t power and on-chip 5kV galvanic isolation,” in IEEE transn;ission,” Electronics‘, vol. 10, no. 19, p. 2328, Sep. 20‘21.
f)r[l)t ég(;)él_‘ggiale Circuits Conf. (ISSCC) Dig. Tech. Papers, Jan. 2016, [38] L. Fano'ri ar.ld P. Andreani, “Class-D CMOS oscillators,” IEEE J. Solid-

[17] G. Shi et al., “A compact 6 ns propagation delay 200 Mbps 100 kV/us (39] itagof;rcgml’{:o;h:fe’ n;)r; dlzé pgélﬂgzggl {?Ljolx?v(fc.()\?v(::?ASK detector
CMR capacitively coupled direction configurable 4-channel digital isola- f(;r low }nOAulatgion in:iexes aﬁ d rail-to-rail input I;an o IEEE Trans
tor in standard CMOS,” in Proc. 25th IEEE Int. Conf. Electron., Circuits Circuits Svst. II. Exp. Bri . L 63 5 P 458 —4g62 May 2016 -
Syst. (ICECS), Dec. 2018, pp. 721-724. ircuits Syst. II, Exp. Briefs, vol. 63, no. 5, pp. » vay 2016,

[18] V. Fiore, E. Ragonese, and G. Palmisano, “A fully integrated watt-level [40] M. Punsmore, High speed, high voltage GaN-based operational ampli-
power transfer system with on-chip galvanic isolation in silicon tech- fier,” U.S. Patent 20 17001.9 0§9 Al Jan. 2.9’ 2017'. .
nology,” IEEE Trans. Power Electron., vol. 32, no. 3, pp. 1984-1995, [41] ApuM4221, Isolated, Half Brldg_e Gate Drivers With Adjustable D_ead
Mar. 2017. szg, 4 A Output, Analog Devices, ‘Norwood, MA, USA. [Online].

[19] Y. Zhuo et al., “A 52% peak efficiency > 1-W isolated power transfer Available: https'://www.analog..com/en/mdex.html . .
system using fully integrated transformer with magnetic core,” IEEE J. [42] UCC2154x, Reinforced Isolalfon Duql—Charmel Gate Driver With 3.3-
Solid-State Circuits, vol. 54, no. 12, pp. 3326-3335, Dec. 2019. mm Channgl—to—Chan.nel tSpacmlg Optzon., Texas Instruments, Dallas, TX,

[20] K.-Y. Wong, W. Chen, and K. J. Chen, “Integrated voltage reference 3 &S? [.(c'l)nll<1neg Avila;b l%' h[tpS.//V&:jV&}W.]t(l:C(;m “A 650 KV/
generator for GaN smart power chip technology,” IEEE Trans. Electron [43] M. Javi » . Placek, R. Burton, and J. Kitchen, LVIus common’:

. mode resilient CMOS galvanically isolated communication system,
Devices, vol. 57, no. 4, pp. 952953, Apr. 2010. IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 69, no. 2, pp. 587-598

[21] X. Liu and K. J. Chen, “GaN single-polarity power supply bootstrapped Feb. 2022 o SR : - T e ’
comparator for high-temperature electronics,” IEEE Electron Device [44] R. Yun, J_. Sun, E. Gaalaas, and B. Chen, “A transformer-based digital
Lett., vol. 32, no. 1, pp. 27-29, Jan. 2011. . . .

a e o . isolator with 20kVPK surge capability and > 200kV/uS common mode

[22] Y.-P. Hong, K. Mukai, H. Gheidi, S. Shinjo, and P. M. Asbeck, “High transient immunity,” in Proc. IEEE Symp. VLSI Circuits (VLSI-Circuits),
efficiency GaN switching converter IC with bootstrap driver for envelope Jun. 2016, pp. 1-2.
tracking applications,” in Proc. IEEE Radio Freq. Integr. Circuits Symp.

(RFIC), Jun. 2013, pp. 353-356.

[23] H. Wang, A. M. H. Kwan, Q. Jiang, and K. J. Chen, “A GaN pulse
width modulation integrated circuit for GaN power converters,” I[EEE
Trans. Electron Devices, vol. 62, no. 4, pp. 1143-1149, Apr. 2015.

[24] Y. Zhang, M. Rodriguez, and D. Maksimovic, “Very high frequency
PWM buck converters using monolithic GaN half-bridge power stages
with integrated gate drivers,” IEEE Trans. Power Electron., vol. 31,
no. 11, pp. 7926-7942, Nov. 2016.

[25] G. Tang et al., “Digital integrated circuits on an E-mode GaN Nunzio Spina received the Laurea degree in elec-
powf;g’;E%\;[gs plsatfor;(l),’l’71EEE Electron Device Lett., vol. 38, no. 9, tronic engineering from the University of Catania,
Pp. - > O€Pp. - Catania, Italy, in 2006. In 2006, he joined the

[26] M. Zhu and E. Matioli, “Monolithic integration of GaN-based NMOS Radio Frequ)e,:ncy Advanced Design Cg,nter (RF-
digital logic gate circuits with E-mode power GaN MOSHEMTs,” in ADC), STMicroelectronics, Catania, a joint research
Proc. IEEE 30th Int. Symp. Power Semiconductor Devices ICs (ISPSD), center supported by the University of Catania and
May 2018, pp. 236-239. STMicroelectronics. He has been involved in the

[27] X. Li et al., “Demonstration of GaN integrated half-bridge with on-chip design of integrated circuits for RF front-ends in
drivers on 200-mm engineered substrates,” IEEE Electron Device Lett., sub-micron CMOS technologies. He is involved
vol. 40, no. 9, pp. 1499-1502, Sep. 2019. in the design of galvanic isolation interfaces for

[28] S. Pennisi, F. Pulvirenti, and K. Samperi, “Frequency compensation N data and power transfer. His current research fields

scheme for a full GaN OpAmp driving 1-nF load,” in Proc. IEEE Int.
Symp. Circuits Syst. (ISCAS), May 2022, pp. 2042-2046.

include analog/mixed signal, RF oscillators, and integrated passive compo-
nents as inductors and transformers.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Katia Samperi (Graduate Student Member, IEEE)
was born in Bronte, Catania, Italy, in 1998. She
received the B.S. and M.S. degrees in electronic
engineering from the University of Catania, Italy, in
2019 and 2021, respectively, where she is currently
pursuing the Ph.D. degree. Her current research
interests include wide-bandgap semiconductor, gal-
lium nitride IC design for power applications, and
power circuits for new photovoltaic technology.

Antoine Pavlin received the degree in electronic
engineering and the Ph.D. degree in microelec-
tronics from Ecole Centrale de Lyon, France, in
1982 and 1986, respectively. He worked with
Thomson Semiconductors, Aix-en-Provence, France,
as a Process Development Engineer from 1985 to
1987 on vertical integrated smart power technolo-
gies. From 1988 to 1996, he was with STMicroelec-
tronics, Rousset, France, as a Design Engineer for
automotive, power conversion, and industrial vertical
integrated smart power ICs. From 2005 to 2017,
he took the responsibility of industrial vertical integrated smart power ICs
design team and successively of vertical integrated smart power technologies
and products development inside STMicroelectronics Automotive and Discrete
Products Group. In 2017, he was the nominated research and development
director. Since 2019, he has been added to his responsibilities the development
of silicon+gallium nitride System in package and integrated GaN ICs.
He filled 46 patents covering silicon smart power technologies, silicon smart
power IC design, and GaN IC design.

Salvatore Pennisi (Fellow, IEEE) was born in
Catania, Italy, in 1965. He received the Gradu-
ate degree in electronic engineering and the Ph.D.
degree in electrical engineering from the University
of Catania, Italy, in 1992 and 1997, respectively.
In 2016, he was appointed as a Full Professor
with the University of Catania, where he holds
undergraduate and graduate courses in electronics
and microelectronics. He is also a coordinator of
the master’s degree course in electronic engineering.
He has published more than 100 articles in

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS

international journals (57 of which in IEEE journals), more than 120 con-
tributions in conference proceedings and the coauthor of the books CMOS
Current Amplifiers (Kluwer Academic Publishers) (1999), Feedback Ampli-
fiers: Theory and Design (Kluwer Academic Publishers) (2001), and Liquid
Crystal Display Drivers Techniques and Circuits (Springer 2009). His main
research interests include circuit theory and analog design with an emphasis on
low voltage techniques, multistage amplifiers, data converters, high frequency
distortion analysis, driver circuits for liquid crystal displays, and micro-
energy harvesting. He is a member of the IEEE CASS Analog Signal
Processing Technical Committee and was an Associate Editor of IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS—PART II: EXPRESS BRIEFS
and the International Journal of Circuit Theory and Applications (Wiley).

Giuseppe Palmisano (Senior Member, IEEE)
received the Laurea degree in electronic engineering
from the University of Pavia, Pavia, Italy, in 1982.
From 1983 to 1991, he was a Researcher with
the Department of Electronics, University of Pavia,
where he was involved in CMOS and BiCMOS
analog integrated circuit design. In 1992, he was
a Visiting Professor with Universidad Autonoma
Metropolitana (UAM), Mexico City, Mexico, where
/ . he taught microelectronics for the Ph.D. students. In

1993 and 2000, he joined the Faculty of Engineering,
University of Catania, Catania, Italy, as an Associate Professor and a Full
Professor, respectively, teaching microelectronics. Since 1999, he has been
leading the Radio Frequency Advanced Design Center (RF-ADC), a joint
research center supported by the University of Catania and STMicroelec-
tronics, Catania. He has supervised the design of several innovative analog
integrated circuits and systems within the framework of national and European
research projects and in collaboration with electronic industries. He is the
coauthor of more than 250 papers in international journals and conference
proceedings, 60 international patents, and three books. His research interests
lie in the area of analog integrated circuit (IC) design with special emphasis
on RF applications. Presently, he is involved in integrated galvanic isolation
interfaces for switching power converters in both GaN and BCD technology
and in GaN power amplifiers for 5G communications.

Open Access funding provided by ‘Universita degli Studi di Catania’ within the CRUI CARE Agreement



