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Abstract: The acquisition of high-voltage signals from sensors and actuators in an internal-combustion
engine is often required for diagnostic purposes or in the case of conversion to alternative fuels,
such as hydrogen, natural gas, or biogas. The integration of electronic interfaces and acquisition
circuits in a single device provides benefits in terms of component-count reduction and performance.
Nonetheless, the high voltage level of the involved signals makes on-chip design challenging. Addi-
tionally, the circuits should be compatible with the CMOS technology, with limited use of high-voltage
options and a minimum number of off-chip components. This paper describes the design and the
implementation in 350 nm CMOS technology of electronic interfaces and acquisition circuits for
typical high-voltage signals of automotive context. In particular, a novel co-design of dedicated
voltage clamps with electro-static discharge (ESD) protections is described. The proposed circuits
require only a single off-chip resistor, and they are suitable for the acquisition of signals with peak
voltages up to 400 V. The measured performance of the silicon prototypes, in the [−40 ◦C, +125 ◦C]
temperature range, make the proposed electronic interfaces suitable for the automotive domain.

Keywords: CMOS analog circuits; automotive circuits; high-voltage interface circuits; ESD; overvolt-
age clamp; natural gas; CNG; LPG; hydrogen; alternative fuel; internal-combustion engine; electronic
control unit (ECU)

1. Introduction

Under the hood of a car, several sensors and actuators operate to support the control
of the internal-combustion engine. Indeed, parameters such as fuel-injection start time
and duration, ignition instants, and engine rotation speed are critical for optimizing the
performance in terms of fuel consumption and power. The electronic control unit (ECU),
the core of the engine control systems, acquires signals from external sensors, and drives
the actuators in the car engine [1–4].

In recent decades, there has been significant interest for the conversion of spark-
ignited internal-combustion engines from gasoline to compressed natural gas (CNG),
liquefied petroleum gas (LPG), biogas, or hydrogen [5–9]. Additionally, the conversion of
compression-ignited engines from a single fuel (i.e., diesel) to a mixture of diesel and gas
has been investigated [10]. Despite the rapid and growing diffusion of vehicles powered
by electric motors, the well-affirmed endothermic engine is still far from being completely
replaced. Indeed, it will take decades to substitute the huge number of cars with traditional
engines for full-electric counterparts. Moreover, the perspective of car engines for the next
generation remains uncertain. Indeed, natural gas remains an attractive alternative to
liquid fossil fuels, providing benefits in terms of emissions in specific contexts [11,12]. In
recent years, the interest for the hydrogen as car fuel has grown [13,14], which can give a
new boost to endothermic engines [15,16]. Examples of conversion in internal-combustion
engines from gasoline or diesel to hydrogen are reported in [7,17,18].

The conversion of an internal-combustion engine to gas requires, among other things,
an additional ECU (gas-ECU) that acquires signals from some actuators and sensors,
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and communicates with the main ECU. The gas-ECU is mandatory to properly drive
the dedicated gas injectors and adapt the engine control parameters to the properties of
the alternative fuel. Typical gas-ECU inputs are the high-voltage signals at the igniter
coil and the differential output signal of the inductive sensor to measure the speed of
the engine crankshaft. In the engine conversion to dual-fuel (i.e., diesel and CNG or
diesel and hydrogen), the diesel injectors are monitored to limit the fuel quantity to the
minimum value required to guarantee gas ignition [19,20]. Thus, the voltage signals at
the low and high sides are useful for this purpose. Furthermore, in single-fuel engines,
a readout of injector signals is often required for diagnosis purposes [21]. The design of
the circuit interface and readout is challenging, since those signals exhibit peak values
largely exceeding the regulated supply voltage of the readout of electronic circuits and the
maximum input voltage that the involved devices can tolerate before incurring permanent
damage. Therefore, additional protections are added to the circuits in the ECU board to
clamp the input signal below a safe value and to protect the front-end circuits. However,
such additional off-chip devices increase the cost of the ECU, the component count, and
the printed circuit board (PCB) area. Other issues occur if the circuit is designed to detect
a voltage step with both the low and the high level exceeding the rated input voltage of
the input device. In this case, a simple voltage clamp, either off-chip or on-chip, cannot be
used, since it would remove the relevant signal transition from the input signal.

Protection against the electro-static discharge (ESD) events demands particular atten-
tion. The protection strategy should rely only on on-chip clamping devices, ensuring an
ESD protection level suitable for automotive applications, i.e., higher than the 2 kV human-
body model (HBM). However, such ESD devices should not be activated by high-voltage
input signals in order to avoid interfering with the integrated clamp that is tailored to the
specific signal to be acquired.

This paper describes the design and implementation of CMOS interface circuits suit-
able for high-voltage automotive signals, with fully integrated clamps. The proposed
circuits allow a full integration of both clamping and readout circuits in a single chip, thus
minimizing the component count and the ECU cost. The prototype was implemented in
350 nm CMOS technology, including only the high-voltage option of DMOS transistors
with 70 V drain-source breakdown and 5 V gate oxide.

The main novelty of the proposed interface circuits is the full integration into CMOS
technology of co-designed ESD protections and over-battery voltage clamps, with 5 V
gate-oxide transistors and minimum high-voltage options.

The paper is organized as follows. In Section 2, the considered automotive signals are
described with the dedicated interface and acquisition circuits. In particular, the multi-level
clamping technique is described with the added ESD protection devices. In Section 3, the
chip prototype is described, and the measurement results are reported.

2. Automotive Signals and Readout Circuits
2.1. Injector and Igniter Signals

In the internal-combustion engine, the injector is an electro-magnetic valve used to dis-
pense fuel either into the intake manifold or directly into the combustion chamber [22–24].
The latter case usually guarantees better power performance and lower consumption, and it
corresponds to spark-ignition engines with gasoline direct injection (GDI) or diesel engines
with common-rail direct injection (CRDI). A typical driving circuit for the fuel injectors in
GDI or CRDI engines is shown in Figure 1a. The power-MOS transistors MH1 and MH2
connect the high side of the injector, modeled with an L-R equivalent, to either the battery
voltage, i.e., 12 V, or to a high-voltage rail, up to approximately 80 V. The latter is locally
generated by a DC–DC converter, shared among all the injectors [25,26].
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Figure 1. (a): Dual-voltage driver for fuel-injection device in GDI and common-rail engines. (b): Voltage
waveform at the high-side terminal. (c): voltage waveform at the low-side terminal. (d): command
waveforms of low and high-side switches (high-level corresponds to the closed-state).

This dual-voltage control increases the time derivative of the current at the onset of the
injector activation with respect to the case of a single 12 V supply, leading to more accurate
control of the fuel-injection startup time. The insulated-gate bipolar transistor (IGBT) ML1,
connected to the injector low side, is used to rapidly reduce the driving current during the
injection phase and at the end of the injection window. The simplified voltage waveforms
at the high and low sides of the injector are shown in Figure 1b,c, respectively, while the
command waveforms, i.e., CMDL1, CMDH1, and CMDH2, are in Figure 1d, where the
high-level condition corresponds to the closed-switch state.

In the OFF phase, the low-side switch is open, and the high-side terminal of the injector
is connected to the battery rail. At tA, the preliminary magnetization (PM) phase starts with
ML1 closed and the current flowing through the injector coil. The fuel injection starts at tB,
when the high side is connected to the high-voltage rail and the time derivative of the input
current suddenly increases, achieving a fast injector activation. Once the injector has been
completely switched on, the bootstrap (BS) phase ends and the control current is reduced
to limit the thermal stress of the coil. Thus, the modulation (MOD) phase occurs from tc
onwards, with the injector initially disconnected from the high-voltage rail by switching
off the high-side transistor. The injector modulation is implemented also at the low-side
(LSMOD) by switching off ML1 for a short time. This procedure rapidly decreases the
current to the minimum level, but still maintains the injector in the ON state. Moreover,
it causes the low-side voltage to abruptly rise to the clamping voltage, usually set by the
protection diode of ML1, not included in the figure. For the remaining time of the injection
window, the high side is periodically connected to the battery rail to maintain the injector
current at the required level, i.e., high-side modulation (HSMOD) [27]. The injection phase
terminates at tD by switching off the low-side device, causing the low-side voltage to rise
again to the clamping voltage, which is typically in the 80–100 V range.

For diagnostic or control purposes the length of the high-voltage pulse at the high-side,
i.e., tC − tB, matters. Additionally, the functionality of the low-side switch is monitored by
detecting the crossing of a threshold set at half the battery voltage measuring tA, tC, and tD.
An example of measured voltage waveform at the injector high side in a GDI engine is in
the plot of Figure 2a.

Another example of high-voltage signals in the automotive context is found at the
low-side of the ignition coil. Indeed, each spark plug of the ignition engine requires
the generation of a very high voltage. This is usually obtained, in every engine cycle,
connecting a coil first between the battery rail and ground to accumulate energy, and
then disconnecting it from ground, at the ignition instant [28]. The equivalent circuit is
shown in Figure 3a, where the IGBT MIL implements the low-side control of the coil. At
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the low-to-high transition, the voltage at the IGBT collector increases up to about 400 V
to successively settle to the battery voltage level [29,30]. The ignition instant, i.e., t2 in
Figure 3b, is precisely measured by detecting the crossing of the low-side coil voltage
at a threshold, usually set to half the car-battery voltage, VBAT/2. It should be noticed
that the coil inductance combined with the capacitance at the IGBT collector can lead to a
negative voltage transient at the beginning of the coil pre-charge phase, i.e., t1, with the
IGBT switched on. A measured waveform at the low side of the ignition coil is shown in
Figure 2b.
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Figure 2. (a): Measured voltage waveform at the high-side of a GDI-engine injector. (b): Measured
voltage waveform at the input of the ignition coil.
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Figure 3. (a): IGBT-based driving circuit for ignition coil. (b): voltage waveform at the low-side
terminal of the coil.

2.2. Integrated Interface Circuit with Multi-Level Voltage Clamping

Sensing the voltage signal at the injector pins or at the low side of the ignition coil raises
non-trivial design issues. In the case of the injector low side, the circuit must detect both the
rising and falling crossing of a reference voltage usually set at VBAT/2. Regarding the igniter
coil signal, the reference crossing in the low–high transition is relevant information to assess
the ignition time instant. In both cases, the interface circuit should withstand repetitive
pulses as high as 100 V and 400 V for the fuel injector and the ignition coil, respectively.

This overvoltage condition is particularly critical for the ESD clamping circuit con-
nected to the pad. An ESD protection circuit can be implemented either with a pair of
diodes connecting the input pin to the ground and supply rail [31] or with a bidirectional
clamp connecting the pad to the ground rail. The former solution is not suitable for protect-
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ing the interface circuits in automotive applications, where over-battery conditions often
occur, as in the case of igniter or injector signals. Indeed, the diode connected to the supply
rail would be forward-biased in such a case. Furthermore, the input signal may be present
also when the device is disconnected from the 5 V regulated supply.

In CMOS technologies, bidirectional clamps to ground are often based on gate-
grounded NMOS (GGNMOS) [32,33], gate-coupling NMOS (GCNMOS) [34], or RC-triggered
NMOS [35,36]. The voltage at the protected pad is limited either by the breakdown or the
snap-back activation of the ESD clamp. The dominant clamping mechanism depends on
the time derivative of the input signal, with the snap-back promoted by a fast variation of
the input voltage.

The direct sizing of an ESD protection for a breakdown voltage higher than the peak
value of the ignition coil or injector signals is not feasible. Indeed, considering a GGNMOS
as a clamp device, its drain-to-substrate breakdown voltage must be higher than 400 V. This
device is seldom available in high-voltage CMOS technologies with DMOS transistors with
a typical breakdown voltage within 100 V [37]. Additionally, a high breakdown voltage
could be obtained by stacking several GGNMOS devices [38,39], but with a significant
silicon area penalty. Indeed, the width of each transistor correlates with the number of
stacked devices to keep the overall series resistance of the discharge suitable for the target
ESD protection level.

The circuit in Figure 4a overcomes the above issues at the cost of an off-chip resistor,
and it is suitable to interface high-voltage signal sources with 5 V sensing and processing
circuits [32]. A primary clamp is introduced in parallel with ESD protection. This clamp
is implemented as a shunt regulator based on the DMOS devices MC1 and the off-chip
high-voltage resistor RX. The feedback network with RC1 and RC2 is sized to have the
voltage at the drain of MC1 lower than the breakdown voltage of the ESD protections up to
a maximum input current IINmax. This current limit depends on the aspect ratio of MC1,
considering that the gate-oxide breakdown constrains its gate-source voltage. It is worth
noticing that the proposed interface does not require any MOS devices with high-voltage
gate oxide. Indeed, in the circuit prototyping, a 350-nm technology with DMOS devices
with 5 V gate oxide as the only high-voltage option was used. The ESD clamp based on
a GCNMOS stack was sized for a minimum breakdown voltage of 50 V, and a DMOS
transistor with 70 V maximum drain-source voltage was chosen from the available devices.
A shunt regulator implemented in CMOS technology with an off-chip resistor was first
proposed for automotive applications in [40]. That design includes an operational amplifier
in the control loop with additional costs in terms of power consumption and silicon area,
with respect to the resistive feedback in this paper. Additionally, the feedback loop of the
regulator in [40] shows a small bandwidth. Hence, it is not suitable to process the signals at
the low side of the injector and the ignition coil.

The waveform expected at the pad with a typical ignition-coil signal source is shown
in Figure 4c. The primary clamp limits the peak value of the pad voltage, whereas the ESD
parasitic diode within the GCNMOS clamps the negative peaks due to signal undershoots.
The DMOS-based clamp, effectively protecting the pad against repetitive high-voltage
pulses, is not designed to be involved in the current discharge path in the case of an ESD
event. Therefore, the snap-back voltage of the DMOS transistor must be well above that
of the ESD GCNMOS clamp. The plot in Figure 5 shows the measured transmission line
pulse (TLP) characteristics [37,41,42] of the ESD clamp and of the 70 V DMOS device. The
relatively large range between the trigger voltages VT-MOS and VT-ESD is suitable to allocate
the tolerance due to process corner and temperature, affecting both VT-MOS and VT-ESD. In
the circuit of Figure 4a, the resistor RS1 provides additional protection to MC1 against ESD
discharge, while the GGNMOS device MPC1 is the secondary ESD protection for the MC1
gate [43].
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Figure 4. (a): Sensing circuit for automotive signals with concurred ESD, over and under voltage
protection [32]. (b): Signal at node S. (c): Corresponding signal at the input pad. (d): Signal at the
comparator input.

Figure 5. TLP characteristics of the ESD protection (green curve) and of the primary-clamp DNMOS
MC1 (red curve) in the interface circuit of Figure 4a.

The signal at the primary clamp cannot be directly provided to the 5 V supply com-
parator, since it would cause the oxide breakdown of the input MOS devices. Therefore,
the signal is scaled down with the resistive attenuator RA1–RA2, considering the value of
the clamping voltage at the maximum input current, VCL in Figure 4c, which is affected by
the process-and-temperature (PT) variations. A possible strategy is to size the attenuation
for the maximum clamp voltage over the P-T range. Nevertheless, with a voltage equal
to VBAT at the input pin, the signal level at the comparator input would be significantly
lower than the chip supply at the typical PT corner. This effect is highlighted in Figure 4c,d,
where VCLS corresponds to VBAT . It should be noticed that the lower VCLS, the lower the
noise margin of the comparator detecting the input-signal crossings of VTH = VBAT/2.
Thus, the attenuation provided by RA1–RA2 is sized to have VCLS = VDD with the typical
value of the clamping voltage VCL, leading to a comparator threshold VTHC equal to VDD/2.
Furthermore, a secondary clamp MP2 is introduced at the comparator input to limit VCLS
at approximately VDD, also in the case of a clamping voltage VCL exceeding the battery
voltage, due to PT variations. This secondary clamp is based on a PMOS device with the
gate voltage provided through the resistive network RP1–RP2 and set to approximately
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VDD + VTP, with VTP corresponding to the threshold voltage of MP2. The final waveform
at the comparator input is shown in Figure 4d. It is worth noticing that this combination of
two clamping circuits and signal attenuator properly protects both the ESD clamps and the
comparator against the repetitive 100 V signal peaks, without affecting the detection of the
threshold crossings.

The relevant information of the signal at the high side of the injector in a GDI or a
CRDI is the crossing of a threshold placed well above a car-battery voltage to detect the
activation of the high-side transistor connected to the high-voltage rail. Therefore, the
proposed interface circuit in Figure 4a is not suitable, since the relevant part of that signal,
i.e., from tB to tC in Figure 1b, would be clamped slightly above the car-battery voltage.
The dedicated interface circuit is shown in Figure 6a, where the resistive attenuators made
by the off-chip resistor RX and the on-chip resistors RA1 and RA2, with the control signal
ATT tied to the supply voltage, introduces an attenuation factor at the pad, KIN , and at the
comparator input, KINC, equal to:

KIN ≡ VHS
VIN

=
RA1 + RA2

RX + RA1 + RA2
(1)

KINC ≡ VHS
VIN

=
RA2

RX + RA1 + RA2
(2)

Figure 6. (a): Interface and readout circuit for the signal at the injector high-side pin (GDI case).
(b): Input signal. (c): Signal at the comparator input without the PMOS clamp. (d): Signal at the
comparator input with the PMOS clamp.

Setting the KINC factor to 16 allows the scaling down of the input signal in Figure 1b,
fitting the maximum signal swing allowed at the comparator input, i.e., the 5 V supply
VDD. The tolerance affecting the attenuation factor KINC due to the PT variations of the
integrated resistors RA1 and RA2 should be considered. Additionally, the peak value of the
voltage signal to be sensed is affected by a significant variation among different injector
models and driving circuits. Thus, to prevent the signal at the comparator input exceeding
the 5 V supply voltage, a dedicated clamp, based on PMOS MP2, is added to the interface
circuit of Figure 6a. As for the secondary clamp in Figure 4a, the clamping voltage VCLS
is set at the supply voltage by the resistor network RP1 and RP2. Resistor RA1 is added to
inhibit the discharge current path through MP2 in the case of ESD events. The MOS switch
MP3 allows the disabling of the internal attenuator. In this case, an additional off-chip
resistor RX2 is required to restore the voltage attenuation. This configuration must be used
when the KINC factor is tailored to a specific injector device. Indeed, oversizing KINC leads
to a smaller signal swing at the comparator input, thus forcing the voltage threshold to
be lower than VDD/2. By contrast, if KINC is higher than the optimum value, the signal
swing would be strongly limited by the PMOS clamp, and the detection threshold should
be increased towards the 5 V supply. In both cases, the noise margin is significantly reduced
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with respect to the optimum attenuation factor, leading to a detection threshold equal
to VDD/2.

2.3. Inductive Phonic-Wheel Sensor

The angular position and rotation speed of the engine crankshaft is measured by
a variable-reluctance sensor installed close to a phonic wheel [44,45]. This element is a
toothed wheel connected to the crankshaft with NTH uniformly spaced teeth and two
missing teeth [46]. The inductive sensor provides a differential voltage signal, with a
frequency proportional to the rotation speed, measured in rotations per minute (RPM). As
shown in Figure 7, the period of the output signal increases from T1 to T2 when the sensor
detects the missing teeth on the wheel. Thus, this abrupt frequency variation allows the
obtaining of the absolute angular position of the crankshaft.
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V
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Figure 7. Measured output signal of a crankshaft inductive sensor with phonic wheel.

The output signal ranges from a few hundred millivolts up to approximately 200 V.
The value depends on the actual RPM of the engine: the higher the rotation speed, the
larger the output signal. This large range raises a relevant design issue since the interface
must withstand an input voltage larger than 100 V, maintaining adequate signal detection
capability over three-order magnitude variation of the input signal. Another challenge in
the design of the interface circuit comes from the input-signal waveform, very different
from an ideal sine wave. Indeed, the shape of the output waveform depends on the design
of the teeth. The green trace in the oscilloscope snapshot in Figure 8 corresponds to a signal
shaped with a sequence of a positive and a negative pulse followed by a relatively long
time interval, with the sensor output voltage close to the reference level, i.e., 0 V. The orange
trace in the same figure corresponds to the expected output of the readout circuit detecting
the crossings of the reference level to obtain the crankshaft position and its RPM speed.

Figure 8. Output signal of a phonic-wheel inductive sensor with asymmetric rise and fall times.
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The proposed interface circuit for the variable-reluctance sensor is shown in Figure 9.
The only off-chip components are the AC-coupling capacitors CX1 and CX2 and the current-
limiting resistors RX1 and RX2. Antiparallel diodes D1 and D2 are introduced to limit
the differential input voltage of the comparator to either −0.7 V or +0.7 V. The off-chip
resistors are sized to have the maximum input current compatible with both the maximum
signal amplitude and the current limit set by the metal lines and the involved devices
in the current path, i.e., RESDP, D1 or D2, and RESDN . The common-mode voltage at the
comparator input is set by the voltage divider RCM1–RCM2 connected to the center tap
of the network with NMOS diodes MC1 and MC2. Such devices act as a common-mode
clamp at the comparator input against fast variations of the common-mode voltage level
at the sensor output, often exceeding the chip supply voltage. Indeed, with this clamping
strategy, the common-mode shift from the reference voltage, generated with RCM1 and
RCM2, is limited by the gate-source voltage of MC1 and MC2.

Figure 9. Interface and readout circuit for phonic-wheel inductive sensors.

The ESD protection is guaranteed by combining a primary ESD clamp with a secondary
one through a 400-Ω resistor, i.e., RESDP and RESDN . The former clamp is based on a
GCNMOS device [34], while the latter is a GGNMOS, i.e., MESDP and MESDN . Using a
single device in the primary protection minimizes the silicon area, but limits the breakdown
voltage slightly above the 5 V supply. Combining the differential and common-mode clamp
guarantees that the voltage at the input pads is always below the 5 V supply, thus avoiding
the activation of the primary ESD clamps over the full range of the sensor output signal.
Furthermore, the series resistance RESDP (RESDN) limits the ESD discharge current through
the secondary clamp, with adequate protection to the devices at the comparator inputs.

2.4. Conversion and Processing Circuits

In the circuits of Figures 4a and 6a, designed for sensing the signals at the injector pins
or at the ignition coil, a comparator is used to detect the crossing of a voltage threshold.
Since the signals in the automotive domain are usually affected by ringing and coupled
noise, the comparator I/O characteristic must exhibit an adequate hysteresis to prevent the
occurrence of multiple output transitions at the crossing point. As shown in Figure 10a, the
well-known Schmitt trigger configuration was used. The hysteresis width is set by the ratio
RHY/(RS + RHY), while the threshold is set by the 3-bit digital-to-analog (DAC) converter
in Figure 10b. Four values of hysteresis width can be set through the programmable
resistor RHY. The comparator COMP1 is a Miller op-amp without frequency compensation
followed by an inverter, while OA1 is a folded-cascode amplifier with rail-to-rail input. The
DAC is based on a resistive string biased by a reference current generated with a bandgap
voltage reference [47] and resistor RIR. OA2 driving the NMOS MDAC is a folded-cascode
amplifier with PMOS input devices. The DAC output voltage is selected from the tap
voltages of the resistor string through an array of switches driven with the 1-over-N-coded
signal SREF.
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Figure 10. (a): Comparator with programmable hysteresis and threshold voltage. (b): Schematic
diagram of the DAC used to generate the reference voltage for the comparator.

The sensing circuit for the phonic-wheel inductive sensor in Figure 9 is based on the
same comparator with programmable hysteresis and a fixed reference voltage set to 0 V.
Considering the coupled noise affecting the signals from the variable-reluctance sensor and
the wide variety of waveforms, determined by the design of the teeth of the phonic wheel,
the digital signal at the comparator output is pre-processed on-chip and then sent to the
micro-controller in the ECU. Indeed, in the circuit of Figure 9, the signal at the comparator
output OUTC enters a digital filter, composed by an asynchronous edge detector and a
sampler with programmable blind window, as shown in the schematic of Figure 11a.

Figure 11. (a): Black-box schematic of the digital filter for signals from phonic-wheel sensors.
(b): Timing diagram.

The timing diagram of the filter is shown in Figure 11b. After the power-on-reset,
both BUSY and START signals are low. The edge detector is enabled to detect the first
transition, either rising or falling, occurring at the comparator output, i.e., t1 in the timing
diagram. After the value of DATA is updated according to the transition detected at the
input, START goes high, and the edge detector enters in the standby mode, thus skipping all
the successive input transitions. Afterwards, at the first rising edge of the system clock CK,
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i.e., t2, DATA is sampled, the filter output OUTIS is updated, and BUSY toggles to the high
value. Just after the updates of DATA at the actual value of the comparator output, the new
BUSY value disables the edge detector. Therefore, from the rising transition of BUSY, t2, the
digital filter stops tracking the comparator output, thus skipping any undesired toggling
due to noise, ringing, and crosstalk. This blind window ends at t3 when BUSY returns to
low. From this instant on, the edge detector is enabled to detect the next transition at the
comparator output at t4, when DATA is updated to match the input value after the detected
transition. The length of this blind window is programmable with the 3-bit input DEL from
0 s to 192 µs, with a 5-MHz clock reference. It is worth noticing that the programmability
of both the comparator hysteresis and blind-window length makes the proposed interface
circuit suitable for almost all the phonic-wheel sensors available on the automotive market.

3. Experimental Results

The interface and readout circuits described in Section 2 were implemented in the
XFAB 350 nm CMOS technology with 5 V core devices. The only high-voltage option was
the DMOS device with 5 V gate oxide and maximum drain voltage that can be set from 20 to
70 V. The very highly resistive polysilicon layer, for megaohm resistors, and a high-density
metal–insulator–metal (MIM) capacitor were the analog options used in this design.

The silicon prototype in Figure 12, including other circuits not presented in this paper,
is a complete device integrating a large section of a gas-ECUs for the conversion of a car or
truck engine from gasoline to gas (LPG, CNG, or hydrogen) or from diesel to a mixture of
diesel and gas [5,6,48,49].

Figure 12. Chip photograph. White boxes: four-channel interface and readout circuit for high and
low-side injector signals (a) with ESD protections and (b) pads (b-LS and b-HS). Blue boxes: interface
and readout for ignition-coil signal (c) with ESD protection and pad (d). Orange boxes: interface and
readout for phonic-wheel inductive sensor (e) with ESD protections and pads (f).

All the pins to be connected to the main ECU, or to sensors, actuator terminals
(e.g., fuel injectors), and any devices outside the dedicated gas-ECU, exhibit 8 kV HBM
ESD protection level.

The white boxes (a) correspond to the circuit for the low- and high-side injector signals
(four channels). The ESD protections and the eight pads are in the white boxes (b-LS),
i.e., low-side inputs, and (b-HS), i.e., high-side inputs. The larger area of pads and ESD
clamps for the low-side inputs is due to the required higher breakdown voltage, i.e., 50 V
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against 30 V for the high-side inputs. The readout circuits for the ignition-coil signal are in
the blue box (c) with the ESD clamp (50 V breakdown) and pad in box (d). Orange boxes
(e) and (f) refer to the readout circuit and 5 V pad with ESD clamp for the phonic-wheel
inductive sensor.

The plots in Figure 13 show the measured voltage at the input pin of the interface
circuit for the ignition-coil or the low-side injector signal. Since the metal input line and
the drain contacts of MC1 in Figure 4a are sized for a maximum current of 2 mA, from
the measurement results in Figure 13a, a maximum source voltage VS as high as 400 V is
tolerated by the interface circuit without any damage, or a significant shift of the input
leakage current. In the case of a negative source signal, the drain-to-substrate diode of
the GC-NMOS devices in the ESD clamp, i.e., MN to M1 in Figure 5, is forward-biased.
Considering the large diode area, a current of 100 µA can be tolerated without affecting the
ESD devices. Therefore, with a 220-kΩ series resistor, a negative source voltage lower than
−10 V can be tolerated by the interface circuits.
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Figure 13. Voltage at the input of the interface circuit with multi-level voltage clamps in Figure 4
vs. input current, at −40 ◦C, 27 ◦C, and 125 ◦C chip temperature. (a) Positive input current sweep;
(b) Negative input current sweep.

The circuit in Figure 4a was tested in a dedicated ECU, interfaced to the low- and
high-side pins of the injector, to the ignition coil, and the phonic-wheel sensors of a GDI
engine. The oscilloscope snapshots in Figure 14 shows the signal at the ignition coil (blue
trace), with a peak value of approximately 350 V, and the signal at the input pin, properly
limited below 30 V (yellow trace) by the proposed clamp. The input and output signals
were acquired at the minimum and maximum temperatures of the automotive range, i.e.,
−40◦ and 125◦. For these measurements, the device with the test-board was placed in a
climatic chamber and the input signal was provided by an emulator of automotive signals
(located outside the chamber).
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Figure 14. Oscilloscope snapshots of the voltage signals at the igniter coil, chip input, and readout
circuit output. (a,b) measurements carried out at −40 ◦C. (c,d) measurements at 125 ◦C.

The plots in Figure 15a show the measured input current of the same interface circuit vs.
the forced input voltage at the minimum, typical, and maximum temperatures. The typical
and maximum values of the input current at 10 V input are 14 and 21 µA, respectively. The
sensitivity of the input current to the temperature is mainly due to the clamp device MC1
acting in the circuit as a shunt regulator. In particular, the negative temperature sensitivity
of the voltage threshold of the clamp causes the positive temperature coefficient of the
input current, at a fixed input voltage. Considering the 220-kΩ series resistor and the
measured input current, a voltage of 10 V at the input pin corresponds to a source voltage
of 13 V and 14.4 V, at 27 ◦C and 125 ◦C, respectively. Therefore, the measured input current
with VBAT = 12 V at the source is suitable for the target application and does not affect the
functionality of the circuit to be monitored, i.e., ignition-coil and injector drivers.
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Figure 15. Measured input currents of the circuits for injector signals vs. forced input voltage, at
−40◦, 27◦, and 125◦ chip temperatures. (a) Input current of the interface circuit for the low-side signal
in Figure 4. (b) Input current of the circuit in Figure 6 for the acquisition of the low-side signal.
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The measured input current of the interface circuit sensing the voltage at the injector
high side is shown in Figure 15b. In the measurement, the on-chip attenuator RA1–RA2 was
disabled. The high input current at input voltages higher than 5 V is due to the low-voltage
clamp MP2. However, this clamp is not activated by the high-voltage source signal, thanks
to the resistive attenuator, either on- or off-chip. The most relevant specifications of the
interface and sensing circuit of Figures 4a and 6a are summarized in Table 1, where the
parameter VTHR is the equivalent threshold voltage at the source output, i.e., at the left pin
of the off-chip resistor RX .

Table 1. Specifications of interface circuits.

Min Typ. Max Unit

Ignition-Coil or Low-side Injector

RX 220 k Ω

VIN −10 400 V

VTHR 1.5 8 V

IDD 170 µA

Area with pad 0.27 mm2

High-side Injector

RX 220 k Ω

RX2 33 k Ω

VIN −10 180 V

VTHR 6 32 V

IDD 170 µA

Area with pad 0.08 mm2

Supply Voltage 4.5 5 5.5 V

Temperature −40 125 ◦C

The circuit interfacing the phonic-wheel inductive sensor was experimentally char-
acterized by sweeping the input current and monitoring the differential input voltage
with a source and measurement unit device (SMU). The measurement results are shown in
Figure 16. The clamping diodes D1 and D2 in Figure 9 are implemented as vertical NPN BJT
with the base and collector shorted and the emitter area sized for 2 mA maximum current.
It is worth noting that the input voltage is due to the voltage drop across the forward-biased
diode, either D1 or D2, and the resistors between the primary and secondary ESD clamps,
i.e., RESDP and RESDP. The measurement results in Figure 16 show that the maximum 2 mA
input current leads to a maximum pad voltage below 5 V over the full temperature range.
Therefore, 5 V ESD protections have been used to save silicon area. Moreover, considering
the off-chip 100 kΩ resistors RX1 and RX2, the maximum input current corresponds to
400 V at the sensor output, which is a convenient value to make the proposed interface
compatible with almost all the phonic-wheel inductive sensors available on the market for
automotive applications.
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Figure 16. Measured differential input voltage VINd of the interface circuit for inductive speed sensors
in Figure 9, with forced input current IIN .

The proposed interface circuit was tested with a differential sine-wave signal emulating
the output of an inductive sensor. The oscilloscope screenshots with a blind-window length
set to 6.4 µs, 190 µs, and disabled are shown in Figure 17a,c,d. The clamping effect of D1
and D2 is clear in the oscilloscope screenshot in Figure 17b, showing the signals at INp and
INn for the same setup.

(d)

(b)(a)

(c)

Figure 17. Readout circuit for inductive speed sensors: measured voltage waveforms. (a) Blind
window disabled. Yellow and cyan traces: positive and negative input signals at INSp and INSn in
Figure 9; orange and violet: differential and common-mode input signals; magenta: output signal of
the readout circuit (i.e., at OUTISS pin). (b) Yellow and cyan traces correspond here to the signals at
the inputs INp and INn. (c,d) Blind window set to 6.4 µs and to 190 µs, with signals and colors of (a).

4. Conclusions

This paper proposed the design and implementation in 350 nm CMOS technology of
interface circuits for the acquisition of high-voltage signals in internal-combustion engines.
ESD and the over-battery voltage clamps were co-designed to obtain adequate protection,
without affecting the time-crossing detection of automotive signals. In particular, the
following signals were considered: the voltage at the low and high side of the fuel injector,
the voltage of the ignition coil, and the output of the variable-reluctance sensor for the
measurement of the crankshaft rotation speed. The circuit solutions proposed in this
paper provide input protection and proper signal detection, minimizing the number of
external components for maximum integration. This allows area reduction and improved



Electronics 2022, 11, 971 16 of 18

performance, with respect to the currently adopted solutions in dedicated ECUs for the
conversion of the engine to gas combustion.
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