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Abstract—Pressure sensing in harsh environments poses
many difficulties. The major challenge is implementing a sensor
interface circuit capable of operation at high temperatures

(E 300°C) for extended periods of time. Conventional, silicon-
based electronics are not suitable for operation in such conditions
due to their sizable leakage currents and junction instability. In
thiswork, awireless solution based on silicon carbide electronics
is presented. The proposed solution follows a simple design pro-
cedure and exhibits robustness to the large process variations
typically associated with silicon car bide technology.
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l. INTRODUCTION

Among the many applications for MEMS pressure sensors,
harsh environment applications have garnered a lot of recent
interest [1-3]. An environment is considered harsh if it subjects
a device to high pressures and temperatures, chemically corro-
sive medium or high levels of radiation. Such environments
arise typically in automotive, aerospace, industrial and military
applications. Typical applications include monitoring of inter-
nal combustion engines, aircraft wing flaps and industrial proc-
ess control.

One of the major challenges facing sensor design for harsh
environment applications is the design of an interface circuit

capable of high temperature (= 300°C) for extended periods
of time. Electronic circuits operating at elevated temperatures
face many issues that limit the maximum temperature at which
they can function correctly; namely, leakage current, junction
stability and intrinsic conduction effects [4]. For these reasons,
silicon-based electronics are inappropriate for the design of the
sensor interface and a new material is required. Silicon carbide
(SIC) has proven to be a suitable material for this purpose due
to its large bandgap energy and extremely low intrinsic carrier
concentration [4].

In this work, the process of designing an interface circuit
based on SiC electronics is detailed along with simulation re-
sults demonstrating the correct functionality and robustness of
the circuit in question. The paper starts by describing the major
design issues involved and motivates the choice of topology;
thisisfollowed by detailed analysis of the chosen topology and
a description of the design flow utilized in order to meet the

design constraints. Simulation results and discussion follow,
demonstrating the correct functioning of the circuit. Finally, the
major conclusions and suggestions for future work conclude
the paper.

II.  DESIGN ISSUES AND TOPOLOGY CHOICE

The issues involved in the design of the sensor interface
circuit are mainly due to the shortcomings of the SiC fabrica
tion process and the constraints imposed by the harsh operating
conditions of high temperature as described before.

The main challenge in the manufacturing of SIC, is that,
owing to its poor interface with silicon dioxide, surface mobil-
ity in SIC devicesto date remains nearly an order of magnitude
lower than that of silicon [5]. The fabrication technology, still
considered “nascent” [5], lacks reproducibility [6]. This low
reproducibility renders circuit design especialy challenging
and requires simple circuit topologies that are able to tolerate
large variation in performance parameters.

The fact that the sensor and itsinterface circuit must be pre-
sent in a harsh environment that is unsafe for humans requires
a connection between the measurement environment and the
sensor’s human users. Opting for a cable connection leads to a
bulky system that is difficult to maintain and challenging to
design due to the parasitics of the connecting leads. For this
reason, a wireless solution is desirable for transmitting the
measured signal outside the harsh measurement environment
without the need for connecting cables.

Even though SiC-based operational amplifiers and other
circuits have already been demonstrated to function well over a
wide temperature range [6-8], circuit architectures are usually
complicated and involve adaptive biasing schemes in order to
accommodate the large process variations and the wide tem-
perature range. Furthermore, conventional capacitive sensor
interface circuits, usually based on switched capacitor amplifi-
ers, will either require cable connection or an additional wire-
less transmitter circuit for the transmission of the measurement
data outside the measuring environment, which further adds to
the complexity of the system.

For these reasons, the single-transistor Colpitts oscillator
circuit architecture used in [1] was preferred. The smple de-
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sign is atractive due to its robustness to variation, and offers a
means for safely transmitting the measured signal outside the
harsh environment without the need for connecting cables. This
is accomplished via inductive coupling with the inductor coil
of the oscillator circuit as successfully demonstrated in [1] and
[3]. Thecircuit architectureis shownin fig. 1. In the figure, the

variable capacitor (f ) is meant to represent the pressure sen-
Sor.

Von

Fig. 1. Colpitts oscillator circuit selected for the sensor interface.

I11.  CIRUICT ANALYSISAND DESIGN

As explained above, SiC process technology is till consid-
ered immature. This means that no standard circuit models for
SIC MOSFETSs currently exist; therefore, in order to enable
meaningful circuit design, a smplified SPICE model was ex-
tracted based on published results [9] and used in this work.

A. Circuit Analysis

The analysis of the Colpitts oscillator circuit presented here
follows closely the analysis in [10], while adapting it to ac-
count for the sensor capacitance. Fig. 2 shows the circuit’s
small signal model, where R4 is the resistance seen looking
into the transistor’s source as shown in fig. 1 and Ry repre-
sents the losses in the inductor coil. As can be noted from the
figure, the capacitive feedback network forms, aong with

Raq , a high pass filter whose frequency response is shown in
fig. 3 and whose cutoff frequency and phase response are given
by [10]:
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and thus, for correct operation, a large value for the ratio
£

@z isrequired.

Analyzing the small signal model yields the following
equations;
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For the circuit to have anon-trivial solution the determinant
of the coefficients matrix must vanish and having sustained

oscillations requires the circuit’s poles to be on the /& axisin

the 5 plane. With these conditions, the circuit’s oscillating
frequency and condition of oscillation may be found as fol-
lows:
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where @ is the inductor’s unloaded quality factor and
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is the tank circuit’s resonant frequency.
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Fig. 2. Colpitts oscillator circuit small signal model.
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Fig. 3. Freguency response of highpass filter formed by the capacitive
feedback network of the Colpitts oscillator. Courtesy of [10]

On the other hand, the feedback network’s cutoff frequency
isgiven by
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This sets an upper limit on device &m in order to ensure
that Wase is sufficiently larger than @= for correct operation

(d}(mﬂ?c} = 0). It isthus found that 9 is constrained be-
tween two limits:
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where €y + €z was introduced for notational con-
venience. This sets an upper limit on sensor capacitance that

may be deduced in terms of two new factors M and IV intro-

duced as
M= Q:n

Om
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The uppeF limit on sensor capacitance may thus be expressed
as
Conae = Call—m) 2 — 1
Max 1 MN

This demonstrates that the tank circuit quality factor se-
verely limits the maximum allowed sensor capacitance and
hence sensitivity. Since integrated inductors usualy have low
quality factors, and due to the lack of models for integrated

inductors over a SiC substrate, an off-chip inductor coail is cho-
sen for the current implementation.

B. Design Procedure

Since wireless transmission is targeted, an operating fre-
guency in the ISM band is chosen for the oscillator. The re-
quired operating pressure range and allowed ISM bandwidth
limit the overall system sensitivity (in Hz/Pa). The system sen-
sitivity 5 may be thought of as the product of the sensor sensi-
tivity ¥ and the oscillator sensitivity 3a. It can be shown that
S: is directly proportional to sensor capacitance and
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Ceq where Cea = € + 1L From these equations,
it may be shown that 5 increases as ™ decreases. For this
reason, ™ isfixed at 0.5 in order to strike a compromise be-
tween system sensitivity and simplicity of matching the feed-
back capacitors.

The operating frequency is chosen to be 433 MHz, in the
mid range of the ISM band, to ensure that both inductor and
transistor will be of reasonable size. The inductor coil chosen
for the circuit is of nominal inductance 3.85 nH and has an
unloaded quality factor of 100 based on typical commercial
device parameters[11].

With these facts in mind, the following design procedure
was used to complete the oscillator design:

1. From the chosen operating frequency and coil in-
ductance, the equivalent tank circuit capacitance
(Cea ) isobtained.

Oscillator sensitivity (=) is calculated from Ceq,

Given the operating pressure range and allowed
ISM channel bandwidth, the overall system sensi-

tivity is fixed and hence, 3 may be calculated
from 35.

4. Using the sensor sensitivity, the pressure sensor is
designed according to the method described in
[12] and its capacitance in the middle of the pres-

sure range (£ ) is extracted. Since Ceq isknown

and n = 0.5, the values of both €1 and £z may
now be obtained.

5. Using the upper limit on sensor capacitance de-

rived above, the value of the product MN may
now be found. As a simple heuristic, the design
targets to place the typical vaue of &m “midway”
between both extremes to allow for maximum

variation in both directions. Thus both M and ¥
are fixed at their geometrical mean.

6. The supply voltage should be set to alarge enough
value to ensure that the transistor operates in satu-
ration in the typical case. The source resistance

1

(R ) should aso be quite large compared to E
in order to ensure that the foregoing analysis (in

particular, the approximate value of @W- used) is
3

valid. For simplicity, R isset to Gm . With every-
thing else fixed, the transistor may now be sized
by fixing L at 1 ym (a typical value for current
SiC devices) and finding W | thereby completing
the design.

The above procedure was used to design the interface cir-
cuit for a sensor operating in the pressure range 100-300 atm.
and the resulting design isgivenin tablel.

TABLE L. PARAMETERS OF THE DESIGNED SENSOR INTERFACE CIRCUIT
Parameter Value
Cy 69 pF
C. 69 pF
R 133Q
I 3.85nH
W 58600 um/1pym
L
I no 24 mA

IV. SIMULATION RESULTS AND DISCUSSION

A. Typical Case

The foregoing design was simulated and the simulation re-
sults are presented in this section. Fig. 3 shows the frequency
response of the oscillator exhibiting zero phase response at the
desired center frequency with adequate gain. Fig. 4 shows the
transient simulation results demonstrating the correct build up
and sustainment of oscillations. The circuit thus demonstrates
adequate functionality under typical conditions.
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Fig. 4. Freguency response of the designed oscillator circuit.
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Fig. 5. Oscillation startup and sustainment exhibited by the designed
oscillator circuit.

B. Verification Across Process, Voltage and Temperature
Variations

In order to test the robustness of the design to variations in
process parameters, supply voltage and temperature, a smple
simulation script was devised to test the circuit (pressure sensor
and oscillator) at all the combinations of the corner cases
shownintablell. The variation in threshold voltageistaken as
an example of process variations and is calculated based on

*25% substrate doping tolerance reported in [13].

TABLE II. CORNER CASESUSED TO VERIFY THE OSCILLATOR DESIGN
Parameter Minimum Maximum
V,IJ D (V) 9 11
AVy
-0.125 +0.125
Vi
Temperature (°C) 27 300

With the pressure sensor structure being modeled via Ver-
ilog-A, the pressure parameter was swept and a plot of the os-
cillator’s output frequency as a function of pressure was con-
structed for each corner case. The results of this anaysis are
shown in figure 6. It is seen that PVT variations cause a maxi-
mum frequency deviation of about 0.45 MHz. If we assume
that ambient temperature will remain high in the measurement
environment and omit temperature variations, we see that proc-
ess and voltage variations cause a maximum frequency devia-
tion of about 0.35 MHz and this sets a limit on the minimum
resolution achievable by the system. It should be noted that the
ISM bandwidth for the 433 MHz frequency is 1.74 MHz,
which shows that this resolution is quite coarse due to the large
variability in process parameters.
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Fig. 6. Tuning (frequency vs. pressure) of the interface circuit across PVT.

V. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

This work has presented detailed design and ssimulation for
a Colpitts oscillator circuit meant as a capacitive sensor inter-
face circuit operating at high temperature. It has been demon-
strated that the circuit functions correctly in the typical case
and isrobust to PVT variations.

It was further concluded that process variability remains a
severe limiting factor on circuit and system performance be-
cause it limits the system resolution to a very coarse value
(roughly 20% of the allowed bandwidth).

As avenues of future work, it is suggested to first mitigate
the severe variations in oscillation frequency using circuit
techniques and then to implement a power supply circuit (to

supply Voo) that is capable of operation in harsh environ-
ments.
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