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ABSTRACT A new generation of uncooled passive infrared (PIR) security sensors based on a suspended
thermal transistor MOS (TMOS), fabricated in standard CMOS-SOI process, released by post-etching,
and wafer level packaged achieving a vacuum of <4 Pa, has been developed at the Technion. One
of the important features of TMOS is very low power consumption (in this case, ~2-4 nWatt) due
to its subthreshold operation requiring ~10 nA at 0.2 V, enabling wide range of battery applications.
This paper focuses on the analog design of monolithically integrated readout for the electronic system,
formed by the PIR sensor, its front-end analog interface and the processing circuitry. The measured
signal-to-noise ratio of this system is 100-200, depending on the operation point, at the black-body
temperature of 50° C, while the total input referred noise is <1 wVrms and the total system current
consumption is no more than 20 wA. The sensors and read-out are processed with the same CMOS-SOI
technology.

INDEX TERMS Infrared detectors, thermal sensors, integrated circuits, sensor arrays, semiconductor

devices.

I. INTRODUCTION: CMOS-SOI-NEMS TRANSISTORS FOR
UNCOOLED PASSIVE IR SENSORS
A new generation of low-cost uncooled passive thermal sen-
sors based on a suspended transistor fabricated in standard
CMOS-SOI process and released by dry etching, has been
developed at the Technion [1]-[4] . It is currently under
development for commercial exploitation [5]. The uncooled
IR sensing is based on a floating in vacuum thermal transistor
MOS (TMOS), which is thermally isolated by nanomachin-
ing, converting small temperature changes to electrical signal
via the transistor I-V characteristics. The silicon-based tech-
nology is implemented in CMOS-SOI technology and Wafer
Level Processing in standard CMOS Fab [6]. Furthermore,
the silicon technology at a standard CMOS FAB enables
Smart Wafer Level Packaging (WLP) (with vacuum, inte-
grated optical window and filters and Wafer Level Optics)
at a considerable and exceptional cost reduction.

The CMOS-SOI-NEMS technology enables monolithic
integration of the readout (ROIC) with the TMOS on the
same wafer. Using the transistor as an active sensing element

has advantages in terms of internal gain, multiplexing within
the sensor and high temperature sensitivity. Since the TMOS
may be operated in subthreshold, consuming very low power,
it may be powered by a battery, enabling wide range of appli-
cations related to mobile phones, smart homes, Internet of
Things (IOT) and additional security applications. This low
power feature of the TMOS is a great advantage in com-
parison to the passive bolometers, which currently dominate
the market [7], [8].

Il. THE TMOS
ARCHITECTURE)
The intruder sensor is a very common consumer electronic
device usually found in commercial security systems and
other applications where motion detection is required. The
detection is performed by differentiating the signals from
two sensors, where the field-of-view (FOV), the detecting
area, is divided into two areas — so each sensor is exposed
to half of the scenery. When an object is crossing the FOV, it
is emitting thermal radiation that is converted by the sensors
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into electrical signals that are then processed by the electrical
circuit to produce a response to that change (Fig. 1).

TMOS Sensor
Fresnel Lens

Infrared source movement
OUTPUT: A N

FIGURE 1. Intruder sensor principle of operation [9].

In order to obtain large FOV sensing area, sensor size has
to be in the range of 1 millimeter square. When utilizing the
TMOS pixel as the sensing element, the size of the pixel
has significant impact on the thermal time constant of the
pixel. Assuming a step function behavior of the incoming
radiation, the pixel temperature change is given by:
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where ¢ is the effective emissivity of the TMOS, Pr [W] is
the incident radiation power, Gy, [W/K] is the thermal con-
ductance (heat loss), Cy, [Joul/K] is the heat capacity of the
TMOS suspended element (stage) and AT is he temperature
rise above the ambient temperature.

A typical intruder movement is estimated to be no faster
than 1/5 of a second. Requiring that the pixel settles to 90%
of its final temperature value within this time, sets the value
of the thermal time constant (7y,) required from the sensors
to be

Th =

C
T = —™ — 86msec 2)
G

In order to meet the above thermal time constant require-
ment in Eq.(2), an array of thermally isolated but electrically
shorted TMOS sub-pixels is used to construct each sen-
sor (Fig. 2). This configuration allows maintaining a sensor
thermal time constant that is equivalent to that of a single
sub-pixel.

The arrays are constructed from densely aligned
N - TMOS sub-pixels organized in rows and columns to
fill the required area of each sensor. Readout may be based
either on current or voltage mode approaches.

Iil. ELECTRICAL ANALYSIS OF THE TMOS ARRAY
Fig. 3 depicts the electrical connection of TMOS sub-pixels
operating in voltage-mode readout architecture.
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FIGURE 2. TMOS array sensor test chip on the left, depicting also
a microscope photo of a post-processed pixel and the final package after
WLP.

Each TMOS is designed in a diode-like connection to
reduce the output impedance of the array. A current source
is biasing the pixels and a single voltage output is sent to
the readout circuit.

In order to calculate the output signal, we model each tran-
sistor as shown in Fig. 4, where “igiy” represents the change
in the channel current due to the device temperature change
(AT)pixel caused by the incoming thermal signal absorption.

We can approximate the expression for “igg” by cal-
culating the derivative of the channel current Iys over the
temperature:

__ dlps (T)

lsig ™~ dT : (A T)pixel (3)
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FIGURE 3. TMOS array electrical model - voltage mode readout.

We examine the transistor in two operating regions —
saturation and subthreshold [10].
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FIGURE 4. TMOS device small signal model.

Saturation long channel current is given by:

Coxp (T) W
2

and subthreshold channel current (for Vpg=Vgs>3kT/q):

Ips (T) = - (Vos = Vr (1))* 4)

W (kT \?> 4y
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The inversion layer effective mobility depends on temper-
ature according to [10]:

— To ’ 6
Meff = KO (?) (6)

where coefficient “b” is typically close to 2 at room
temperature.
For a TMOS operating in saturation region we get:

dIps (T) 1 dvr 7
dT  |sar Vs — Vr dT
For a TMOS operating in subthreshold region we get:
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Summing all sub-pixels contributions in the array to the
output signal by means of Norton-Thevenin conversion,
we get:

—;f% RD+ng+RS isig
Vo =N- 3 . =——
Rp + 2~ +Rs N &m

—K_’ Array output impedance
Single pixel output
signal current
The output signal of the array is the same as that of
a single sub-pixel. The expression for the transconductance
gm 1s given by:
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Therefore the output signal is:
Vos —Vr  dV
(% + dTT ) (AT)pixer»  Saturation
Vo =
Vos —Vr dV
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Vov = dVr
(Y Y .

In the CMOS-SOI process under study [6] dV1/dT is mea-
sured to be -1mV/°C. The signal expression is the same for
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both operating regions, making the overdrive level Voy of
the transistor the only control to obtain the required signal
level at the output.

The noise at the output is the sum of all the noise sources
in the circuit since there is no correlation between them. The
noise from each of the holding arm conductors is thermal
noise, and the noise from TMOS transistor comprises thermal
(shot in subthreshold) and flicker noises.

s Lty
S 4 4KT (Ry + Ra) (RD * 2. +RS>

o,n ’ 2 ’ N2
(RD + g”l + S)

Array output impedance

Single pixel output
noise current

BALTES - AKT (R + Ra)
= = (12)
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The signal-to-noise ratio is an important merit because
the sensor’s SNR is setting the minimum SNR of the entire
system. Using known expressions for the flicker and thermal
noises [10], [11] we get:
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where Kf,satzquot/Cox, Kf,subz(cinv/(COX+Cd))2q2Not/Cox
are noise coefficients for saturation and subthreshold regions,
correspondingly [11], f; and f, define the frequency band of
interest, which is 0.5Hz and 5Hz, correspondingly, for the
intruder sensor.

Maximizing SNR by reducing the noise and/or increas-
ing the signal level is key in achieving a sensitive system
that detects very small temperature fluctuations at the target.
Fig. 5 depicts the array SNR based on typical device and
parameter values, supposing ATpixe1=1K.

At low bias currents, SNR in the deep subthreshold region
is higher than in saturation. Increasing the bias current
increases SNR in both operating regions, however after
100nA, the improvement in SNR is negligible.

There is one bias point, at saturation, known as Zero
Temperature Coefficient (ZTC) where the pixel is “blind” to
the incoming radiation (dv,/dT = 0) and is not producing
an output signal.

IV. READOUT DESIGN

The readout is processing a subtraction of the voltage sig-
nals coming from the two TMOS arrays, and is therefore
insensitive to any common mode signals such as the biasing
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FIGURE 5. TMOS sensor SNR as a function of overdrive level and the bias
current. Zero-Temperature-Coefficient (ZTC) operating point is marked at
Voy~300mV.

level which is impacted by the process variation, sensor
temperature, supply level, etc.

i Reference
I Generator
—————————— V,
r —* |
| e Rd Rd | | Rd Rd R |
' | ' |
| it i, Tll s i T ]
[ | ' |
| ce I | LR |
| & Re Rs | | Rs Re L
| | | | I
| | [ |
o — — — ————— — b — e — ——————
Sensor Array A Sensor Array B
Re
DC Offset Signal
Cancellation Processing =
ouT

FIGURE 6. Intruder sensor system.

The first stage of the readout (Fig. 6) is a low-noise front
end differential amplifier which conditions the weak signal
coming from the TMOS arrays. Two sensor arrays are con-
nected to inputs “A” and “B”, where Rc is common mode
resistor. A signal processing unit is then filtering the signal
within the frequency band of interest to reduce noise and
increase sensitivity. Since the signals coming from the sen-
sors are very weak (microvolt level), the readout has very
high gain, and in order to prevent the system from satu-
rating due to mismatch between the sensors or DC offset
in the front end amplifiers a DC Offset Calibration block
is used. The calibration block is creating a very high gain
analog feedback loop from the output of the front-end to
the bias currents of the sensors, adding the required small
DC current (tens of nano-amps) needed to bring the front-
end output to mid-supply level. Calibration is performed
once at power up and also within constant time intervals
as needed.

158

A. FRONT-END AMPLIFIER

The front-end stage is implemented as an instrumentation
amplifier that has very high input impedance and high
common-mode rejection (CMRR).

The first stage of the instrumentation amplifier
(Fig. 7) includes two single ended low noise ampli-
fiers (LNA) with moderate closed-loop gain. The connection
of the feedback resistors with R2 eliminates the need for
a reference source to bias the negative input of each LNA,
setting the common mode at the (-) inputs of both LNAs to
be almost the same as the common mode of the inputs.

The LNA’s first stage (Fig. 8) is setting the noise level
of the OpAmp and therefore designed to produce very little
noise while still having moderate level of gain. Second stage
is providing most of the gain of the OpAmp. Stage-3 is a low
current buffer for driving the resistive loads of the LNA. This
design consumes less than SpA, and has an input referred
noise level of 0.8 Vrms (0.5-5Hz).

{—> Vout

FIGURE 7. Front-end readout instrumentation amplifier with the
calibration loop.

Voo Voo Voo Voo Voo

Vip

Stage 1

Stage 2

FIGURE 8. Front-end readout LNA circuit.

“Amp3”, the subtracting stage of the instrumentation
amplifier, has to further amplify the signal to meet the
minimum level requirement of the post-processing circuit
of ILSB~1mV. Assuming that the input noise level is
~1wVrms, the front-end amplifier has a total gain of 1000.

“Amp3” OpAmp (Fig. 9) can produce high output swings
to enable high dynamic range of the system. It is small
and consumes about 1A, since it has no stringent noise or
accuracy requirements.
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FIGURE 9. Front-end readout “Amp3” circuit.

B. CALIBRATION AMPLIFIER

Using statistical models provided by the FAB [6], a ran-
dom variation simulation (Monte-Carlo) of the sensors and
the readout was performed showing standard deviation of
214V and 391mV at the readout input (VA-Vp) and out-
put respectively. In order to obtain high dynamic range, the
offset should be corrected to about the noise level of the
system, ~1uV at the input. To perform this, a high gain
calibration loop is enabled (Fig. 7, marked in bold green
line), producing the small current (Irrx) needed to bring the
output of the readout to the level of voltage Vref. After cal-
ibration, external caps connected to nhold and phold nodes
maintain the calibration information for long time (depending
on cap size and system leakages).

INP o Pl INN S
MNDst MNDat_t

Vhossn NiNcas Mices |Jm_ E"""’U
. J « J
Y b
Stage 1 Stage 2

FIGURE 10. Calibration amplifier circuit.

The first stage of the calibration amplifier (Fig. 10) is
a high gain, low offset current mirror OTA. The sec-
ond stage is a low-noise, high output impedance class-AB
OTA. Switches are added to disconnect the output branch
from the rest of the circuit when calibration is finished, to
“lock” the calibration value using the external caps. The
entire loop has a gain of above 100dB (no load) and phase
margin of 51.8°, with the dominant pole set by the output
capacitors. The output noise level is 69 Vrms (0.5-5Hz),
which allows reaching the desired calibration accuracy set
by the 1mVrms noise.
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V. CHARACTERIZATION AND MEASUREMENTS

A. SENSOR TEST-CHIP CHARACTERIZATION

I-V curve presented in Fig. 11 and thermal time con-
stant measurements show good matching to simulations and
analytical calculations for array of 180 sub-pixels “B3”,
where the transistor dimensions within each sub-pixel are
W/L=4.9pm/190pm. Array thermal time constant was mea-
sured from 85msec to 95msec, which is close to the
calculated 88msec.

IV curve - B3 array: 50um pitch, 180 pixels, device size 4.9u/190u
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FIGURE 11. Sensors array (B3) I-V measurements in vacuum.
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FIGURE 12. Optical characterization of the array: (a) measurement setup,
(b) measured output current signal vs. BB temperature, while the
temperature of 323K corresponds to the signal of ~0.06mV.

Sensor optical characterization has been performed by
means of the setup exhibited in Fig. 12(a), consisting of
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Black Body (BB), two mirrors and chopper. The optics is
based on two gold parabolic mirrors with F#=1.66. The
BB radiation, modulated by the chopper causes the sensor
alternating current, has been measured by lock-in ampli-
fier in Volt-rms units. The sensor response is shown in
Fig. 12(b) as a function of BB temperature, exhibiting AC
signal of ~0.06mV at the temperature of 323K (50°C).
The measurement has been performed at the chopper fre-
quency of 0.5Hz, corresponding to the application (intruder
sensor) requirements, and DC voltage applied to the sensors
of 200mV.

Fig. 13 exhibits result of noise characterization of the
sensor array given in units of variance measured within the
frequency interval of 0.5-5 Hz, while Fig. 14 presents mea-
sured Signal-to-Noise Ratio (SNR) as a function of operation
point for the same array. One can see that that the maxi-
mum SNR (~100-200) corresponds to the applied voltages
of ~200-450mV.
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FIGURE 13. Noise variance contributed by the sensors array (B3),
measured within the frequency interval of 0.5-5 Hz, vs. the applied voltage.
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FIGURE 14. SNR vs. the voltage applied to the array (B3) measured at BB

temperature of 50°C.
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FIGURE 15. Readout circuit gain vs. frequency showing slightly attenuated
measurement compared to simulation (~4dB lower).

B. READOUT CIRCUIT CHARACTERIZATION

The readout circuit includes the amplifiers (Fig. 7) and ref-
erence circuits (bandgap, current source to bias the sensors
etc.). Fig. 15 exhibits both measured and simulated read-
out circuit gain as a function of frequency for the several
DC input voltages, showing good matching (up to ~4dB
difference) between the measured and simulated results.
Fig. 16 shows comparison between the simulated and mea-
sured output noise PSD, resulting in input referred noise of
~0.8uVrms. It should be noted that there is good fitting
between the measured and simulated noise. In addition, one
can see from comparison of Figs. 13, 16 that the noise con-
tributed by the readout circuit is the dominant one for any
voltage higher than 0.2V applied to the sensors (B3).
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FIGURE 16. Square root of input referred noise PSD of the readout circuit
vs. frequency: both measured and simulated.
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C. INTRUDER SENSOR SYSTEM TESTING

Using the above-mentioned data about the sensor array
response (~0.06mV) to BB radiation modulated by chop-
per, when BB temperature is 50°C, and readout circuit fotal
input referred noise (~1wVrms), we can obtain SNR for the
whole intruder sensor system detailed in Fig. 6 system: ~60.
This value is in good correlation with Fig. 14.

¢ 00s Futo

(b)

FIGURE 17. Response of the intruder sensor system to: (a) BB radiation
(BB temperature of 50°C) modulated by chopper, (b) hand motion.

Fig. 17 exhibits the time response of the intruder sensor
system to BB radiation modulated by chopper (Fig. 15(a))
and to hand motion (Fig. 15(b)), while BB temperature
was 50°C. Measurements have been performed at room
temperature 20°C.

The upper line in Fig. 15(a) presents the output voltage vs.
time, while the bottom line corresponds to the calibra-
tion pulse. The output peak-to-peak voltage is ~300mV,
corresponding to input referred signal of ~100nVrms
(while gain was 1000), which is in good agreement
with Fig. 12.

Fig. 15(b) presents the same in case of hand motion. The
output peak-to-peak voltage is ~180mV, corresponding to
input referred signal of ~60uwVrms (while gain was 1000).
Taking into account that hand temperature is less than 50°C,
the results are consistent.

VI. CONCLUSION

A new generation of low-cost uncooled passive thermal
sensors (dubbed TMOS) based on a suspended transistor
fabricated in standard CMOS-SOI process and released by
dry etching has been developed and is currently under
production [1]-[6]. In this work we demonstrate a design
of monolithically integrated IR sensor system formed by the
TMOS sensor and the electronic readout circuitry. This level
of integration enables significant cost reduction, reduced
power consumption and highly adaptable configurations
using the TMOS sensor, even beyond the intruder sensor
application.
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