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ABSTRACT

In this paper we present a pulse-echo transmit-receive
ultrasonic delay element that is stable over time and has a novel
diffraction based zero temperature coefficient of delay at two
temperatures. The delay element is based on a CMOS compatible
aluminum nitride (AIN) piezoelectric transducer requiring no
release step, further improving reliability and reducing cost of
production. The silicon bulk wave propagation leads to stable
operation owing to low loss within silicon and large mode volume.
The delay element achieves <6ppm stability and demonstrates zero
temperature coefficient at 43°C and 72°C.

INTRODUCTION

Previous work from our group has demonstrated on-chip ultrasonic
communications [1], ultrasonic delay line memory [2], and
fingerprint sensing [3] (Fig. 1) using transit and receive links
consisting of GHz ultrasonic pulses. The scaling of CMOS circuits
in size and speed favor direct integration of GHz ultrasonic
transducers with CMOS eliminating off-chip electronics or even
bonded CMOS-MEMS chips, providing a pathway for a monolithic
electronic to ultrasonic interface, eliminating the need for release
steps. This paper illustrates a design strategy to achieve zero
temperature coefficients at any desired temperature. This could
allow one to design a 37°C, the nominal human body temperature,
to measure body parameters with the delay as a reference. CMOS
integrated delay-elements could be even more stable and
programmable, owing to reduced parasitics.

A delay block is a circuit that shifts the input signal in time by
a desired amount, and delivers a delayed output similar to the input
signal. Delay elements can be used in wide range of applications
including phase modulation in clocking systems as well as different
digital systems. Furthermore, stable delay elements can be used as a
timing reference in delay-locked-loops where the delay can be
calibrated across different temperature and process variations.
Precision and stability in a delay element block is one of the key
specifications that directly impacts all of the aforementioned
applications.

Different architectures for on-chip delay elements have been
proposed in literature. The most commonly used delay method is an
inverter based delay line where delay is proportional to the number
of inverter buffers multiplied by the delay of a single buffer. This
architecture is sensitive to process and temperature variations as
well as supply voltage fluctuations. RC delay elements are also
widely used in different delay based applications, however, this
approach also suffers from high temperature dependence (2500
ppm/°C) [4]. In [5], a thyristor-based delay element is demonstrated.
In this circuit, the delay is proportional to the current source as well
as the threshold voltage of CMOS transistors, thus minimizing the
supply dependence and hence enhancing the supply noise rejection.
Minimum delay variation to power supply noise of 9.43% was
reported with 314 PPM/°C temperature coefficient.

In this paper, a new ultrasonic based delay element is proposed.
An ultrasonic wave packet, generated by a 75umx75um AIN
piezoelectric transducers, propagates through the thickness of the
silicon wafer (~725 um), where it experiences approximately total
reflection at the bottom of the substrate due to the high acoustic
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Figure 1: Applications of 3D integrated AIN transducers —
reconfigurable phased array communication link, sonic through
silicon vias, sonic delay line memories, and integrated impedance
reflectometry.

impedance mismatch between silicon and air. Due to reflection of
the initial pulse and continuous diffraction of the pulse, part of the
ultrasonic wave front can be received by a neighboring AIN
transducer on the top of the silicon (Fig. 4). The time for the acoustic
wave to be received on this transducer is the delay between the
transmitted wave and the first echo. This delay can be used as an on
chip stable delay reference for different timing applications.

DIFFRACTION BASED TEMPERATURE
COMPENSATION

In order to analyze the diffraction patterns, consider acoustic
waves induced by a piezoelectric square transducer. The pressure at
an off axis observation point can be written as [8]
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where p, is the pressure induced by the piezoelectric transducer at
the transducer’s surface, o is the angular frequency of the acoustic
waves, v is the speed of sound in silicon, z, X,, and y, are the
Cartesian coordinates of the observation point, and L is the length
of the square transducer. This expression is the Fresnel diffraction

4
expression valid for z3 » LI [6].
The AIN pixels used have a resonant frequency of ~ 1.3 GHz,
and a lateral size of 75 um, the silicon substrate thickness is 725 um,

and the speed of sound in silicon is 8433 m/s. As this thickness is
much longer than the Fresnel zone length, and also satisfies the

2
Fraunhofer approximation (z > LI), equation (1) can be
approximated to
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where (8 is the wave number of the acoustic wave (S = %)
Destructive interference from the infinite point sources at the

surface of the piezoelectric transducer results in nulls in the
diffraction pattern along the x-axis. This can be seen from the
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locations of the zeros in the function sinc(x), which are located at all
values of x = n m, where n is an integer (n # 0). Due to symmetry,
diffraction patterns along the x-axis and the y-axis are identical.
Aty, = 0, the pressure distribution along the x-axis follows the
equation
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From the above expressions, it can be seen that the far field
diffraction angle is directly proportional to the wavelength of the
propagating pulse, and inversely proportional to the size of the input
piezoelectric transducer. Fig. 2 shows the plot of the diffraction
pattern for 3 different wavelengths at the far field.
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Figure 2: Far field diffraction patterns for different wavelengths at
z=1.7mm, D=75 um.

In this setup, both the transmitting and the receiving
transducers are side by side on the top of the silicon substrate. The
transmitting transducer is actuated by an input pulse modulated at
the resonant frequency of the transducer. The transmitted pulse is
reflected at the bottom of the substrate and received by the receiving
transducer. This results in the first echo for the transmitted pulse.
Due to acoustic impedance mismatch at the top of the silicon
substrate, most of the signal power reflects back to the substrate and
takes another round trip through the silicon bulk. Throughout the
rest of the paper, the signal received after one round trip will be
referred to as the first echo and the signal received after two round
trips will be referred to as the second echo. As an approximation,
the first echo diffraction pattern will be modeled by substituting Z
with double the silicon chip thickness (~ 1.45 mm), similarly, the
second echo diffraction pattern will be modelled by using a Z equals
to four times the chip thickness (~ 2.9 mm). Fig. 3 is a schematic for
the transducers on top of the silicon chip showing the dimensions
used and the diffraction patterns for the first and second echoes.

The effect of temperature on the speed of sound in silicon has
been discussed in detail in the literature [7]. The acoustic velocity is

given by v = /E/p, E is the stiffness of the material and p is its
density. According to [7], for acoustic waves propagating
perpendicular to the (100) Si wafer plane, the stiffness decreases
approximately linearly with the temperature increase with a
temperature coefficient of -78.8*10 /°C. Temperature coefficient
is calculated by the equation TC = AE /(E,AT), where AE and AT
are the difference in stiffness and temperature respectively, and E,
is the stiffness at room temperature.
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Figure 3: Schematic for the device used and the two diffraction
patterns for the I°* and 2" echoes.

Temperature impacts the delay of the delay cell in several
ways. As temperature increases, stiffness of the delay medium
decreases, and as a result, acoustic velocity is reduced. This causes
delay to increase linearly with temperature. Also, thickness of
silicon increases with temperature through the thermal expansion
coefficient of Silicon. The total delay between the two echoes can
thus be represented by the equation
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Where §; is the delay time between the initial excitation and
the i™ echo due to the path length [;, t,,, is the thickness of the silicon,
c is the speed of sound, T is the temperature, f is the frequency, 6;
is the diffraction angle corresponding to the appropriate null, as in
Fig. 3, and [, is an integer that corresponds to the sinc
extremums.triser and trise> are the rise times of the first and second
echoes, respectively. f is the temperature coefficient by which the
speed of sound decreases in silicon (~ -50 ppm/°C). a is the thermal
expansion coefficient of Silicon (~ 2.6 ppm/°C). These values
indicate that the delay is always a rising function of temperature.
However, as shown in equation (4), additional delay is present
due to the circuit effect on measuring the rise time. In Fig. 2, as the
wavelength decreases, angle of diffraction decreases. Consequently,
the amount of received power changes, resulting in changing the rise
time of the received echoes which in turn changes the delay. As an
example, in Fig. 3, in the case of the first echo, as temperature
increases, the third peak of the diffraction pattern moves away from
the receiver transducer range. Consequently, the amount of signal
power received at higher temperature is less than the amount
received at room temperature. Conversely, for the second echo, as
temperature increases, the first peak in the diffraction pattern moves
towards the range of the receiver transducer. As a result, the amount
of signal power received gets higher. As will be shown later, the rise
time of the echo pulse is inversely proportional to the received signal
amplitude (total received power). So, trsel increases and trige
decreases causing the total delay in equation (4) to decrease. After a
certain threshold the behavior will be reversed and the received
signal amplitude increases with temperature at the first echo and



decreases with temperature at the second echo causing the delay
between the first and the second echoes to increase. Fig. 4 shows
how the received signal amplitude changes with temperature for the
first and the second echoes.

An envelope detector is used to down convert the signal from
the resonant frequency of the transducer to baseband. We can model
the electronic circuit as a rectifier. The signal is rectified using a half
wave rectifier Zener diode, then a capacitor is charged by the
rectified wave to track the envelope of the signal. The change of rise
time is related to the change in the signal amplitude (received signal
power) by the capacitor charging equation
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trise 1S the pulse rise time in sec, Resr is the effective resistor charging
the capacitor in ohms, C is the capacitance of the capacitor in Farad,
Vr is the switching threshold voltage, and Ve is the input signal
amplitude. Vpeaki and Vpeakz are normally very close to each other in
value, hence, equation (5) can be approximated by the Taylor
expansion of the first term giving
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From (6), as the received power changes (Vpeax), the rise time
also changes. At small variation in peak voltage, Atss. changes
linearly with AV e and the coefficient of variation is proportional
to the envelope detector circuit parameters (Regrand C). This second
term has a larger component of delay measurement, and makes the
delay sensitive to a resistor and capacitance. Hence, if on-chip
resistors and capacitors are used, the delay could be susceptible to
on-chip process variations and components aging.
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EXPERIMENT SETUP

The experiment setup (Fig. 5) comprises an RF signal
generator, a pulse generator, an RF switch, the transducers device, a
thermocouple to measure the temperature, an oven, an envelope
detector, and a frequency counter with high precision to accurately
measure the delay. The RF switch is controlled by the pulse
generator to create pulses modulated by the high frequency signal
generated by the RF signal generator. The pulse width should be less
than the time of flight of acoustic waves in silicon so that echoes do
not overlap. In our experiment, time of flight for a round trip in
silicon is ~175 ns, so, the pulse width was chosen to be 80 ns. The
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pulse is then used to actuate the transmit AIN transducer. The wave
generated by the piezoelectric transducer of width 75 um propagates
through the thickness of a silicon wafer as illustrated in Fig. 4. The
envelope detector is then used to down convert the received signal
and the frequency counter is used to measure the delay between the
first 2 echoes.
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Figure 5: Experiment setup

MEASUREMENT RESULTS

Fig. 6 shows the measured signals at the output of the amplifier
and the output of the envelope detector. The first pulse is due to
electrical coupling of the transmit signal to the receive transducer.
This is followed by several acoustic echoes. In this paper, the
reference delay of interest is the delay between the first and the
second echo. However, the same analysis applies to the delay
between all consecutive echoes. At room temperature, the delay
between each two consecutive pulses is ~175ns. The input
frequency to the envelope detector is 1.31 GHz which is the
resonance frequency of the piezoelectric transducer.
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Figure 6: Experiment waveforms showing the delay of interest.
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The Allan deviation curve is calculated for the delay of interest
as a metric of stability. The Allan deviation is the square root of the
Allan variance, which is half of the average of the squares of the
differences between successive delay readings over a certain time
period. The Allan deviation allows different types of noise to be
distinguished based on the Allan curve slope when plotted on log-
log plot. Fig. 7 shows the Allan deviation curve for the delay
between the first and the second echoes. The curve starts with a
slope of -1/2 due to white noise, then slope starts to decrease until it
flattens at the flicker noise floor, where more averaging doesn’t help
in noise reduction. Unlike the conventional Allan deviation curves,
the curve doesn’t start with a -1 slope which means that the system
doesn’t suffer from quantization noise. A minimum standard
deviation of 0.87 ps is achieved which corresponds to a delay error
of 5 ppm.
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Fig 8. shows the measured delay across temperature. The effect
of the diffraction pattern change discussed earlier can be clearly
seen. The temperature effect on taelay in PPM/°C is in Fig. 9. Around
43°C and 72°C, the temperature coefficient is 0. These values can be
changed through the experiment setup parameters like the receiver
position, the actuation frequency, and the effective resistance and
the output capacitance of the envelope detector, allowing one to
program to 37°C, body temperature, for human body sensing
modalities.
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CONCLUSION

In this paper, a CMOS compatible delay element based on
ultrasound pulse packet propagation through the silicon bulk is
introduced. The delay element showed high long term stability with
an Allan deviation of 0.87 ps (<6ppm). Also, due to the diffraction
angle dependence on temperature, a zero temperature coefficient is
achieved at 43°C and 72°C. The transmit-receive geometries can be
designed with different spacing, higher number of electrodes for
differential delay measurement and differential receive electronic
characteristics. Further design is needed for delay-locked loops to
investigate the stability of frequency sources.
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Figure 9: Temperature coefficient in PPM/°C across temperature
showing measured data and a fitted curve.
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