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A 1.25 μJ per Measurement Ultrasound Rangefinder
System in 65 nm CMOS for Explorations With a

Swarm of Sensor Nodes
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Pieter J. A. Harpe , Senior Member, IEEE, and Eugenio Cantatore , Fellow, IEEE

Abstract— This paper presents an ultrasound rangefinder sys-
tem able to find relative distances among energy-constrained
sensor nodes. The nodes build a swarm that is operated in
collision and multipath rich environments. A new distance
measurement technique combining Wake-up and Frequency
Modulated Continuous Wave (FMCW) is proposed to enable the
ranging while neglecting the echoes from passive reflectors in the
environment. The building blocks of the sensor nodes comprise
a transmitter, a wake-up receiver, and a ranging receiver, all
implemented in a 65 nm CMOS technology. The transmitter
includes two switched-capacitor converters and an output multi-
plexer to generate a four-level driving signal and broadcast either
a wake-up sequence or a digitally synthesized ultrasound Chirp.
The transmitter dissipates 0.43 µJ and 0.82 µJ to broadcast
the wake-up signal and the Chirp, respectively. A mixer first
architecture is exploited in the wake-up receiver to reduce the
always-on power consumption of the nodes. The ranging receiver
uses a heterodyne architecture suited for the FMCW. The power
consumption of the wake-up receiver and ranging receiver is
23.6 nW and 0.56 µW, respectively. The proposed rangefinder
is experimentally characterized up to a 1 m distance in air and
dissipates 1.25 µJ per measurement, achieving a resolution of
18.7 mm at 0.55 m.

Index Terms— Ultrasound rangefinder, ultrasound front-end,
ultrasound receiver, analog IC, swarm of sensor nodes.

I. INTRODUCTION

ULTRASOUND (US) has been used in emerging applica-
tions for the exploration of the ocean floor [1], under-

ground infrastructures [2], water distribution systems, and
industrial tanks for processing chemicals [3]–[7]. In these
applications different fluidic environments are explored with
a swarm of sensor nodes, to gather data on the shape
and dimensions of enclosed volumes that are missing GPS
coverage. Sensors should be autonomous as human inter-
vention during the exploration is not possible. Miniaturized
and energy-constrained sensor nodes are needed considering
the limited size of these environments. US is preferred for
low bit-rate and energy efficient data exchange and ranging
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between the nodes, as US propagates with a lower attenuation
in fluids compared to RF [8]. The nodes are injected into
the volume to explore and perform distance measurements
among them while going with the flow of the medium [9].
Their mutual distance measurements are recorded to their
memory as they traverse the volume. These data are analyzed
after recuperating the sensor nodes. Data post-processing is
performed at central computing stations [10], [11], to extract
information about the geometry of the volumes explored
by the swarm, based on the mutual distance measurements
performed.

Most ranging methods proposed in literature [12] are based
on either using additional hardware like GPS or having a
beacon in the network that has the capability to communicate
with the outside world and the other sensor nodes [13]. Both
approaches are not suited for the applications considered in
this paper. Moreover, the distance measurement methods that
are based on Received Signal Strength Indicator (RSSI), and
Time of Arrival (ToA) require a global network synchroniza-
tion [14], together with highly stable timing sources (such
as atomic clocks) and advanced MAC protocols [15] that
require exchanging several data packets. These approaches
are too power hungry for our applications. The Time Differ-
ence of Arrival (TDoA) based distance measurement methods
take advantage of the different propagation speeds of US
and RF in the operating medium. However, their maximum
range is limited due to the attenuation of RF in fluids [8].
Typical US distance measurement methods exploit Time of
Flight (ToF) of the US echoes coming from passive reflectors
[16]–[18]. However, collisions and multipath propagation of
the echoes experienced when the nodes are operated in an
enclosed volume [19] increase the complexity of extracting
distance information from the measurements and decrease the
reliability when reconstructing the geometry of the explored
volumes. As a result, a new distance measurement method
able to cope with the echoes reflected from the boundary
of the enclosed volumes while minimizing US data-exchange
needed to support synchronization is required. To address the
aforementioned challenges, a novel US rangefinder system
based on a Wake-up and a Frequency Modulated Continuous
Wave (FMCW) based ranging is proposed in this paper.
An important feature of the proposed system is that the
sensor nodes use a wake-up link, which provides ultra low
power consumption, while the FMCW method is exploited
in a ranging link to find the relative distance among the
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Fig. 1. a) Building blocks of the sensor node. b) Illustration of the proposed
ranging concept including two sensor nodes, NODE1 and NODE2, which are
activating their corresponding hardware (not to scale).

nodes in the swarm. Furthermore, the wake-up and FMCW
ranging links use separate frequency bands, therefore passive
reflections from the boundary of the enclosed volume and
active responses of the nodes can be easily distinguished. The
paper is organized as follows: In Sections II and III, high-level
system and circuit design are discussed. The detailed circuit
implementation and the measurement results are presented in
Section IV and Section V, respectively. The performance of the
US rangefinder is benchmarked against prior art in Section VI
and conclusions are provided in Section VII.

II. US RANGEFINDER SYSTEM

A. System Operation

The proposed rangefinder system is based on identical
sensor nodes. Their block diagram is depicted in Fig. 1a,
where each node consists of two off-chip piezoelectric trans-
ducers (PZT1 and PZT2); a transmitter (TX), a wake-up
receiver (WURX), a ranging receiver (MAINRX) integrated
on-chip, and a digital backend implemented on an FPGA.
PZT1 and PZT2 are routed to corresponding hardware with
an off-chip switching matrix. PZT1 and PZT2 have different
resonance frequencies, thereby their operating frequency bands
are separated. The nodes can be configured in two different
modes of operation. The first one is called the initiator mode,
where the node starts the ranging protocol to find its relative
distance to the surrounding nodes. The second operating mode
is called the wake-up mode. In this state, the sensor nodes
listen to the environment via PZT1 and WURX. If the level of
the incoming signal exceeds a pre-defined threshold, the nodes
wake-up and transmit back a frequency-modulated response.
The sensors operating in wake-up mode activate only their
WURX, while TX and MAINRX are switched-off. Therefore,
power consumption in this mode is extremely limited.

Fig. 1b demonstrates an example of the proposed rangefinder
system, where the ranging between two sensor nodes,
NODE1 and NODE2 at a distance R, together with the
timing diagram illustrating the activation of the corresponding
blocks in the nodes, are depicted. Here, NODE1 (in initiator
mode) starts the ranging by broadcasting a WU RXcode to the
environment via PZT1. At the same time, NODE1 activates
its MAINRX to listen to the responses from the nearby nodes.
The activation of the initiator mode is controlled via a Start
input generated by the digital backend without any need for
global synchronization in the network. As illustrated in Fig. 1b,
a digitally synthesized US signal, Chirp2r, is generated by
the FPGA and used in NODE1 as a mixing signal in its
MAINRX, which listens to PZT2. Chirp2r (Fig. 2) is a
frequency-modulated US signal whose frequency increases
linearly with time in the interval 0 − Tsweep. Meanwhile,
NODE2 is in the wake-up mode. The WU RXcode reaches
NODE2 after a propagation delay τd

2 , is received by its
PZT1 and transformed to a digital representation via WURX.
This is followed by a digital comparison performed in the
FPGA of NODE2. If the digital output of WURX exceeds
a pre-defined threshold, the TX in NODE2 is immediately
activated to broadcast a response, Chirp2t, via PZT2. Chirp2t
is a frequency-modulated US signal identical to Chirp2r, which
is digitally synthesized by the FPGA of NODE2. The duration
as well as the operating frequency bands of Chirp2r and
Chirp2t are equal and reside in the frequency band of PZT2.
The only difference is that Chirp2r starts at the very moment
that the ranging is initiated, while the response (Chirp2t)
arriving from NODE2 is delayed by the round trip time of
US. The delay τd in Fig. 1b and Fig. 2 corresponds to the
round trip time of flight between the nodes and equals to
2R
cU S

, where R is the distance between the nodes and cU S is
the speed of US in the medium. NODE1 records the signal
obtained after mixing Chirp2r and Chirp2t in MAINRX to its
memory. As shown in Fig. 2, the spectrum of this signal will
show a frequency peak, fbeat , corresponding to the time of
flight τd of US traveling back and forth between NODE1 and
NODE2. An important highlight of the proposed method is
that the initial frequency, f1, the stop frequency, f2, as well
as the duration, Tsweep, of the identical Chirps are known
apriori and digitally synthesized in the nodes to fit inside
the bandwidth of PZT2. As a result, the relative distance
between NODE1 and NODE2 can be calculated with the
knowledge of BW, Tsweep , and cU S , as shown in Fig. 2. Since
the proposed measurement method is only controlled by the
initiator node, a global synchronization between the nodes is
not needed. Clearly, the clocks needed for digital synthesis
in the initiator and the wake-up nodes should be sufficiently
accurate during the time Tsweep. However, this requirement
is easy to achieve considering the rather short duration of
Tsweep (which is typically in the order of milliseconds) and
a typical short-term accuracy of real time clocks (RTCs) [20],
which is better than 100 ppm. A 100 ppm variation in the
RTCs used in the nodes would translate an error in Tsweep

that is lower than 0.01%, which will thus not affect in an
appreciable way the resolution of the ranging system. Thanks
to the different frequency bands exploited for the wake-up
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Fig. 2. Illustration of the proposed distance (R) measurement method in a
frequency-time plot.

signal WU RXcode sent by the initiator and the FMCW US
signal sent back by the nodes that wake-up, the initiator node
can distinguish echoes coming from passive reflectors from
frequency-modulated response signals sent back by the nodes.
This happens even if the wake-up nodes are approximately
at a fixed distance from the initiator, and thus if no Doppler
shift occurs. One should notice, indeed, that in the applications
envisaged, the swarm of nodes is moving with the flow of the
fluid, therefore the relative distances between the nodes are
expected to change slowly in time.

Furthermore, in case multiple sensor nodes that are at
different distances from NODE1 wake-up, their response will
correspond to different beat frequencies that are separated
in the frequency domain, and can be distinguished during
post-processing [21]. Finally, an identification (ID) payload of
the woke-up node can be embedded in the response Chirp2t,
for instance by amplitude modulation [22] or phase modula-
tion [23]. This allows distinguishing between the first signal
received by a node that wakes up and possible delayed version
of the signal coming from the same node due to multipath
propagation [21].

B. Transducer Characterization

Most of the applications considered in this paper use a
fluidic medium, where the US propagates with much lower
attenuation (<100× in water [24]) compared to air. However,
due to the difficulty to measure at large distances in fluids,
and thus to simplify the characterizations while keeping the
maximum distance between the sensor nodes at a manage-
able level, the experimental setup of the proposed system
has been built in air to demonstrate the proof-of-concept
principle. Piezoelectric transducers (PZTs) have been used
because of their availability in the market. PZTs typically
have a nominal operating frequency spanning from a few
tens of kHz to several hundreds of kHz with a relatively
low bandwidth [25], [26]. Although Capacitive Microma-
chined Ultrasound Transducers (CMUTs) have been used in
literature [27] to achieve a larger bandwidth compared to
PZTs, the high-voltage DC bias requirement of CMUTs [28]
is an important drawback in battery-operated applications.
Accordingly, PZT1 and PZT2 are chosen as commercially
available piezoelectric transducers with a nominal resonance
frequency of 40 kHz and 100 kHz, and an input capacitance of
2 nF and 1 nF, respectively [29]. Fig. 3a shows an impedance
measurement of PZT1, where its resonance frequency and the
impedance at resonance are measured as 39 kHz and 400 �,
respectively. Fig. 3b shows the normalized received power for
a link consisting of two identical PZT2 transducers, where the

Fig. 3. (a) Measured impedance plot of PZT1. The series resonance is at
39 kHz. (b) A link characterization from PZT2 to PZT2, where a bandwidth of
13 kHz between 94 kHz and 107 kHz is found suitable for the Chirp signals.

Fig. 4. Received power characterization in air for PZT2 (black, top) and
PZT1 (red, bottom).

frequency band between 94 kHz to 107 kHz has been chosen
for the Chirp signals. PZT2 is used in the FMCW ranging link,
as a larger bandwidth in the Chirp signals is desired to improve
the theoretical range resolution [21]. The resonance frequency
of PZT1 is used as a carrier frequency in the wake-up link to
broadcast the WU RXcode.

C. Link Budget Analysis and System Specifications

Power-loss in the propagation of US is investigated by build-
ing a test setup in air at room temperature, where PZT1 and
PZT2 are driven with a 0.6Vpp burst signal at 39 kHz and
100 kHz, respectively, and the power received by an identical
transducer is recorded up to 1 m distance. Fig. 4 shows this
characterization, where the received power is modeled with the
equation: Prec = −k ·10log(d)+ P0. Here, d is the distance in
cm, k is the path loss coefficient, and P0 is the initial power
loss. The outcome of this characterization is reported in Fig. 4,
where the received powers of PZT1 and PZT2 at 1 m dis-
tance are measured as −72 dBm and −65 dBm, respectively.
Although PZT1 has a lower resonance frequency, it is less
directive compared to PZT2, which leads to a larger signal
attenuation with distance. While it is possible to balance the
received power of the links, for instance by reducing the
driving voltage of PZT2, we have chosen to use a single 0.6 V
driving supply to avoid using an extra voltage regulator. At the
input of the receivers ≈12 dB SNR is sufficient to have a 90%
detection probability with a < 10−3 false alarm ratio [30].
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TABLE I

SYSTEM SPECS

As summarized in Table I, this can be achieved when the
integrated Input-Referred Noise (IRN) of the WURX and
MAINRX is lower than 14 μVrms and 32 μVrms, respectively.
To reduce the always-on power consumption of the nodes,
a low-complexity communication scheme (e.g. On Off Keying)
with a limited data-rate (e.g ≤ 0.5 kbps) can be exploited in
the wake-up link [31]. This allows allocating a ≈1 kHz base-
band bandwidth (BWWU R X ), thus an Input-Referred Noise
Density (IRND) of 443 nV√

Hz
for the WURX is estimated. The

duration of the Chirp signals, Tsweep , has to be larger than the
round trip time (≈6 ms) among the sensors at the maximum
specified measurement distance of 1 m in air, therefore, Tsweep

is chosen to be 10 ms. The frequency band between 94 kHz and
107 kHz was chosen for the FMCW link, thus a 13 kHz Chirp
BW is used in the ranging. Accordingly, the smallest distance
step that can be measured (Rmin = cU S

2BW ) in air is calculated
as 13 mm [21]. At 1 m distance, an fbeat of ≈7.6 kHz is
estimated, which has to reside inside the BW of the MAINRX
(BWM AI N R X ). Therefore, by specifying at least 10 kHz BW,
an IRND of 320 nV√

Hz
for the MAINRX is calculated.

III. HIGH LEVEL DESCRIPTION OF HARDWARE BLOCKS

US transducers can typically be modeled [32] by a series
resonator (Rm, Lm , Cm ) in parallel with a parasitic capacitor,
Cp , as shown in Fig. 5a. When driving piezoelectric trans-
ducers, a large amount of energy is dissipated to charge and
discharge the large parasitic capacitance Cp . Using an induc-
tance (mH range) to cancel out Cp requires large volumes and
is thus impractical. To reduce capacitive losses, a well-known
step-wise charging method [26], [33], [34] has been used in
literature. In this work, a similar method is chosen to drive
the transducers PZT1 and PZT2. For each transducer, a step-
wise charging/discharging using a multi-level driving signal is
more energy-efficient than the conventional two-level driving
scheme. On one hand, multi-level driving reduces the losses
associated to charging and discharging the parasitic transducer
capacitance. On the other hand, multi-level periodic signals
have a higher ratio between the energy at the fundamental
frequency and the energy in the harmonics. For this reason,
multi-level signals can excite more efficiently the resonator
branch of the transducer and transform electric energy into
acoustic one. To realize an efficient transmitter, thus, a multi-
level TX is used in this work, as shown in Fig. 5b. A 4-level
driving signal has been chosen, which is generated connecting
the transducer periodically to V DDT X , the maximum voltage
level applied to the load, two intermediate voltage levels (2/3 ·
V DDT X and 1/3 · V DDT X ), and ground. The intermediate

Fig. 5. a) Equivalent circuit model of a PZT transducer. b) Top-level circuit
implementation of TX, c) WURX, d) MAINRX.

DC voltage levels are obtained from V DDT X by using two
Switched-Capacitor Converters (SCC1/3,2/3). These converters
use two 50% duty-cycled non-overlapping clocks, φ1,2. Each
DC level is connected to the transducer for a time span and
in an order that are controlled via the output multiplexer by
the clocks φ3,..6.

As shown in Fig. 5c, a mixer-first topology with a
single-balanced passive mixer (SBPM) is used in the WURX
to minimize the always-on power consumption of the nodes.
Although the input-referred noise density of the front-end
increases without an LNA preceding the mixer, the target
integrated noise level is achievable with this topology by
keeping a limited BW of 1 kHz in the baseband amplifier. This
is possible, as the transducer PZT1 is used at its resonance
frequency, and only the fundamental component is needed to
transmit the wake-up message. The SBPM does not consume
DC power, but enables single-ended to differential conversion,
thus providing a theoretical gain of 1.48 dB [35]. After the
SBPM, the WURX comprises an open-loop inverter-based
baseband amplifier, INVAMP, and a 10-bit SAR ADC, which
uses a similar design as reported in [36]. The down-conversion
signal of the SBPM, L O, as well as the ADC clock, are
provided by an on-chip oscillator, OSC . A single supply, VD D,
has been used in the WURX. The transducer is DC coupled to
the front-end, and the DC common-mode bias of the front-end,
VC M = VD D/2, is provided through an off-chip resistance,
RC M , of 5 M�.

The MAINRX exploits a basic heterodyne architecture as
shown in Fig. 5d, which comprises a single-ended inverter-
based low-noise amplifier (LNA), followed by an SBPM,
a closed-loop baseband amplifier (BBAMP), and a 10-bit SAR
ADC, all sharing the same supply, VD D. The Chirp needed for
mixing is provided by the digital backend as a two-level square
wave. The high-frequency harmonics of the SBPM are filtered
out by the BBAMP, and the baseband signal is converted to the
digital domain by the 10-bit SAR ADC [36]. A detailed report
on the MAINRX can be found in [7], while some parts of this
circuit are briefly discussed here for better readability. A Xilinx
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Fig. 6. Schematic of the a) Dickson converter, b) Output multiplexer.

Spartan-3 FPGA Board has been used as digital backend. The
Chirp needed in the MAINRX and the output multiplexer
control clocks of the TX, φ3,..6, are synthesized by reading
at a constant rate (1 MHz) suitable bit streams preloaded to a
memory in the digital backend. The time reference is provided
by an external 50 MHz crystal oscillator available in the FPGA
board, which in wake-up mode can be duty cycled using the
wake up signal. All other timing signals needed in the nodes
are derived from the same reference, except for the always
active clocks in wake-up mode, which are directly derived
from the on-chip oscillator OSC. Most of the digital signal
processing, such as the FFT needed to determine the beat
frequency in the FMCW ranging, are performed outside of
the nodes. The output data generated from the MAINRX by
mixing the Chirp signals during the ranging are thus saved to
a memory in the digital backend.

IV. CIRCUIT DESIGN

A. TX Circuit Design

An SCC can be modeled [37] as an ideal transformer (whose
voltage ratio is defined by the SCC topology) in series with
an output resistor, Rout . The DC level of the output of the
TX is determined by the voltage division between Rout and
the load impedance. In our implementation, Rout represents
the output resistance of the corresponding SCCs with an
additional series resistance due to the output multiplexer
(Fig. 5b). To reduce the power consumption of the TX, 0.6 V
is chosen as V DDT X . Each clock phase φ is buffered to the
switching transistors in the SSCs and output multiplexer by
on-chip drivers, which use a V DDdriver = 1.2 V supply. The
transistor-level implementation of the TX is shown in Fig. 6.
All switches are implemented using insulated well nMOS
transistors. A Dickson topology is chosen to implement the
SCCs, since the same topology can be reused to obtain the
intermediate voltage levels with a minor change in top-level
connection. As shown in Fig. 6a, a voltage conversion ratio
of 3:1 is obtained when V DDT X and ground are connected
to the top node, T, and the bottom node, B, respectively.
The division ratio of 3:2 is obtained by interchanging the top
node and the bottom node. The SCC output node is marked
DCout in Fig. 6a. OU T1/3 and OU T2/3 correspond to the
output of SCC1/3 and SCC2/3, respectively. The capacitors
C1,2,3 are off-chip flying capacitors. The output multiplexer
comprises 4 NMOS transistors that connect the desired DC
voltage to the transducer load, as shown in Fig. 6b. An NMOS

Fig. 7. Building blocks of the WuRX; a) Single-Balanced Passive Mixer, b)
Inverter based baseband amplifier, c) Its CMFB.

transistor is chosen to build the switches due to its lower
combined conduction and switching losses compared to a
PMOS transistor with a similar overdrive voltage. A deep-
NWELL transistor with a size of 10 μm/0.3 μm and 32 fingers
is used as a unit switch in SCC1/3. In SCC2/3 and the output
multiplexer, a parallel connection of four of these unit switches
is used. This improves the driving efficiency of the TX as
a lower SCC output resistance is assigned to a higher DC
voltage level. The value of the flying capacitors is chosen as
1 μF, which leads to a simulated corner frequency between
Fast and Slow Switching limits [37] of 10 kHz. The simulated
total output resistance is 20 � and 10 � for SCC1/3 and
SCC2/3 in the Fast Switching Limit, respectively.

B. WuRX Circuit Design
Fig. 7 shows the transistor-level implementation of the

WURX. The SBPM (Fig. 7a) comprises two NMOS transistors
and sampling capacitors, CS . The size of the transistors
(400 nm/60 nm) is chosen to reduce the dynamic power. A CS

of 8.5 pF is used to lower the noise contribution of the mixer.
Considering the large capacitance of the PZT transducers,
the loading introduced by these capacitors is negligible. Fig. 7b
and Fig. 7c show the implementation of the inverter-based
baseband amplifier and its common-mode feedback (CMFB)
[38], respectively. An inverter-based topology is chosen to
increase the power efficiency while all transistors are biased
in the weak-inversion region with a gm/ID ratio of 31V−1.
With a supply voltage, VD D, of 0.6 V, a bias current, IB ,
of 0.35 nA, and an LO of 38 kHz, the post-layout simulations
of the front-end predict a total conversion gain of 34 dB,
a 1.2 kHz 3-dB BW and an IRND of 365 nV/

√
H z. Thus,

the IRN is calculated as 13 μVrms, which satisfies the specs
in Table I. The digital output of the WURX will be followed
by a digital thresholding, to decide whether or not to wake-up
the node. Although the sensitivity of the front-end can be
degraded due to the variations of the LO over PVT, the dig-
ital thresholding will not be influenced, and the nodes can
successfully wake-up, as long as the SNR at the input of the
front-end is sufficient. Thereby, the accuracy requirement of
the LO frequency can be relaxed to save power.

This allows using a simple on-chip clock generator,
as shown Fig. 8. Here, an external reference current, I BC L K ,
is integrated on the capacitor, CR , to generate a ramp voltage.
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Fig. 8. Schematic of the on-chip clock generator in WURX (OSC).

Fig. 9. Schematic of the LNA in MAINRX [7].

Then, a feedback loop comprising 6 stages of inverters resets
the voltage on CR when the threshold of the first inverter is
reached. An external reset signal, RE S, is used only at start-
up. High-threshold transistors are used in the inverter chain to
limit the power consumption, while 6 stages of inverters are
used to provide enough on-time for the generated pulse signal.
To obtain a 50% duty-cyle LO, the inverter chain is followed
by a Master/Slave D-type flip-flop, which is implemented with
two pass gate latches. The Q output of the DFF is used as
an input to the non-overlapping clock generator circuit [39],
which provides the signals, L OP and L ON , used by the SBPM
for down-conversion. The ADC clock is generated dividing by
two the LO.

C. MAINRX Circuit Design

The MAINRX uses a single-ended inverter-based LNA to
save power. A DC feedback is needed to stabilize its output
DC voltage. As shown in Fig. 9, a current starved auxiliary
inverter, formed by Mp1 and Mp2, is used in parallel to
the main inverter (M1 and M2) to stabilize the DC level of
the output node, Vout . The gate of the auxiliary inverter is
controlled via feedback by comparing Vout to a reference
voltage, Vre f , and feeding back the error signal, V f b, amplified
by the error amplifier, EA [7]. The auxiliary inverter can
either source or sink a suitable current to the output node,
thus keeping the output DC voltage at the desired value.
The proposed DC feedback can compensate the errors due
to leakage of pseudo-resistors, Rpr , and mismatch between
the biasing network and the LNA. The transconductance of
the auxiliary inverter is much lower than the main inverter.
This provides a small DC current, low power, and high output
resistance, minimizing the impact of the auxiliary inverter on
the LNA gain. Compared to previous works [32], [40], [41],
the proposed DC feedback allows the single-ended inverter

Fig. 10. Die photo of the transmitter TX and receivers: MAINRX and
WURX.

Fig. 11. Measured output resistance of the switched capacitor convert-
ers (SCC) with respect to the switching frequency.

to work in continuous-time. Besides, it applies the feedback
to the output node instead of the LNA input, minimizing
degradation of the SNR. The SBPM uses similar size tran-
sistors as in the WURX, however, the sampling capacitors are
not used to avoid loading the LNA. Due to the presence of
the LNA in the MAINRX, the resulting kT/C noise of the
mixer is negligible when referred to the input. The BBAMP
uses a two-stage architecture with Miller compensation. The
feedback capacitors have a ratio of (134 fF/35 fF) to obtain a
gain of about 12 dB. The complete front-end is simulated to
have a conversion gain of 43 dB, a 3-dB BW of 20 kHz, and
an IRN of 7.8 μVrms while using a single 0.6 V supply. The
MAINRX can be overdesigned in terms of IRN and 3-dB BW
compared to the specs in Table I, as the MAINRX is normally
off, and a larger bandwidth can be useful to improve ranging
resolution in means characterized by higher speed of sound.

V. MEASUREMENT RESULTS

A 65 nm CMOS process is used for fabrication and the die
photos of the circuits are shown in Fig. 10. A detailed mea-
surement of the individual circuits and the proposed ranging
system will be presented in the following sections.

A. TX Characterization

To characterize the output resistance of the TX, the output
voltage of each SCC is measured with an external 400 � resis-
tor load (equal to the impedance of PZT1 at resonance) while
varying the switching frequency. The outcome is depicted
in Fig. 11, where the two asymptotes of Slow Switching
Limit (SSL) and Fast Switching Limit (FSL) [37] can be
appreciated. The transient output voltage of the TX is shown
in Fig. 12, where a 4-level output driving signal with a
frequency of 40 kHz is shown while switching the SCCs at
10kHz. The performance summary of the TX when PZT1,
PZT2, and a 10 nF capacitor are used as a load is reported
in Table II. In these measurements, V DDT X = 0.6 V, while
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Fig. 12. Measured four-level output voltage of the TX with a 400� load.

TABLE II

TX CHARACTERIZATION SUMMARY

the gate drivers are supplied by V DDdriver = 1.2 V, PZT1 is
driven at its resonance frequency of 39 kHz, the capacitor
is driven at the same frequency, while PZT2 is driven with
Chirp2t. The average currents, I DC and I DCdriver , drawn
from the supply voltages, V DDT X and V DDdriver , respec-
tively, are measured. A load of 10 nF is used as a reference to
validate the energy-saving in the case that the load is purely
capacitive. As summarized in Table II, a reduction of 65.3%
in I DC is measured when a 4-level driving signal is applied
to the 10 nF load compared to the two-level case. This mea-
surement is in good agreement with the fact that a step-wise
charging of a capacitor in three equal steps reduces the energy
spent to charge the capacitor to one third of the one needed
when charging the capacitor directly to the final voltage level
[33]. Concerning the experiments with PZT1, this transducer
is driven at its resonance and an identical PZT1 is placed at
5cm apart to monitor the received signal. In this experiment,
a reduction of 25.5% in I DC when using four levels instead
of two is observed, while there is only a 1.4% loss in the
received signal power, compared to the two-level case. This
is due to the fact that four-level driving at the same driving
frequency as the two-level one contains less energy in the
harmonics, while having a similar energy at the fundamental
tone. Moreover, a relatively larger reduction of 37.7% in I DC
is measured when driving PZT2 with Chirp2t and using four
levels instead of two. As the driving frequency is swept in a
BW of 13 kHz, the impedance of PZT2 is in average more
capacitive compared to that experienced in the measurement
of PZT1, and thus a larger energy-saving is measured than the
one experienced in the measurement of PZT1 at resonance.
The electrical efficiency of the TX is defined as the ratio
between the electric power delivered to the transducer and the
total power consumed by the TX. The measured TX efficiency
when driving PZT1 with a four-level driving signal at its
resonance frequency of 39 kHz is 88%. In resonance, part of
the power losses come from the resistance of the switches

Fig. 13. (a) Measured conversion gain of the WURX for an LO=39 kHz.
The maximum gain is 32.8 dB@200 Hz and the 3-dB BW is 1.2 kHz. (b) Cor-
responding IRND of the WURX. IRND = 400 nVrms/

√
H z@1.2 kHz is

measured. (c) Measured conversion gain of the MAINRX for an LO=100 kHz.
The gain is 43.3 dB@5 kHz and the 3-dB BW is from 10 Hz to 25 kHz.
(d) Corresponding IRND of the MAINRX. IRND = 60 nVrms/

√
H z@5 kHz

is measured.

Fig. 14. Measured BER of the WURX.

and part of the losses come from switching on and off the
switches. Out of resonance, the efficiency will decrease, as the
load becomes capacitive. Indeed the measured transmitter
efficiency when driving PZT2 with a two-level Chirp signal
(94 kHz - 107 kHz) is 47%, and the efficiency increases to
62%, when a four-level Chirp signal is used.

B. WURX and Wake-Up Link Characterization
1) Electrical Measurements: The measured conversion gain

and IRND of the WURX for an LO = 39kHz are shown
in Fig. 13a and Fig. 13b, respectively. The total integrated
noise in the 3-dB BW of 1.2 kHz is found to be 14 μVrms. For
these measurements, external reference currents, IB of 0.35 nA
and I BC L K of 0.45 nA, are used. The sensitivity level of the
WURX is estimated first with electrical BER measurements,
where an OOK modulated signal with different attenuated
amplitudes is provided by an arbitrary signal generator to
the WURX, and the ADC codes at the output are read-out
and transferred to MATLAB for demodulation. Fig. 14 shows
BER plots for this setup, where a −69.5 dBm (74.9 μVrms)
input signal at 333 bps data-rate is demodulated with a 10−3

BER. This sensitivity level is validated with an experimental
setup built with two PZT1 transducers, a TX, and a WURX to
transmit OOK signals using a 39 kHz carrier. An input signal
of −69.5 dBm is received when the transducers are 75cm apart
and a successful communication link with a 10−3 BER is
established in air. In this measurement, the on-chip oscillator
is used to provide a 38 kHz LO. The resulting 1 kHz baseband
signal is sampled with a 19 kHz (LO/2) ADC sampling clock.
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Fig. 15. A Measurement of WURX ADC code when TX transmits a single
one (encoded as 2.5 periods of sinusoid) as WU R XC O DE .

Although lowering the sampling frequency will reduce the
ADC power consumption, a 19 kHz sampling clock is used
to have sufficient margin to sample the baseband signal
considering the temperature sensitivity of the LO, as will be
discussed in the following section.

2) Missed Detection Rate (MDR) Measurements: In order
to reduce the demodulation complexity in the digital domain
and to save power, the WURX digital output is used in a
digital threshold detector, where a threshold around the DC
output code of the ADC is applied to wake-up the node. The
measurement shown in Fig. 15 is performed when NODE1 and
NODE2 are 75cm apart, and NODE2 activates its TX to
broadcast the WU RXcode of a symbol one, ‘1’. Since the
initial phase of two separate nodes is unknown, two different
thresholds have been chosen; an upper one (535) and a lower
one (525) to detect the level of the incoming signal. The ratio
between the threshold levels and the rms of the noise voltage
at the output of the WURX determines the probability of a
false alarm. To have a false alarm rate of one per 15min (the
average time interval between the crossings of the threshold
due to noise), the threshold levels are chosen as ≈4 times the
rms value of the measured noise voltage (∼ 0.8 LSB) at the
output of the WURX [30]. To characterize the performance of
the WURX link, missed-detection rate (MDR) measurements
have been performed, too. In these measurements, the data rate
is set to 100 bps, where the symbol ‘1’, as shown in Fig. 15,
is transmitted in a 10ms (= Tsweep) period, according to the
proposed system. Lowering the data rate compared to our
measurements in Fig. 14 relaxes the SNR needed to correctly
receive a ‘1’, and enables increasing the achievable distance
for 10−3 MDR between the nodes to 1 m in air, satisfying
the specs in Table I. To further investigate the WURX link
performance under temperature variation, the WURX is placed
in a temperature chamber and the operating temperature of the
WURX is swept from 0 ◦C to 80 ◦C. During these character-
izations, the external bias currents (I BC L K and IB ) provided
to the WURX are also varied with the temperature according
to the data reported for the reference current generator in [42].
The results of these experiments are summarized in Fig. 16,
where at room temperature of 27 ◦C, the wake-up link has been
established until 1 m in air with an MDR lower than 10−3.
When the operating temperature increases, the clock frequency
of the on-chip oscillator increases as well. This results in
that the baseband signal after down-conversion falls outside
the 3-dB bandwidth of the WURX, worsening the sensitivity
of the front-end. When the temperature is reduced to 0 ◦C,

Fig. 16. MDR characterization of WURX.

the LO frequency and the bandwidth of the amplifier decrease
together, thus the baseband signal is attenuated even more and
further degrades the sensitivity. As shown in Fig. 16, at the
limit temperatures of 0 ◦C and 80 ◦C, the distance that the
WURX link can achieve with an MDR better than 10−3 is
reduced to 45cm. For these temperatures, the power supply
can be increased by 10% while keeping an MDR better than
10−3. It is important to mention that in [42] about + − 30%
change of the absolute value of the reference current due to
process variations is reported. In the WURX link, it is desired
to keep the baseband signal, obtained after down converting
the carrier (39 kHz) of the WU RXcode with the LO, inside the
3-dB BW of the amplifier (1.2 kHz), to maintain the sensitivity
of the front-end. This means that a calibration of the LO with
at least 5-bit resolution is needed to keep the LO error e.g.
within 2% from its 39 kHz target. Such calibration, which can
be implemented with a simple current DAC fed by the current
reference, is not yet implemented in the present chip.

At room temperature, a total power consumption of 23.1 nW
for the WURX under a single supply of 0.6 V is measured.
This figure includes the power of on-chip buffers used to
distribute the LO (38 kHz) and the ADC sampling clock
(LO/2). The comparison of the ADC code with the thresholds
is done in the FPGA by using simple digital comparators,
where the output of the on-chip clock generator is used as a
clock. The power overhead of this comparison is simulated
at a transistor level as 0.5 nW, and added to the power
consumption of the WURX. As a result, a 23.6 nW power
consumption is obtained. Although the power required to
generate the reference currents is excluded from this figure,
this overhead is estimated to be much lower (120 pW) than
the reported WURX power, when using relevant prior-art
implementations in similar technology and supply voltage
[42]. A distance of 45cm in air at the worst-case operating
conditions is sufficient in the foreseen applications, indeed,
considering that the attenuation of US in water is more than
100 times lower than that of in air [24], a much larger
operating distance can be obtained if the nodes are operated
in a fluidic environment. In water, the limiting factor for
the distance measurement will be the sweep time of the
Chirps, which must be longer than the round-trip time of flight
between nodes. Considering that the speed of US in water
is around 1500 m/s, the max. achievable distance in fluids
with a Tsweep of 10 ms is calculated to be 7.5 m. If a larger
distance in fluids is needed, a longer sweep time can be used
at the cost of an increased energy consumption during the
ranging.
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Fig. 17. a) FMCW ranging link characterization. b) Absolute error in the
distance calculation.

C. MAINRX and Ranging Link Characterization

1) Electrical Measurements: The measured conversion gain
and IRND of the MAINRX for an LO = 100 kHz are shown
in Fig. 13c and Fig. 13d, respectively, where an IRN of
∼12.2 μVrms is found in its 3-dB BW from 10 Hz to 25 kHz.
For these measurements, an external reference current, Ire f ,
of 1 nA and a sampling clock of 50 kHz for the ADC are
used. The small low-frequency peaking in the response is
due to the mismatch between the pseudo resistors in the
feedback network of the BBAMP, and can be reproduced in
post-layout simulations. Under these conditions, a total power
consumption of 0.56 μW when using a single supply of 0.6 V
is measured, including the power of on-chip buffers needed to
distribute all clocks, and excluding the overhead for generating
the on-chip reference current.

2) One-Way FMCW Ranging Measurements: A separate
setup to characterize the FMCW ranging link is built in air at
room temperature. The TX sends a Chirp via a PZT2, which
is received by an identical PZT2, passed to the MAINRX
and there mixed with an identical Chirp. The moment at
which both Chirp signals begin is synchronized by a common
start signal. The ADC data of the MAINRX are recorded
during one sweep time, Tsweep of 10 ms. Afterward, the FFT
of the recorded data is calculated in MATLAB. The FFT
resolution of the derived spectrum is equal to the inverse of the
recorded time (Tsweep), which corresponds to 100 Hz ( 1

10ms ).
The characterization of this FMCW ranging link up to 180cm
in air is shown in Fig. 17a and the absolute error between
the calculated distance and the reference distance is depicted
in Fig. 17b. The mean of the error in ranging is calculated as
0.18 mm with a standard deviation of 8.4 mm. Modifying the
equation to determine the distance R between nodes (Fig. 2)
for a one-way trip of the US waves, a minimum measurable
distance dmin = fbeat ·cU S ·Tsweep

BW = 26 mm is obtained from
the minimum FFT resolution of 100 Hz. Thus, as shown
in Fig. 17b, the absolute error of this measurement will follow
the trend of a quantization error of amplitude dmin , to which
would correspond a theoretical standard deviation of σF FT 1 =
dmin√

12
= 7.5 mm. The FFT quantization is thus the main limiting

factor to the ranging resolution in this experiment. To keep
the post-processing as simple as possible, fbeat (Fig. 2) is
simply chosen as the frequency with the highest power signal

Fig. 18. A spectrum of the recorded ADC data at 1.8 m distance.

Fig. 19. A normalized histogram of the 10000 measurements at 0.55 m.

in the measured spectrum, as shown in Fig. 18. According
to this characterization, the achievable distance in the FMCW
ranging link can be up to 1.8 m, where the fbeat is successfully
measured with at least 10 dB margin above the max. measured
noise level.

D. Rangefinder System Characterization

A proof-of-concept characterization of the full proposed
system, including the wake-up and ranging links is demon-
strated here. The setup is the one shown in Fig. 1b, and
described in Section II-A. Similarly to the one-way FMCW
ranging measurements, a 50 kHz sampling clock for the ADC
is used and the ADC data of the MAINRX is recorded during
a 10ms of sweep time. The experiment is performed in air at
room temperature without external synchronization. The LO of
38 kHz from the on-chip clock generator is used in the WURX.
To quantify the overall ranging error, NODE1 and NODE2 are
placed at 0.55 m apart and the distance measurement of the
full rangefinder system is repeated 10000 times. Fig. 19 shows
the histogram of the absolute error, which is fitted to a normal
distribution with a mean (μWU ) of 6.6 mm and a standard
deviation (σWU ) of 18.7 mm. In this experiment, the jitter of
the LO in the WURX link and the WURX ADC sampling
result in an uncertainty of the wake-up time of the node,
which reflects in an error in the distance measurement and in
the observed standard deviation. In Fig. 20a, the rangefinder
system measurements of the fbeat up to 1 m are shown,
where at each point an average of N = 15 measurements is
reported. The averaging results in a decrease of the standard
deviation due to random sources of uncertainty in the WURX.
The deterministic error caused by the FFT resolution for
the two-way ranging can be estimated using the R equation
in Fig. 2, to obtain a minimum measurable distance Rmin =
13 mm. Changing the measurement distance will thus cause a
uniformly distributed ranging error with a standard deviation
σF FT 2 = Rmin√

(12)
= 3.7 mm. Combining the two uncorrelated

error sources, one would predict for the full system mea-
surements a standard deviation σtot , which can be estimated

as σtot =
√

σ 2
WU
N + σ 2

F FT 2 = 6.1 mm. The measured error
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Fig. 20. a) Full-system ranging link characterization. b) Absolute error of the
rangefinder system. Each point is an average of 15 independent measurements.

TABLE III

PERFORMANCE COMPARISON OF THE PROPOSED US WURX

in Fig. 20b has a mean of 0.5 mm and a standard deviation of
7 mm, which is close to the expected value. It can be observed
that the addition of the wake-up uncertainty randomizes the
shape of the error in Fig. 20b compared to the sawtooth
behavior observed in Fig. 17b.

VI. BENCHMARK

The performance of the proposed US WURX and its
comparison with recent prior-art is summarized in Table III,
where a Figure-of-Merit for wake-up receivers proposed in
[49] as FoMW u Rx = Energy(J )/bi t · Psensit iv it y(W ) is used
for benchmarking. The works in [43], [44], [46] achieve a
sensitivity level of around −81 dBm, while consuming more
than 1 μW. In [45], the lowest power consumption of 8 nW is
reported with an envelope-detector (ED) first topology, where
a lower sensitivity of −59.7 dBm is obtained. In this work,
by using a mixer-first front-end, the low-conversion gain of the
ED is avoided and the sensitivity of the WURX is improved.
One should notice that the FoMW u Rx reported in [46] does
not include, similarly to the present work, the negligible
power overhead of the bias current generation. With a total of
23.6 nW power consumption, our work achieves a FO MW u Rx

of 0.79 (J/b) ·W ·10−20, which in line with the best prior-art.
The performance of the proposed US rangefinder and its

comparison with prior-art is summarized in Table IV. The
works in [47], [48] are based on the processing of the echoes
coming from passive reflectors in air. On the other hand,
the rangefinder in [7] and this work enable US distance
measurement between active sensor nodes. This work and [7]
exploit a frequency division duplexing between their transmit-
ters and receivers, thereby, the interference from passive reflec-
tors is avoided, as demanded in our application. Compared to

TABLE IV

PERFORMANCE COMPARISON OF THE PROPOSED US RANGEFINDER

[7], this work uses a multi-level driver to improve the driving
efficiency of the US transducers, which allows lowering the
TX power consumption. In addition, this work uses identical
Chirps residing in the same frequency band, which are digitally
synthesized separately on the initiator and wake-up node
without any analog or digital modification, thus simplifies the
hardware needed in the nodes. Another profound difference
of this work compared to [7], [48] and [47] is the use of a
mixer-first WURX combined with FMCW ranging to lower the
always-on power consumption of the nodes down to 23.6 nW.
Although this work has a lower ranging resolution of 18.7 mm,
which is tolerable in our applications, the proposed rangefinder
system dissipates 1.25 μJ per measurement, an improvement
of at least 2x compared to prior art US rangefinders. This
figure includes the power of the on-chip buffers used to
distribute and drive the Chirp signals and the sampling clock
of the ADC, while it excludes the power needed for generation
of the on-chip current references and the clocks to synthesize
the Chirp signals, the losses due to the generation of the
0.6 V and 1.2 V supplies from a battery, the memory leakage
and the energy needed to write (read) the data to (from) an
on-chip memory. An additional highlight of this work is that
the response of the nodes in wake-up mode will be transmitted
only when they receive a signal in a separate frequency band,
thus their operation is independent of each other. This means
that a global synchronization is not needed in the swarm of
sensor nodes. Furthermore, the signal processing (e.g. FFT)
needed to derive the spectrum of the received data and calcu-
lating the distances can be performed outside the environment
under test, after the nodes are recuperated at the end of
the exploration. As a result, the power overhead for digital
processing can be minimized in the actual application. The
memory needed to store one measurement is 10 ms ·50 kS/s ·
10 b = 5 kb. The on-chip memory needed to store these data
is not implemented yet. A recent work in [50] demonstrates a
1 Mb flash memory which features a sleep mode power that
is lower than the power consumption of the WURX. Based
on the parameters provided by this work, the energy that
would be spent to write and read the data needed per distance
measurement, including the memory used to synthesize the
Chirp, is only 20% of the total energy consumption per
measurement. Furthermore, using ultra low-power approaches
such as in [51], the memory leakage can be reduced even
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more, making it completely negligible when compared to the
always-on node power achieved in this work.

VII. CONCLUSION

This work presents the circuit and system design for an
ultrasonic rangefinder system, where the sensor nodes can
be operated in air or a fluidic environment. The nodes in a
swarm perform measurements to find their relative distance
while using separate frequency bands for the wake-up and
FMCW ranging links. This makes the distance measurement
insensitive to the echoes generated by the boundary of the
environment being explored. The experimental characteriza-
tion of the building blocks of the proposed system has been
presented. The measurement results show that the proposed
approach enables an always-on power consumption of only
23.6 nW per node and makes possible ultrasonic distance mea-
surements with the lowest energy per measurement reported
to date.
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