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Abstract—Biosensors present exciting opportunities in novel
medical and scientific applications. However, sensor tags presented
to date cannot interface with practical sensors, lack addressability,
and/or require a custom (high-cost) interrogator. Our tag provides
these features via ultra-low-power circuitry including a low-noise
biosignal amplifier, unique tag ID generator, calibration-free
3 MHz oscillator, and EPC C1 Gen2 protocol compatibility. In ad-
dition to design details and measurement data from the fabricated
IC, we present in vivo muscle temperature measurement from an
untethered in-flight hawkmoth.

Index Terms—Biomedical, implantable electronics, RFID, low
power, analog.

I. INTRODUCTION

C OMPELLING applications in both the scientific and
medical monitoring of biosignals have created a demand

for wireless, unobtrusive sensors to collect this data. Example
biosignals include temperature, blood pressure, heart rate,
blood glucose level, and neural activity. In scientific applica-
tions, measurement of these biosignals helps researchers study
complex biological systems, the effect of various diseases, and
research treatments. In clinical settings, these signals are used
by a doctor or patient to either detect disease at onset or help
administer treatment.

Measurement of biosignals presents several challenges. Most
importantly, the sensor must be unobtrusive to the user. This in-
volves minimizing the size and weight of the sensor as well as
maximizing the sensor lifespan. A means of wireless data col-
lection is necessary for scientific research, where data should
be available in real-time, and for implantable medical biosen-
sors where data is otherwise inaccessible. A number of solu-
tions have been proposed including use of a small battery to
power the sensor or an inductive link to power and communicate
with the sensor. Unfortunately, battery-powered sensors suffer
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Fig. 1. Biosignal acquisition system.

from short lifespan due to the size and weight constraints of the
battery. Inductively-coupled devices suffer from short wireless
range (on the order of cm).

We propose the use of passive radio frequency identifica-
tion (RFID) technology to address many of the challenges of
biosignal sensors. Most importantly, passive RFID allows wire-
less, battery-free operation at meter ranges (see Fig. 1). This
enables wearable and implantable biosensors with an unlim-
ited lifespan, small size, and sub-gram weight. Many passive
sensor tags reported to date have employed simple ring oscil-
lator temperature sensors with no protocol or addressability.
However, realistic applications demand accurate processing of

V-level biosignals and compatibility with industry standard
RFID protocols.

We present a fully-passive 900 MHz RFID tag IC with
addressability, full EPC Class 1 Generation 2 (Gen2) protocol
compatibility, a 1.25 V integrated noise chopper-stabi-
lized micropower sensor interface amplifier, and an 8b ADC.
The communication range is 3 m with an off-the-shelf RFID
reader, enabling previously impossible recording scenarios like
in-flight recording from small insects. A significant improve-
ment in performance beyond the state-of-the-art was achieved
by utilizing a novel self-calibrating on-chip frequency refer-
ence, subthreshold digital logic, a low-noise chopper amplifier,
8b ADC, and a unique chip ID generator.

II. PRIOR WORK

A plethora of RFID-related research has appeared in the
literature, predominately since Karthaus’ [1] influential and
widely-cited paper in 2003. The recent technological feasi-
bility of RFID, coupled with numerous application spaces and
widespread commercial adoption, have galvanized academic
research in this field. A number of full tag implementations
have been presented in the literature, and they are grouped by
feature set in Table I.

0018-9200/$26.00 © 2010 IEEE
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TABLE I
COMPARISON OF PUBLISHED TAG FEATURES

A. Passive Tags With Sensors

The first category, which describes this work, represents
fully-passive tags with sensors, addressability, and Gen2-com-
pliant protocol. This combination of features enables prac-
tical deployment because (a) low-cost COTS (commercial,
off-the-shelf) readers can be used, (b) sensor data can be asso-
ciated with the person or animal that the tag is attached to, and
(c) useful signals can be amplified, digitized and retrieved from
the sensor. Although [2] includes all of the required features
for a biosensor tag, its use of a commercial microcontroller
requires duty cycling to satisfy its high power requirements.
This significantly reduces the data rate as the wireless range
increases.

B. Tags With Batteries

The second category comprises tags with batteries. These tags
lack the key advantage of an RFID solution: they are limited by
battery life. Furthermore, batteries add cost, weight, and safety
concerns to realistic biosensing scenarios.

C. Tags Lacking Sensors

The third category includes tags with addressability but no
sensors. These tags target conventional RFID applications and
provide a useful design reference for the rectifier and commu-
nication circuitry.

D. Tags Lacking Addressability

The last category includes tags with sensors but no protocol/
addressability. It is unclear how one would deploy this type of
tag because without an ID, the sensor data they report cannot be
associated with the object to which the tag is attached. Further-
more, none of these tags include an ADC to digitize practical
biosignals and are thus limited in their application.

E. Tag Components

In this section, we describe prior research in components nec-
essary for a Gen2-compatible RFID tag.

1) Oscillators: Gen2 RFID tags require a local oscillator to
clock the digital core. In particular, the tag backscatter specifi-
cations necessitate either a precise 1.28 MHz clock or a higher
clock rate with a programmable divider. Most designs employ
a current-starved ring oscillator, and efforts focus on reducing
variation and power consumption. Ring oscillators suffer from
high sensitivity to supply voltage, bias current, temperature,
mismatch, parasitics, and process variation. Several oscillators
with frequencies ranging from 1 MHz to 2 MHz have been pre-
sented, however, they all require manual trimming to achieve
the precision required by the EPC protocol [3], [4]. Other works
suffer from poor performance or excessively high frequency,
which in turn increases the digital core power consumption [5],
[6]. We demonstrate in Section IV-F that an ultra-low-power tag
clock can be synthesized via a ring oscillator, without trimming
or tuning, by using a programmable divider and timing in the
EPC protocol.

2) Communication Logic: Minimizing the power consump-
tion of each tag circuit block, including the digital core that
implements the tag’s communication protocol, is critical in
achieving high tag sensitivity. Zalbide et al. [7] present simula-
tion results comparing performance gains from various power
reduction strategies for a Gen2 digital core. Unfortunately, they
target just one allowable link frequency and consequently may
not work with commercial readers (which also only support
certain subsets of the protocol). Ricci et al. [8] present simu-
lation results for a 2 W Gen2 digital core with cryptography,
and some analysis on clock frequency selection. They target a
2.0 MHz clock frequency, which cannot be guaranteed by the
tag oscillator over process and temperature variation.

3) Rectifiers: There have been a number of in-depth analyses
of UHF and microwave rectifier design. Much of the literature
focuses on optimization of conventional Dickson charge pumps
(voltage-doubling ladders) [9]–[12]. Mandal and Sarpeshkar
[13] discuss fundamental physical relationships that link the
operating bandwidth and range to technology dependent quan-
tities like threshold voltage and parasitic capacitances. Several
papers have investigated non-conventional topologies. For
example, Nakamoto et al. [14] tune transistor to maximize
rectifier power conversion, achieving 36.6% efficiency. This
work is replicated using floating gate pMOS transistors while
optimizing for sensitivity instead of efficiency [15]. They
achieve the best results to date: 1 V output voltage is reported
at 22.5 dBm input power. This work is similar to patented
“adaptive silicon” technology which uses floating gate
tuning [16].

III. SYSTEM ARCHITECTURE

The system architecture is shown in Fig. 2. One of the
challenges of this work is the integration of sensitive instru-
mentation amplification onto a severely power-constrained
platform that also suffers from tremendous supply voltage
fluctuations and electromagnetic interference (EMI). Accurate
signal amplification and digitization require precise supply and
reference voltages. Ultra-low-power linear regulators, bandgap
reference and bias current generation provide a stable bias
and supply for the the chip (Section IV). Sensor input signals
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Fig. 2. Block diagram of the system.

(e.g., EEG, EMG, thermocouple) are first amplified with the
on-chip low-noise chopper-stabilized amplifier (Section V). An
8b SAR ADC then digitizes the sensor data. The sensor data is
associated with a person or animal by means of a unique tag
ID (UID). This UID leverages process variation in the startup
configuration of an SRAM, thus eliminating the need for
non-volatile memory [17]. Random numbers (RN) are required
in the Gen2 protocol for anticollision and (weak) encryption
of reader-to-tag data. These are generated by sampling the
(unpredictable) clock phase at the downlink baseband edges
and passing it through an LFSR. Finally, the on-chip controller
logic encodes the RN, UID, and ADC data into a Gen2-com-
patible packet in response to reader commands (Query/ReqRN,
Ack, and Read, respectively) (Section VI). The UID and sensor
data are available for real-time use by a PC through an ethernet
connection to the reader.

IV. ANALOG CORE

The analog core is responsible for generating accurate bias
currents and voltages for the chip, which in turn enables accurate
biosignal amplification and digitization. Total measured power
consumption for the analog blocks is 1.2 A. The various circuit
blocks are described in the following subsections:

A. Rectifier

The RF rectifier employs a 6-stage voltage-doubling charge
pump topology. High sensitivity and efficiency are achieved by
using zero- diode-connected nMOS devices. Measured per-
formance is plotted in Fig. 3. An off-chip L-match network
transforms the impedance to 50 ; alternately, this matching
network can be easily absorbed into the antenna as in commer-
cial designs.

B. Bias Current Generation

Bias currents for the chip are generated by a 45 nA ref-
erence, shown in Fig. 4. Despite the use of thick-oxide devices
(which allow up to 3.6 V unregulated supply voltage), the bias
generator starts reliably at 0.6 V. The high output impedance of
the cascode devices maintains a constant output current of 45 nA

Fig. 3. Measured rectifier efficiency versus output voltage and input power.

from 0.6 V to 3.6 V as shown in Fig. 5(a). Process and mis-
match variation is minimized through use of relatively-large de-
vice sizes as well as precision resistors. Simulated Monte Carlo
variation is 2.8 nA (6%) without trimming [see Fig. 5(b)]. Mea-
sured bias current consumption for the full analog core corre-
sponded well with the anticipated current based on simulation
of the bias current reference.

Many startup circuits for bias current references consume
significant static current. The startup circuit shown in Fig. 4
uses MOS-bipolar pseudo-resistors (M2, M3) as an area-effi-
cient means of creating very large resistances (e.g., 100 G ),
which minimize static current. A 200 fF capacitor provides fast
transient startup when the circuit is powered on and prevents
oscillation of the startup circuitry. In addition, supply noise will
not cause disturbances in steady-state operation because the
gates of M5 and M7 are pulled to ground. Transistors M1, M2,
and M4 ensure that the gates of M5 and M7 are fully discharged
in spite of off-resistance variation across process corners.

C. Bandgap Reference and Supply Regulation

A stable reference voltage is obtained through an ultra-low-
power bandgap reference, shown in Fig. 6(a). The total supply
current is 220 nA, and the measured output voltage is stable to
within 4 mV of the nominal 1.2 V across 0–100 C.

Three low-drop-out linear regulators provide stable supplies
for the 0.7 V digital core, the 1.2 V analog core, and an auxiliary
1.8 V supply for any off-chip ICs, respectively. The 1.2 V and
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Fig. 4. Bias current generator schematic.

Fig. 5. Bias current generator performance. (a) Simulated bias current versus supply voltage. (b) Simulated Monte Carlo bias current distribution (process and
mismatch).

1.8 V regulators utilize the bandgap voltage reference voltage,
which provides a precise, temperature-independent voltage ref-
erence for the biosignal amplifier and ADC. The 0.7 V regulator
is generated by sensing the transistor . This creates a CTAT
supply voltage that automatically compensates for process and
temperature variation in the digital blocks.

The regulators employ a straightforward single-stage op-amp
with 60 dB gain and 100 nA current consumption. The 0.7 V
and 1.2 V regulators use unity-gain feedback, while the 1.8 V
uses resistive feedback. On-chip mega-ohm resistors are used in
1.8 V regulator feedback network to limit the quiescent current.
Low precision (but well-matched) resistors can be afforded be-
cause the ratio, not the absolute value, of two resistors sets the
accuracy of the output voltage.

D. Demodulator

Reader-to-tag communication employs pulse-interval
encoding (PIE). Specifically, the duration of the positive
pulsewidth determines whether each bit is a zero or one. Posi-
tive pulses are delineated by a short negative pulse of duration

PW, which is as small as 1.66 s. This sets the lower limit on
the demodulator bandwidth to approximately 1.2 MHz.

The digital core measures and converts the positive pulse du-
rations into data and clock. However, the received signal (the
output of the rectifier) is not a suitable digital signal due to the
finite time constants in the rectifier. The purpose of the demod-
ulator is to recover a logic-level (rail to rail) signal from the rec-
tifier output. The demodulator inputs are the rectifier output and
a low-pass-filtered version of the rectifier output. The low-pass
filter has an approximately 16 kHz bandwidth to filter out the
negative pulses.

The demodulator schematic is shown in Fig. 8. The first
stage provides differential to single-ended conversion. The
second stage significantly boosts the signal swing in order to
achieve logic level voltages. Thick-oxide buffers with a low
supply voltage (0.7 V) prevent crowbar current that could result
from the limited slew rate of the low-power comparator. The
differential pair is biased with 75 nA, and the common-source
stage is biased with 300 nA which only draws current when the
reader carrier is on. The unity gain bandwidth of demodulator
is set to 2 MHz. This ensures reliable recovery of the input
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Fig. 6. Bias voltage and supply generation schematics. (a) Bandgap reference schematic. (b) Voltage regulator schematic.

Fig. 7. Measured regulator performance. (a) Line regulation for the 1.8 V (top), 1.2 V (middle) and 0.7 V (bottom) regulators. (b) Load regulation.

Fig. 8. Analog demodulator that is used to recover a logic-level baseband signal from the rectifier output.

signal (up to 1.2 MHz) under a wide range of temperature and
process corners.

E. Modulator

RFID tags communicate with the interrogator by either ab-
sorbing or reflecting the RF carrier sent by the interrogator. A

single transistor switch is used to modulate the tag reflection
coefficient. A thick-oxide (IO) high- device is used to pre-
vent breakdown when the tag is near the reader (at which point
greater than 10 dBm can be expected at the tag antenna). Ex-
perimental results demonstrate that the tag is downlink limited,
and the return loss with the modulator enabled is 0.6 dB.
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Fig. 9. Three-stage ring oscillator schematic and prescale divider.

Fig. 10. Oscillator performance versus temperature and divider operation. The red dashed lines denote the acceptable residual error as per the EPC specification.
(a) Measured and simulated oscillator frequency versus temperature. (b) Divider output residual error versus input (oscillator) frequency.

F. Oscillator

Many tags use a 1.5 MHz clock, which requires the tag oscil-
lator PVT stability to meet Gen2 timing specifications ( 15%
for 640 kHz uplink) as the integer divider residual exceeds the
allotted tolerance. Resistor trimming [4], bias current tuning
[3], phase locking, and quartz references have been proposed
to compensate for PVT variation but are prohibitive due to cost,
power and size constraints. We propose a 3 MHz temperature-
stabilized ring oscillator, shown in Fig. 9, which lowers the di-
vider residual such that PVT compensation can be performed
by the integer divider. The oscillator consumes 260 nA from the
0.7 V digital supply. We take three approaches to improve sta-
bility. First, large device size and careful layout limit process
variation to 13% (measured, Fig. 10(a)). Second, the divider
residual is centered at zero, which reduces the peak residual by
a factor of 2 (Fig. 10). Third, a novel temperature compensation
shown in Fig. 9 tunes the oscillator bias current by measuring
and compensating the temperature coefficient. As tempera-
ture decreases, decreases. The negative coeffi-
cient increases the current through , providing the oscil-
lator increased current to compensate for the temperature vari-
ation. Careful design of the transistor inversion coefficient and
value of , results in a first-order temperature coefficient
cancellation.

G. ADC

An 8-bit successive-approximation register (SAR) ADC dig-
itizes the amplified biosignals. Virtually no static current is con-
sumed through the use of a discrete-time comparator. Complete
testing and characterization of the ADC is presented in [18].

H. Unique ID Generation

In order to associate sensor data from a tag with the object
that the tag is attached to, the tag must have a unique ID. Tra-
ditionally, the tag is manually programmed with a specified ID
by the interrogator, which is stored in a non-volatile memory
(NVM) such as flash, EEPROM, or resistor fuse array. How-
ever, these NVM require large voltages and currents, which in
turn degrade tag performance due to increased power consump-
tion. We instead employ lithographic uncertainty and random
dopant fluctuation to create a unique, random ID for each tag
[17]. Specifically, the tag reads the power-on state of a 128-bit
SRAM array. This technique allows reliable identification of
ICs without explicit programming steps. On average, 95% of the
bits are stable, and unstable bits are easily filtered out via appli-
cation-level software. Note that unstable ID bits do not impair
Gen2 protocol compatibility due to the use of random numbers
as tag handles.
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Fig. 11. Schematic of fully-differential chopper-stabilized low-noise amplifier. Compensation capacitors and nulling resistors are not included for simplicity.

Fig. 12. Chopper amplifier architecture.

V. BIOSIGNAL AMPLIFIER

A. Chopper-Stabilized Low-Noise Amplifier Design

Our multi-purpose sensing tag is designed for a variety of
sensor interfaces, including biosignal detection, thermocouple
readout, and gas detection. These applications demand an ex-
tremely low noise floor ( 2 V input referred) under a rel-
atively low bandwidth ( 1 kHz). When the signals of interest
fall below a few hundred Hertz, the dominating circuit noises
shift from the thermal noise to 1/f and popcorn noise [19]. Ex-
cess low-frequency noise can undermine the system’s signal-to-
noise ratio (SNR) and cause errors in the measurement. As a re-
sult, we use a chopper-stabilized topology to suppress 1/f noise
and offset that plague sub-micron CMOS processes.

Closed-loop chopper-stabilization has been adopted recently
[20], [21], [19] to suppress gain and sensitivity errors, as well
as to prevent saturation due to amplifier offset. Among the re-
cent implementations, [19] provides the best figure-of-merit so
far. AC feedback is employed to ensure all signals entering the
amplifier are well above 1/f noise corner. However, separate ac-
tive input-biasing circuitry is used, and higher supply voltage is
required due to single-ended approach.

As shown in Figs. 11 and 12, we employ a fully-differential
closed-loop architecture to ensure sufficient linearity and supply
rejection. Operating transistors in the subthreshold region en-
ables the use of a power-efficient telescopic-cascode op-amp
topology under low supply voltages. Signal up-conversion oc-
curs at the gate of the input transistors, which are biased in weak
inversion to maximize the transconductance. We introduce a
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Fig. 13. Measured transfer function and noise plot of the low-noise chopper-stabilized biosignal amplifier. (a) Chopper-Amplifier Gain Magnitude Plot,
(b) Chopper-Amplifier Noise Plot.

Fig. 14. EPC Gen2 digital core with sensor data interface.

novel dual-feedback technique to simultaneously set the mid-
band gain of the amplifier through , and bias the amplifier’s
input node through high-resistance pseudo-resistors. Chopper
switches are included in both the signal and biasing paths to not
only guarantee negative feedback around the amplifier, but also
avoid using additional input-biasing circuitry as in [19]. We
realize the chopper modulator with a minimally-sized CMOS
transmission gate to minimize charge injection. The input
capacitance is 15 pF. When modulated with a 10 kHz
chopper clock, the input impedance (1.06 M ) is high enough
to avoid loading the electrodes for biomedical applications. The
ratio of and establishes a 40 dB midband gain. is
sized slightly smaller (140 fF) to take into account the addition
of parasitic and switch capacitances.

Two additional sets of chopper switches are added in the first
stage of the amplifier: one set of switches is placed at the drains
of the input transistors to demodulate the ac signal down to base-
band and modulate the input offsets up to the chopper frequency;
another pair is placed at the drains of the pMOS current source
to modulate their flicker noise up to a higher frequency. At the
output of the amplifier, the signal returns to baseband while the
offsets and flicker noise are modulated up to high frequency and
then filtered by the amplifier’s second stage. The second stage
is implemented as common-source to increase the output swing
under low supply voltages. The output is then fed back to the
summing node at the input of the amplifier after being modu-
lated up to the chopper frequency. In order to avoid large passive
devices, we implemented continuous-time tunable Gm-C filters
to reduce ripple at the output of the amplifier. The input-referred
noise from the ripple filter (Gm-C filters) is designed to be negli-

gible. The six achievable bandwidths of the Gm-C filters are log-
arithmically spread between 150 Hz to 400 Hz. The tunability
of the filters is realized through digital control of the transcon-
ductor current.

B. Low-Noise Amplifier Measurement Results

Fig. 13(a) plots the gain magnitude with chopping on and
off. The midband gain for both cases is approximately 38.5 dB.
When the chopper clock is off, the amplifier operates as a con-
ventional AC-coupled amplifier and has a high-pass corner of
0.2 Hz. Amplification is preserved down to DC when chopper-
stabilization is enabled. The tunable low-pass corner is set to
230 Hz in this measurement.

Fig. 13(b) illustrates the input-referred noise of the amplifier
with chopping on and off. Low frequency spot noise is reduced
by more than a decade when the chopper is enabled. The mea-
sured integrated noise from 0.05 Hz to 100 Hz is 1.25 V
when the chopper switches are on, compared to 4.46 V
when the chopper switches are off.

VI. DIGITAL CORE

A high level block diagram of the digital core is shown in
Fig. 14. The Receive block performs clock and data recovery
(CDR) on the PIE signal. A Packet Parse block decodes EPC
commands and stores relevant information for the Controller
and Prescaler. The Controller block decides what packet to
send after receiving a packet from the reader, and enables the
transmitter logic if appropriate. The Sequencer constructs an
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Fig. 15. EPC Gen2-compliant sensor data protocol.

TABLE II
SENSOR TAG PERFORMANCE

Fig. 16. Schematic of the cross section of Manduca dorsolongitudinal muscle
temperature measurement.

EPC-compliant packet including preamble and CRC, and the
Encoder converts the data bit stream to Miller or FM0 encoding.

VII. SENSOR DATA PROTOCOL

Interoperability with COTS readers requires Gen2 protocol
compatibility. Fig. 15 illustrates how the protocol works and
how sensor data is retrieved. The Query and ReqRN commands
implement anticollision in the protocol. These commands re-
quire random numbers, which are generated by sampling the
(unpredictable) clock phase at the downlink baseband edges and
passing it through an LFSR. The tag identifier (ID) is queried via
the Ack command, and the ID is generated by the UID, as de-
scribed in Section IV.H. Finally, sensor data is returned through
the Read command. An example measured ID returned by one
of our tags is shown in Fig. 15.

VIII. PERFORMANCE

This system was fabricated in a 0.13 m CMOS process.
The die photo is shown in Fig. 19. A ground shield made of
the 4- m-thick top aluminum metal covers the entire die to
reduce the impact of EMI, capacitive, and light sensitivity
on the extremely high impedance internal instrumentation
nodes. First-silicon functionality was ensured through exten-
sive FPGA testing of the digital core with a commercial RFID
reader through a passive RFID analog front end composed of

Fig. 17. Measured temperature versus time from a tethered moth.

Fig. 18. Measured temperature versus time from an untethered moth.

Fig. 19. Chip and board micrographs.

discrete COTS ICs (see [2] for a schematic). Mixed signal sim-
ulations were performed to verify the communication interfaces
between the digital core and the analog blocks (UID, ADC, and
demodulator).

Table II compares the performance of this work to other tags
presented in the literature. For a comparison of tag features,
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Fig. 20. Photograph showing an untethered moth with the RFID measurement sensor.

refer back to Table I. This work compares favorably to other
sensor tags without resorting to duty cycling [2], [22], loss
of Gen2 compatibility [23], or elimination of the ADC [24].
Drawing comparisons to tags lacking sensors and/or address-
ability (all remaining tags) is less meaningful, but [1] and [25]
clearly achieve the best RF sensitivity for a fully-passive tag.
In part, our use of a linear regulator, ADC and more complex
state machine simply limit the achievable sensitivity.

IX. IN VIVO, IN-FLIGHT BIOSIGNAL ACQUISITION

The ability to monitor in vivo biosignals such as temperature
and motor patterns in an organism without altering the kine-
matic output is invaluable to many fields of biology, and is par-
ticularly important in understanding the control of movement
in humans and other animals. Currently, there is only a general
understanding of how temperature affects muscle performance.
Though the temperature dependence of muscle contraction has
already been established from in vitro preparations, the ability to
correlate locomotor and kinematic performance with body tem-
perature has thus far been hindered by obtrusive sensors [26],
[27].

The hawkmoth, Manduca sexta, provides a well-documented
model system in which to develop an understanding between
biosignal output and behavior. Like other endotherms, Manduca
utilizes the heat released from synchronous isometric muscle
contractions to generate an elevated core temperature [28]. In-
creased muscle temperature allows these insects to increase their
wing beat frequency and thus produce greater mechanical power
output [29].

We used our sensing tag with a COTS RFID reader to record
the in-flight temperature of the dominant flight muscles of
Manduca (the dorsolongitudinal muscles: DLM sensu [30]).
The copper-constantan thermocouple was inserted into the
DLM , approximately 3 mm below the dorsal aspect of the cu-
ticle (Fig. 16). Using the instantaneous read-out of our wireless
sensor, we can correlate the rate of heat production during flight

TABLE III
COMPARISON OF PUBLISHED (MEASURED) TAG PERFORMANCE

Duty cycling required at this input power.
Calculated based on 20% rectifier efficiency and 50% modulation losses.
Process includes Schottky diodes.
No power numbers reported, but authors claim 36.6% rectifier efficiency and

4.3m range given 4W EIRP.
Simulation result, no measurements reported.

TABLE IV
RFID SENSOR SPECIFICATIONS

with the observed kinematic response. Both rapid and large
scale changes in body temperature will reveal how Manduca
thermoregulates according to its energetic requirements.

Results from tethered and untethered temperature mea-
surements show that the temperature of the DLM increased
with time, stabilizing around 29 C for the tethered moth and
30–35 C for the untethered moth (Figs. 17 and 18). Because
the behavior of the moth is uncontrolled, the untethered data
show the moth resting at the 4 minute and 7 minute time marks.
The tethered data represent one continued period of activity by
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the moth. The temperature is different between the two trials
due to different implant depths of the thermocouple as well as
different characteristics of the moth.

Fig. 19 shows the PCB used for this experiment, which
measures less than 1 cm and weighs 0.25 g. Additional ther-
mocouple gain is achieved using on-board 1.8 V micropower
opamps that are powered from our on-chip 1.8 V regulators. A
photograph of the moth wearing the system is shown in Fig. 20.
Including the antenna and thermocouple, the entire system
weighs 0.35 g. Full system specifications are listed in Table IV.
The power of our moth-worn system is two orders of magnitude
lower than an active radio- based tag [31]. This work enables
the first long-term in-flight recording of an insect by removing
both the wires and batteries from the recording equipment.

X. CONCLUSION

For many wirelessly-deployed sensors, periodic battery
replacement is costly at best and infeasible at worst. Two key
features of RFID make it attractive for wireless sensor de-
ployment: power is wirelessly and deliberately supplied to the
tag, and backscatter modulation allows for nearly-zero power
tag-to-reader communication. Coupling this technology with
biomedical applications promises exciting advances in medical
delivery. Specifically, Gen2 compatibility, tag addressability,
and the ability to interface with useful sensors will enable these
biosensors to be deployed as medical and research tools.

Our multi-purpose sensing tag was designed for a variety of
sensor interfaces such as such as EMG (electromyograms), ther-
mocouple readout, and gas detection. These applications de-
mand an extremely low noise floor ( 2 V input referred)
under a relatively low bandwidth ( 1 kHz). Furthermore, the
tag lifespan should not be limited by battery life. This paper
demonstrates the feasibility of in vivo, untethered, in-flight tem-
perature recording of insects. The key novelty is that this long-
term wireless recording was previously unattainable due to the
size, weight, and lifespan of conventional sensors.
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