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Abstract—an implantable passive radio frequency identification
(RFID) sensor tag system-on-chip (SoC) for glucose monitoring is
developed in this paper. A high frequency RFID tag, a bio-sensor
interface, as well as the electrodes are included in this chip. The
signal of blood sugar level from the bio-sensor is detected and
converted into digital data, and then the data is encrypted and
transmitted to an RFID reader on top of the skin. To measure the
weak current signals, a current readout circuit, a current splitter,
an ADC and a potentiostat are designed in the chip. Correlated
double sample (CDS) technology is used in the readout circuit to
reduce the 1/f noise and the op-amp’s offset. The chip is taped out
in SMIC 0.13 μm CMOS process. Simulation results show that
the system can measure weak current signals in the range of 10
fA-100 pA.

the baseband to encrypt the glucose data before it is sent out to
the RFID reader wirelessly.
II.

Bio-Sensor Interface

RF Frontend

Index Terms—Sensor interface circuit, RFID, glucose monitoring,
signal processing.

I.

INTRODUCTION

Traditionally, people with type I diabetes measure their
blood sugar level by a finger prick test. But the spot
measurements cannot guarantee that there is no excursion of a
person’s blood sugar outside of the normal physiological range.
Research shows that continuous blood glucose monitoring can
help reduce more than 40% of the symptoms associated with
diabetes [1] [2]. A promising approach of continuous glucose
monitoring is to implant a glucose sensor along with a wireless
micro-system in the human body [3] [4]. For this to work, a
small implant with an accurate and rapid blood glucose sensing
component and an efficient radio frequency module plays a key
role. Furthermore, since the glucose level is to be transmitted to
a receiver outside of the body in a wireless way, the privacy of
the patient needs to be protected.
This paper proposes an implantable system on chip (SoC)
which includes a fully functional high frequency (HF, 13.56
MHz) RFID tag, a glucose sensor interface and on-chip
electrodes. The data acquisition (DAQ) unit in the bio-sensor
interface can work in four different ranges through the change
of working frequency and can measure weak current signals in
the range of 10 fA-100 pA. A passive HF RFID system based
on ISO/IEC 15693 protocol [5] is designed, and the
Hummingbird cryptography algorithm [6] is implemented in
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SYSTEM ARCHITECTURE AND WORKING FLOW

A. System architecture

Fig. 1. Block diagram of the glucose sensor tag chip SoC

The implantable glucose sensor tag chip consists of a radio
frequency (RF) frontend, a bio-sensor interface and a digital
baseband (Fig. 1). The high frequency tag works passively and
gain power from the RF energy of the reader. The high
frequency band is selected since it is an industrial-scientificmedical (ISM) frequency band and it performs better for
implant in vivo than ultra high frequency band. The RF
frontend rectifies and transforms the received RF-signal to the
DC supply voltage and provide power for the baseband and the
bio-sensor interface. In the bio-sensor interface, a current
splitter is designed to provide the reference current for gain
calibration and currents in different detection ranges for testing
purpose. The DAQ module, including a potentiostat and a
readout circuit, is designed to detect, amplify and transform
the reacting current (included with information of blood sugar
concentration) into a voltage signal. An ADC converts the
voltage signal into a digital signal and transmits it into
baseband for data processing. In baseband, the data will be
encrypted by a cryptographic engine based on the
Hummingbird Algorithm before being sent out to the RFID
reader.
B. Work flow of the sensor tag chip
The sensor tag chip works according to the following flow:
1) the reader outside of the body queries the sensor tag using
commands conforming to ISO/IEC 15693 protocol; 2) the
baseband resets datum when it receives power-on-reset (PoR)
signal; 3) the bio-sensor interface begins self-calibration when
receiving a “power ready” signal from the front-end, which
means the bio-sensor interface has enough power to work; 4)
when the “inventory” signal is received from the reader, the
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baseband enables the bio-sensor interface; 5) under the control
of the potentiostat, reaction starts at the sensor. The principle
of reaction is described in [7] and the bio-sensor is being
researched by our partner. The reacting current is measured
and the converted data is saved in the baseband. At the same
time, the baseband shuts off the bio-sensor interface to save
power; 6) the baseband encrypts the data stored and then sends
it to the reader when the sensor tag receives the “send”
command from the reader. The system repeats the above steps
during every work cycle.

the mismatch of Vds. Simulation under different process
corners were conducted and the result presents an error within
2% in all ranges.
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The self-calibration is designed to adjust system gain before
detecting the weak signal. It is necessary since possible
leakage and process variation, such as the fabrication error of
the integrated capacitor, may lead to gain bias. For every
power-on-reset, the system accomplishes a self-calibration and
keeps the system gain modified until the system is powered off.
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A. Front End
RF-Frontend is critical on the power acquisition and the
communication of the whole chip. A RF-Frontend is made up
of the following components: rectifier, LDO, band-gap, a
clock extractor, a PoR module, a modulator and a demodulator
(Fig.2). Considering the property of an implantable tag,
buffers and overload protector are added in our design.
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2) ADC. A low power 8-bit SAR ADC structure is designed.
The simulation result shows that the ADC has a power
consumption of 132.3 nW with a sampling frequency of 10
kHz. The sampling frequency is selected according to the
fastest working frequency of the readout circuit in this design.
Note that power consumption can be lowered further by
organizing different frequencies between integration and S/H
in the readout circuit.

RFout

Output

Gnd

Fig. 2 Block diagram of RF-Front end

The source of analog circuits and the source of digital
circuits are separated and powered by two rectifiers
respectively. Note that, unlike the traditional bridge rectifier
circuit, the rectifier in this paper replaces the input of the
second stage from self bias to the output of two comparators
(Fig. 3). The output of the comparator has shorter rising and
falling time, resulting in a quicker response of the MOS switch
and less reverse leakage in the Rectifier1 for analog circuit. An
input of the first comparator (Comp1) is one output (Vref2) of
the rectifier for digital circuits (Rectifier2) and one input of the
RF frontend. An input of the second comparator (Comp2) is the
other output (Vref1) of Rectifier2 and the other input of the RF
frontend (Fig.3). The source of the comparator is digital source
voltage (DVDD).
B. Bio-Sensor Interface
The bio-sensor interface consists of a current splitter, an
ADC and a DAQ module. The DAQ consists of a readout
circuit to detect weak current signal and a potentiostat.
1) Current splitter. An improved current mirror [8] is designed
to obtain sub-pA current. A cascade is introduced to decrease

3) DAQ. Weak current detection confronts many problems,
such as imperfect operation amplifier, leakage current, noises,
and so on. In this paper, a readout circuit with CDS is proposed
to detect current down to 10 fA. CDS technology is used to
reduce the 1/f noise and eliminate the offset of op-amp [9].
Thermal noise is cut by the switch capacitor circuit; the TSwitch is adopted to minimize the leakage current during the
“off” state. A detection method of Chronoamperometry will be
used to measure the concentration of glucose. The interface
circuit works in a discontinuous way to reduce power
consumption. An electronic model [10] of the three-electrodesensor is selected to do the analysis of the loop stability to
prevent the possible instability during restart.
a.

Current Readout Circuit
The current readout circuit comprises a pre-amp for
integration and an S/H circuit, as illustrated in Fig. 4(a). Isen
represents the current acquired from the electrochemical
sensor. The switches in circuit are controlled by the basic
clocks )1 , )1 , ) 2 and ) 2 , shown in Fig. 4(d). The detailed
two-phase non-overlapping clocks are designed to lessen the
charge injection effect. Under the control of the clocks, the
whole circuit works under two main states. In the first state
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(Fig. 4(b)), the 1/f noise and offset of the op-amp are sampled
by Cs. And in the second state (Fig. 4(c)), the Cs is flipped over
and connected to the equivalent voltage of noise and offset. As
a result, the noise and the offset are subtracted. Then Cf is
charged by the sample current. Assuming the integrating time
period is T with a duty cycle of 1 the output of the circuit will
be:

)2

)2 )2

)1

Cs

)2 )2

)1

9

N2

V+∆V

N3

6+

To avoid the possible gate leakage, the thick gate MOS is
used. Furthermore, the channel width of the MOS used in Tswitch is minimized to cut the reverse PN leakage area in
source and drain. The calculation reveals that the reverse diode
leakage current of every drain or source diffusion is about 6
aA, which, after a careful evaluation of the circuit in the whole
working period, is negligible to detect the current of 10 fA.

Cf

Since the implantable chip operates at the temperature
between 20ć and 40ć and the PSRR of the reference circuits
is large enough, P and T could not have an apparent influence.
However, the influence of different processes is unavoidable
but it can be calibrated by external fuse trimming. Though the
voltage error has slight influence on the readout circuit, it may
result in considerable impacts on the ADC.
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Fig. 5. Scheme of T-Switch

)2

I sen )1

N1

a

(2)

)2

9

V

V

I sen T
*
Cf 2

Vout



I sen

Voffset Vnoise

Voffset Vnoise Cs

(b)

C. Baseband

(c)
CTRL_SENSOR_INTERFACE

)1
)1

CU

)2
)2

D
E
M

(d)

M
O
D
PWM

HUMMINGBIRD

CGM

RANDOM_GENERATOR

Fig. 4. Schemes of readout circuit: (a) Circuit scheme of the readout circuit
(b) State of sampling in CDS (c) State of integration (d) The clocks

Since the value of blood sugar may change significantly, for
example, before and after meals. Therefore, the readout circuit
has been designed to work in different ranges through the
change of working frequency, resulting in four measure ranges,
respectively, 10fA-100fA, 100fA-1pA, 1pA-10pA and 10pA100pA. Different lengths of T are selected to detect different
ranges of current. For example, with T=2s, current range of
10f~100f is amplified and transformed to 0.1~1V at the output
port correspondingly. A range selection has been designed
during detection to ensure the right measurement.
b.

T-switch
A T-switch [11] is introduced to cut the leakage currents in
MOS switch (Fig. 5). Leakage current of MOS working in
weak inversion can be much larger than the detected current
10f during “off” state with a large drain/source voltage. With
two additional transistors, N2 and N3, the T-Switch can
diminish the drain/source leakage. When it is shut off,
meaning the clock Φ is low and clock ~Φ is high. As the MOS
N3 works in linear region, node A will be pulled to Voltage V,
same as the input port, resulting in little drain/source leakage
current. The simulation result shows that the value can be as
low as sub-fA.

Fig. 6. Diagram of Baseband

The Baseband accomplishes the data processing before and
after the transmission between the reader and the sensor tag
SoC and provide signals to control the work of the whole chip,
including self-calibration during setup and the range selection
during detection. The baseband is mainly divided into 6
modules according to their functions (Fig. 6): 1) Clock
Generator (CGM), to divide clocks from basic 13.56 MHz; 2)
Demodulate Module (DEM), to demodulate data and send
SOF, EOF to VCD; 3) Control Unite (CU), to generate control
signals for the system, including decoder which decode the
command from the reader, FIFO to store the signal from ADC
and the data ready to send out, and CRC16 sub module to
generate check code and check CRC; 4) Modulate Module
(MOD), to send single-carrier modulated data to VCD in fast
way; 5) Ctrl_Sensor_Interface Module, to control the DAQ
and ADC; 6) Power Management Module (PMW), to realize
the management of the power and distribute the clocks of the
system.
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In order to protect the privacy of the patients, the data stored
in baseband is encrypted with the Hummingbird Algorithm [6]
before sent to modulator via CU, using a 128-bit key shared by
the reader and the sensor tag.
IV.

SIMULATION RESULTS

engine and on-chip electrodes is proposed in this paper.
Simulation results show that the SoC cost less than 100 μW in
power consumption and less than 1.2 mm2 in area and that by
using CDS technology and T-Switch the system is able to
achieve weak current measurement as low as 10 fA. The chip
has been taped out and will be tested soon after we get it back.

Fig. 8. Layout of the implantable bio-sensor tag chip
Fig. 7. Simulation results of readout circuit in 4 ranges
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