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 In this study, a constant-power inductive-coupling transmitter for low-power supply-sensing 
biosensing platforms is proposed.  The proposed inductive-coupling transmitter is composed 
of two driving transistors with different inputs from different pulse generators.  The two pulse 
generators have different working threshold voltages, and one of them works as the main 
driving switch, while the other works as an auxiliary driving switch, which turns on only at low 
supply voltages.  This auxiliary driving technique realizes the constant power characteristics of 
the inductive-coupling transmitter because the auxiliary driving transistor only functions at low 
supply voltages, which reduces waste power at high supply voltages.  To verify the effectiveness 
of the proposed inductive-coupling transmitter, a test chip is fabricated using 65 nm silicon-on-
thin-box (SOTB) CMOS technology.  The test chip successfully demonstrates constant power 
characteristics, whereas the power consumed by the conventional inductive-coupling transmitter 
increases with an increase in the supply voltage.

1. Introduction

 Healthcare Internet of Things (IoT)(1–3) has been intensively investigated because of the 
increase in its demand by the ageing society.  A stable power source is important to realize 
healthcare IoT.  As candidate power sources of healthcare IoT, batteries,(4) wireless power 
delivery,(5) and energy harvesting(6) systems have been reported.  However, all of them have 
problems that should be resolved before they can be adopted as power sources.  First, although 
batteries can provide stable power, they are not suitable from the viewpoint of safety.  Moreover, 
they must be encased to implant them inside the human body and encased batteries are costly.  
In addition, there exist psychological problems concerning the implantation of batteries inside 
the human body.  A wireless power delivery system is also an undesirable power source because 
a large antenna is required to receive large power.  Moreover, it requires power management 
units such as AC–DC and DC–DC converters.  Since it is difficult to obtain large stable power 
by energy harvesting, an energy harvesting system is also an unsuitable power source for 
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healthcare IoT.  On the other hand, biofuel cells(7,8) are considered promising power sources 
because they are safe and provide stable power.  The structure and mechanism of biofuel cells 
are mentioned in previously reported works.(7,8)  It is reported that biofuel cells can generate 
an open-circuit voltage of 550 mV with small variation.(7,8)  Moreover, they do not require an 
antenna, an AC–DC converter, or a DC–DC converter.  Therefore, the size and cost of the 
systems can be small.
 The implementation of the supply-sensing architecture(9,10) is a simple way to realize 
healthcare IoT, which is effective for sensing bioconcentration, to facilitate the monitoring of 
physical values for healthcare.  In particular, the supply-sensing architecture is suitable for an 
energy-autonomous glucose monitoring system.  Figures 1 and 2 show the block diagram and 

Fig. 1. (Color online) Block diagram of a supply-sensing architecture.

Fig. 2. Operational principle of a supply-sensing architecture.



Sensors and Materials, Vol. 32, No. 8 (2020) 2617

operational principle of a supply-sensing architecture, respectively.  In the prototypes of the 
supply-sensing architecture, a biofuel cell is used as both a power source and a sensor.  Thus, 
it is possible to convert bioconcentration to time-domain information (frequency) without 
requiring any power management circuits of analogue-to-digital converters (ADCs).  Although 
we need an antenna for the transmitter, the antenna can be smaller than that for wireless 
power delivery.  The supply-sensing architecture has been developed for cost reduction, but it 
is not optimized with regard to the power consumption.  Since the supply voltage varies with 
the bioconcentration of the sensing target, the transmission power of the inductive-coupling 
transmitter varies.  The transceiver is designed taking into consideration that the transmitter 
with the minimum supply voltage can achieve reliable communication.  Thus, power transmitted 
at a high supply voltage results in overspecification (waste of power).  In the case of implantable 
healthcare applications, small-footprint and low-power operations are the design requirements.  
Considering the supply-sensing architecture, the size of biofuel cells depends on the total power 
consumption of the system, and the power consumed by the transmitter predominantly accounts 
for a large portion of the total.  Therefore, the development of an inductive-coupling transmitter 
with constant power transmission is in high demand for the realization of healthcare IoT.
 In this paper, a new circuit design for achieving an inductive-coupling transmitter with 
constant transmission power is introduced.  By introducing an auxiliary driving technique, 
which not only compensates for the degradation in transmission power at a low supply 
voltage but also cuts off waste consumption power at a high supply voltage, we developed a 
transmitter with constant transmission power.  To verify the effectiveness of the proposed 
inductive-coupling transmitter, a test chip was designed and subsequently fabricated 
using 65 nm silicon-on-thin-box (SOTB) CMOS technology.  The measurement results 
successfully demonstrate its constant power transmission capability.
 In addition to its contribution to a conference publication,(11) the present paper presents 
the effects of temperature and process variations on the ring oscillator and pulse generator.  
Moreover, the measurement results of the transmitters without and with an auxiliary driver 
are compared in this paper.  On the basis of the results of this comparison, we discuss the 
advantages and disadvantages of the proposed auxiliary driving technique.
 This paper is organized as follows: the proposed inductive-coupling transmitter using the 
auxiliary driving technique is introduced in Sect. 2.  The chip design and measurement setup 
are summarized in Sect. 3.  Section 4 presents the measurement results of the test chip.  In 
Sect. 5, we discuss the advantages and disadvantages of the proposed technique.  In Sect. 6, we 
conclude this paper.

2. Proposed Inductive-coupling Transmitter Using Auxiliary Driving Technique

2.1 Concept and overall architecture

 Figures 1 and 2 show the block diagram and operational principle of a supply-sensing 
architecture with the inductive-coupling transmitter, respectively.  In a supply-sensing 
architecture, biofuel cells can be used as both a power source and a sensor, which simplifies 
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the sensing system.  Biofuel cells generate power by the reduction and oxidization of the 
enzyme at the cathode and anode, respectively.  A biofuel cell generates voltage in the range 
from 100 to 500 mV.(8)  In the supply-sensing architecture, the supply voltage depends on the 
bioconcentration.  Then, an oscillator converts the supply voltage to the period of the output 
signal.  Therefore, the frequency of the inductive-coupling transmitter is determined by the 
bioconcentration.  The period data is then transferred from the transmitter to the receiver via 
an inductive-coupling link.  Therefore, in the supply-sensing architecture, the output frequency 
from the inductive-coupling transmitter contains information on bioconcentration.
 Figure 3 shows the conceptual diagram of the technique proposed in this study.  In the 
conventional inductive-coupling transmitter, the transmitted power increases with the supply 
voltage.  Therefore, the transmitted power becomes higher than required because transmitters 
are designed for a minimum supply voltage, leading to power wastage and additional power 
consumption at high supply voltages and reduced power efficiency.  Furthermore, in a supply-
sensing architecture, information on bioconcentration is contained in the output frequency of the 
inductive-coupling transmitter, and the additional transmission power at high supply voltages 
results in power wastage.  However, owing to the newly introduced auxiliary driving technique, 
the proposed transmitter consumes constant transmission power even at a high supply voltage, 
thus reducing power wastage.  Since transmission power predominantly accounts for a large 
portion of the total power of the entire system, the proposed inductive-coupling transmitter is 
suitable for reducing the power of the entire system.  The proposed technique is also beneficial 
for reducing the size of biofuel cells, which is determined by the total consumption power.

Fig. 3. (Color online) Conceptual diagram of proposed technique.
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 Figures 4(a) and 4(b) show the circuit diagrams and corresponding power–voltage graphs of 
the conventional and proposed inductive-coupling transmitters, respectively.  As shown in Fig. 4, 
the proposed inductive-coupling transmitter adopts an auxiliary driving transistor in addition to 
the main driving transistor, whereas the conventional inductive-coupling transmitter uses only 
one switch.  The auxiliary driver (M2) supports the main driver (M1), which has advantages 
at both low and high input voltages.  When the input voltage is low, the auxiliary driver 
assists transmission, facilitating transmission at lower input voltages than in the conventional 
inductive-coupling transmitter.  When the input voltage is high, the auxiliary driver stops 
working, reducing power wastage and enabling lower power consumption than in conventional 
transmitters.  The power consumption graph shows that the proposed inductive-coupling 
transmitter cuts off the waste power at a high supply voltage, thereby realizing constant power 
transmission.

2.2 Circuit implementation

 Figure 5 shows the schematic of the proposed inductive-coupling transmitter with a ring 
oscillator.  The proposed inductive-coupling transmitter differs from conventional transmitters 
in that it utilizes two driving transistors (main and auxiliary) in parallel and implements an 
additional control circuit.  Although the required footprint of the proposed transmitter is larger 
than that of the conventional one that utilizes only one driver because of the additional control 
circuit, more advantages can be gained from this circuit.  Furthermore, the size of the control 
circuit is much smaller than that of a driving transistor because it can be realized in the form 
of a digital circuit.  Thus, the additional footprint is small enough to be negligible.  Although 

Fig. 4. (Color online) Circuit diagrams and corresponding power–voltage graphs of (a) conventional and (b) 
proposed inductive-coupling transmitters.
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output impedance varies with the switching of the auxiliary driving transistor, we consider that 
it is within an acceptable range and does not affect the circuit operation.
 A ring oscillator, two pulse generators, buffer chains, an exclusive or (XOR) gate, two 
driving transistors, and an inductor compose the overall circuit.  The two pulse generators are 
different in terms of the minimum operable supply voltage.  The minimum operable supply 
voltage of one of the pulse generators is low, while that of the other is relatively high.  The 
high-voltage operable pulse generator is realized by alternately connecting small and large 
inverters in series.  Since driving a capacitor with a large capacitance requires a high supply 
voltage, the minimum operable supply voltage increases compared with that in the case of the 
pulse generator, in which similar inverters are connected.  The minimum supply voltage (VDD) 
at which the pulse generator can work increases with the size ratio of the inverters.  A large 
capacitance can also be realized with a varactor.  However, we realized a large capacitance by 
increasing the inverter size in order to prevent an increase in circuit size.  We also adopted a 
spiral inductor(12,13) in the transmitter.
 The number of inverter stages in pulse generators and buffer chains is also varied in order 
to change the delay time and therefore drive two transistors simultaneously for the realization 
of the auxiliary driving technique.  The difference in the number of inverter stages also 
compensates the delay of the XOR gate.  Although the delay time varies with the supply voltage, 
it does not affect the operation of the proposed inductive-coupling transmitter because biofuel 
cells generate power that is stable enough to suppress variations within the tolerance range.(7,8)

 The size of the main and auxiliary driving transistors can be determined by considering 
the characteristics of consumption power and supply voltage.  If the size of the main driving 
transistor is small, the consumption power at all supply voltages decreases.  On the other hand, 
if the size of the auxiliary driving transistor is small, less flat consumption power characteristics 
against supply voltage are obtained.  By increasing the relative size of the auxiliary driving 
transistor against the main driving transistor, we can obtain flatter characteristics.
 Although we connected only one driving transistor as an auxiliary driver in this work, 
higher constant-power characteristics can be achieved by connecting more transistors in 

Fig. 5. (Color online) Schematic of proposed transmitter with ring oscillator.
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parallel.  Therefore, the proposed architecture is scalable.  However, as the number of auxiliary 
transistors increases, the circuit area also increases.  Therefore, the number of auxiliary driving 
transistors can be determined by considering the trade-off between the performance and the 
area overhead.

2.3 Operational principle

 Figure 6 shows the operational diagram of the proposed inductive-coupling transmitter.  The 
auxiliary driving technique is realized by connecting the auxiliary driving transistor, which 
works only at a low supply voltage, in parallel with a conventional driving transistor.  The 
auxiliary driving architecture provides a main path and a subpath for a transmission current.  In 
addition to the minimum operable supply voltage for the pulse generator, we adjust the number 
of inverter stages in pulse generators and buffer chains to turn on two driving transistors 
simultaneously in order to maximize the power efficiency.
 As shown in Fig. 6(a), when the supply voltage is low, the low-voltage operable pulse 
generator outputs a high voltage, while the high-voltage operable pulse generator outputs a low 
voltage.  The outputs of the pulse generators are input to the XOR gate, making the auxiliary 
driving transistor compensate for the necessary driving power for transmission.  Both the 
output voltages of the low- and high-voltage operable pulse generators are high at a high input 
voltage, in contrast to those at a low input voltage, as shown in Fig. 6(b).  Thus, the auxiliary 
driving transistor M2 does not function at high input voltages because the XOR gate outputs a 
low voltage when the two input voltages to the XOR gate are both high.

Fig. 6. (Color online) Conceptual operational circuits of proposed inductive-coupling transmitter at (a) low and (b) 
high input supply voltages.
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 In the inductive-coupling transmitter, the power consumption of the driving transistor 
accounts for the majority of the total power consumption in the circuit.  In the conventional 
inductive-coupling transmitter, the power of the circuit increases with the supply voltage.  
However, in the proposed transmitter, the power of the circuit does not simply increase with the 
supply voltage, because the auxiliary driving transistor does not function if the voltage is above 
a certain limit (the minimum operable voltage of the high-voltage operable pulse generator).  
By disabling the auxiliary driving transistor, we can limit power wastage, thereby reducing the 
total power consumption of the circuit and enhancing the power efficiency.  Furthermore, owing 
to the auxiliary driving transistor, which compensates the necessary power to be transmitted at 
low input voltages, the proposed inductive-coupling transmitter transmits the power at a lower 
input voltage than the conventional inductive-coupling transmitter.

2.4 SPICE simulation

 Figures 7 and 8 show the transient simulation waveforms of the voltages and powers of the 
main and auxiliary driving transistors of the proposed transmitter at supply voltages of 0.4 and 
0.45 V, respectively.  These figures also show that the main and auxiliary driving transistors 
turn on simultaneously because of the adjustment of the number of inverter stages in pulse 
generators and buffer chains.  Figures 7(a), 7(b), 8(a), and 8(b) show that the auxiliary driving 

Fig. 7. (Color online) Transient simulation of gate voltage and power of main and auxiliary driving transistors at  
supply voltage of 0.4 V.(11) 
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transistor M2 functions only when the supply voltage is 0.4 V, whereas the main driving 
transistor M1 functions at both supply voltages of 0.4 and 0.45 V.  This is because of the two 
types of pulse generator (high-/low-voltage operable pulse generators) and the XOR gate.  In 
other words, M2 functions only when the supply voltage is low to compensate for the reduced 
transmission power, as explained in Sect. 2.3.  Since information on bioconcentration is included 
in the pulse interval of the output signal from the transmitter, the mismatch in the pulse width 
from the main path and subpath can be neglected, whereas the matching of the timing of the 
pulse from the main path and subpath is crucial.  Hence, we adjusted the delay time using the 
buffer chain after pulse generators to ensure this.  It is sufficient to consider only the powers of 
driving transistors because the power consumption of the control circuit is low and the majority 
of the power consumption of the proposed circuit is due to driving transistors.
 Figures 7(d) and 8(d) show that the power of the auxiliary driving transistor is cut off 
because it does not function at high supply voltages.  Owing to this effect, the total power 
consumption at high supply voltages can be reduced.  In particular, the total power consumed 
by the main and auxiliary driving transistors is 1.62 mW for a supply voltage of 0.4 V, whereas 
it is 1.38 mW for a supply voltage of 0.45 V.  On the other hand, the power of the conventional 
transmitter increases with the supply voltage.  This implies that disabling the auxiliary driving 
transistor successfully reduces the waste power at high supply voltages.

Fig. 8. (Color online) Transient simulation of gate voltage and power of main and auxiliary driving transistors at  
supply voltage of 0.45 V.(11)
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 Figure 9 shows the supply voltage dependences of the frequency of the ring oscillator and 
pulse width of pulse generators.  The black squares and line show the simulated frequency of 
the ring oscillator.  Red and blue data show the pulse widths of the high- and the low-voltage 
operable pulse generators, respectively.  The simulation was conducted at a temperature of 
27 °C.  Although there is some degree of fluctuation, Fig. 9 shows that the frequency of the ring 
oscillator increases with the supply voltage.  This means that the frequency of the ring oscillator 
can provide information on bioconcentration.  Furthermore, the pulse width of pulse generators 
is stable at high supply voltages.  Since biofuel cells generate stable voltages, variations in pulse 
width are negligible.  Further improvement in the architecture of the ring oscillator, such as the 
addition of a phase-locked loop to suppress the effects of jitter and phase noise, is required.
 Figure 10 shows the temperature dependence of the pulse width of pulse generators under 
process variations.  The simulation was performed at a supply voltage of 0.3 V.  Red and blue 
data show the simulated results of the pulse widths of the low- and high-voltage operable pulse 
generators, respectively.  We performed simulations at different corners to test the performance 
of the pulse generators under process variation.  Figure 10 shows that the pulse width of the 
pulse generator varies with process variation.  The calibration architecture used to suppress 
the variation will be reported in our future works.  The pulse width also varies with the 
temperature.  However, since the human body temperature is stable, the variations caused by 
the temperature are negligibly small.

3. Test Chip and Measurement Setup

3.1 Test chip design

 To verify the effectiveness of the proposed inductive-coupling transmitter, a test chip was 
fabricated using 65 nm SOTB CMOS technology.  We fabricated a circuit that is the same as 

Fig. 9. (Color online) Simulated supply voltage 
dependences of frequency of ring oscillator and pulse 
width of pulse generators.

Fig. 10. (Color online) Simulated temperature 
dependence of pulse width of pulse generators under 
process variation.
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that shown in Fig. 5.  Figure 11 shows the microphotograph and layout image of the test chip.  
The area occupied by the core circuit of the transmitter is 180 mm2, which is similar to that of 
conventional transmitters.  Since the proposed technique requires additional pulse generators 
and logic circuits, the footprint is slightly larger than that of conventional techniques.  However, 
the additional footprint is not greater than 10% of that of conventional techniques and is 
negligible.

3.2 Measurement setup

 The measurement setup is shown in Fig. 12.  An RF magnetic probe (Langer, near-field 
probe set XF1) was employed for detecting the transmission power.  A source measure unit 
(Keysight, B2912A) and a sampling oscilloscope (Keysight, DSO8104A) were employed for 
feeding and capturing the signal, respectively.  The RF magnetic probe was placed on top of the 
inductor and the communication distance was longer than 50 mm.

Fig. 11. (Color online) Microphotograph and layout image of the prototype chip fabricated by 65 nm SOTB CMOS 
technology.(11)

Fig. 12. (Color online) Measurement setup for evaluating proposed transmitter.(11)
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4. Measurement Results

 The results of the functional test and verification of the proposed technique are shown in this 
section.  Figure 13 shows the measured output frequency of the proposed inductive-coupling 
transmitter as a function of the supply voltage.  As seen in Fig. 13, the measurement results 
are in agreement with the simulation results shown in Fig. 9.  In addition, the output frequency 
increases with the supply voltage.  Considering the application of the proposed technique to 
the supply-sensing architecture, a monotonic increase in output frequency with an increase 
in supply voltage is desirable because supply voltage varies with bioconcentration and the 
output frequency can contain information on bioconcentration.  Therefore, the proposed 
inductive-coupling transmitter can be used as a transmitter for low-power supply-sensing 
architecture.
 Figure 14 shows the measured total consumption power of the proposed and conventional 
inductive-coupling transmitters as a function of the supply voltage.  The blue circles and blue 
solid line indicate the results of the proposed inductive-coupling transmitter and its approximate 
curve, respectively.  The red squares and red dotted line indicate the results of the conventional 
transmitter and its approximate curve, respectively.  As shown in Fig. 14, the power 
consumption of the conventional transmitter increases with the supply voltage, whereas the 
proposed transmitter exhibits flat power characteristics for supply voltages ranging from 0.5 to 
0.58 V.  In other words, the power consumption of the proposed transmitter is low at high input 
voltages.  This is because the auxiliary driving transistor does not function when the supply 
voltage is greater than 0.5 V.  Although the power consumption of the conventional transmitter 
decreases at 0.59 V, this can be regarded as a fluctuation in measurement, as in the conventional 
transmitter, and the architecture of the circuit dictates that there should be an increase in power 
consumption with the supply voltage.  By introducing the auxiliary driving technique, the total 
power of the circuit is successfully reduced by 28% for a supply voltage of 0.6 V.  Moreover, if 

Fig. 13. Measured output frequency as a function of 
supply voltage of proposed transmitter.(11)

Fig. 14. (Color online) Measured power consumption 
of proposed (blue solid line) and conventional (red 
dotted line) transmitters as a function of supply 
voltage.(11)
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the supply voltage is maintained between 0.5 and 0.6 V, the rate of increase in the power of the 
proposed transmitter is 2.5 mW/V, i.e., 33% of 7.6 mW/V, which is the rate of increase in the 
power of the conventional inductive-coupling transmitter.  
 In summary, the results show that the proposed technique is efficient for power reduction.  
In the future, we plan to further reduce the power consumption by increasing the number of 
auxiliary drivers.  In addition, design optimizations, such as sizing the auxiliary driver, will 
contribute to power reduction.

5. Discussion

 In this section, the advantages and disadvantages of the proposed technique are discussed.  
Table 1 shows the measurement results of the transmitters with and without an auxiliary driver.  
As described previously, the main advantage of the proposed technique is power reduction.  
The average and increase rates of the consumption power from VDD = 0.5 to 0.6 V could be 
reduced by 19 and 67%, respectively.  However, the proposed technique requires additional 
control circuits, leading to additional power consumption and footprint.  Thus, the power can be 
reduced only when the total power consumption of the control circuits is lower than the reduced 
power of the driver.  The proposed inductive-coupling transmitter with an auxiliary driving 
transistor could suppress the increase in power consumption with supply voltage, as compared 
with the conventional inductive-coupling transmitter.(9)

 Typically, the power consumed by the driver accounts for a significant portion of the total 
power consumption.  Therefore, the advantages are guaranteed to outweigh the disadvantages 
under typical operational conditions.  Although an increase in footprint is inevitable, the 
advantages afforded by the proposed technique outweigh the disadvantages of the overhead of 
the footprint of less than 10%.
 Moreover, the total power consumed by the control circuits can be reduced by technology 
scaling.  Thus, the power consumed by the control circuits becomes increasingly less dominant 
with technology scaling.  The additional footprint also becomes less dominant because the 
control circuits consist of logic gates.  This means that the proposed technique is effective in a 
typical scenario and beneficial for biomedical IoT applications.(14–18)

Table 1
Measurement results of inductive-coupling transmitters.

This work TCAS-Ⅰ 2018(9)

Architecture Without 
auxiliary driver

With 
auxiliary driver

Without 
auxiliary driver

Total area (mm2) 160 180 7200
Power consumption  
@ VDD = 0.5 V (mW) 1.34 1.26 1.07

Power consumption 
@ VDD = 0.6 V (mW) 2.10 1.51 1.66

Average power consumption 
from VDD = 0.5 to 0.6 V (mW) 1.64 1.33 1.37

Power consumption increase rate 
from VDD = 0.5 to 0.6 V (mW/V) 7.6 2.5 5.9
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6. Conclusion

 An auxiliary driving technique has been proposed to realize a constant-power 
inductive-coupling transmitter for low-power supply-sensing biosensing platforms.  The 
test chip fabricated using 65 nm SOTB CMOS technology successfully demonstrated the 
constant-power transmission capability of the inductive-coupling transmitter fabricated by 
the proposed technique, while the power consumed by the conventional inductive-coupling 
transmitter increases with the supply voltage.  This technique is effective in a typical technology 
scaling scenario and beneficial for biomedical applications.
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