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ABSTRACT 

 
A reliable remote RF powering and data telemetry system is developed for high-performance industrial wireless MEMS 
strain sensing applications. The prototype system is insensitive to mechanical rotation and produces a stable DC voltage of 
2.8 V with a 2 mA current supply capability from a 50 MHz RF power source with a power conversion efficiency of 11 %. 
An improved efficiency can be expected with an optimized power transmitter design. The telemetry system can transmit and 
receive digitized data at 100 kbps by using a load shift keying (LSK) communication scheme attractive for low power applica-
tions. The CMOS power converter electronics are fabricated in a 1.5 µm CMOS process occupying an area of approximately 1 
mm X 1 mm. The achieved DC power is adequate for supplying a high-performance wireless MEMS strain sensing system. 
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INTRODUCTION 
High-performance wireless strain sensing microsystems 
consisting of miniature sensors and integrated interface 
electronics are highly critical for advanced industrial appli-
cations, such as point-stress and torque sensing for ball-
bearings, rotating shafts and blades, etc. The sensed infor-
mation is important for optimizing system performance, 
understanding material fatigue, and achieving a reliable 
system monitoring and intelligent control. Stringent per-
formance requirements with a high sensitivity of 0.1 micro-
strain (με) over a signal bandwidth of a few kHz and a 
large dynamic range of 80 dB are typically demanded for 
these applications. Industrial strain sensing further imposes 
significant design challenges due to various rotating me-
chanical components employed in a system. Therefore, 
stand-alone wireless sensing microsystems with remote 
powering and data telemetry capabilities are highly desir-
able. Inductive-coupling-based powering techniques have 
been widely used for biomedical implants [1-4]. In these 
applications, the coupling coils are placed at certain fixed 
positions with a short distance on the order of a few milli-
meters. It is, therefore, necessary to develop remote power-
ing techniques, which are insensitive to mechanical rota-
tions and can achieve an increased coupling distance for 
advanced industrial sensing applications. It is also desirable 
to achieve wireless sensor data transmission through the 
same RF powering network. In this paper, an RF remote 
powering system, consisting of rotation-insensitive cou-
pling coil loops and integrated CMOS power converter 
electronics, is presented to obtain a stable DC voltage of 
2.8 V with a 2 mA current supply capability from a 50 
MHz RF operation. The available DC power is adequate 
for supplying a high-performance strain sensing microsys-

tem [5]. The data telemetry is demonstrated with the cou-
pling coils achieving a data rate of 100 kbps. An enhanced 
data rate is expected with a frequency shift keying or phase 
shift keying modulation techniques or at an expense of in-
creased ripple on the converter DC output voltage with the 
current setup. 
 

 

 

 

 

 

 

 

 

 
 

REMOTE RF POWERING ARCHITECTURE 
Figure 1 presents the overall wireless microsystem archi-
tecture, which consists of an MEMS capacitive strain sen-
sor and integrated CMOS interface electronics, coupled 
with two coil loops for remote RF powering and data te-
lemetry. The microsystem occupies an area of approxi-
mately 4 mm x 7 mm including package and is attached to 
the surface of a rotating iron shaft with a diameter of 3 
inches. An internal coil is wound around the shaft and 
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Figure 1.  Wireless Microsystem Architecture 



separated from the external coil by one inch for the proto-
type design. This coil configuration is critical for achieving 
a stable and uniform magnetic coil coupling during shaft 
rotation; hence a stable power conversion and reliable data 
telemetry for the proposed wireless microsystem. The rota-
tion of the shaft produces a rotational torque, thus a surface 
strain which can be sensed by the MEMS strain sensor.  
 

 

 

 

 

 

 

 

 

Figure 2 shows an SEM photo of a fabricated silicon 
MEMS capacitive strain sensor [6], which exhibits a gauge 
length of 1 mm and a nominal sensor capacitance value of 
440 fF with a differential sensitivity of 265 aF per με, em-
ployed for the prototype design.  

The sensor output can be converted to a voltage, followed 
by digitization and data telemetry to a nearby receiver for 
signal acquisition and analysis. Figure 3 presents the pro-
posed remote RF powering architecture, where an external 
RF power source is used to drive a tuned series resonator 
consisting of L B1B and CB1B. The resistor, RB1B, represents the 
overall series resistance associated with the resonator in-
cluding the output resistance of the power source. The 
resonator is tuned to an optimal frequency as will be illus-
trated in the following. The RF signal is then coupled to a 
parallel resonator, consisting of L B2B and CB2 Bwith a total loop 
resistance of RB2B, tuned to the same frequency. The signal is 
then rectified by an integrated CMOS fullwave rectifier to 
5 V and further regulated to achieve a stable 3 V DC sup-
ply with a 2 mA current driving capability to power the 
overall microsystem as illustrated in Figure 1. 

 

 

 

 

 

In order to achieve an efficient power conversion system, 
the voltage gain across the tuned resonator network needs 
to be maximized. The gain can be expressed as  
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where M represents the mutual inductance between the two 
coil inductors: L B1 Band L B2B, ω is the operating frequency, and 
RBload Bis the equivalent AC resistive loading presented to the 
parallel resonator by the CMOS fullwave rectifier, which 
can be determined as [7]  

  2/'loadload RR =  ,                                (2) 

where R’ BloadB is the resistive loading at the fullwave rectifier 
output and is approximately equal to 2 kΩ due to a 2.5 mA 
of loading current, I’ BloadB, B Bat the 5 V line. In the prototype 
design RB1 B exhibits 12 Ω, which is dominated by the output 
resistance of the power source. All other parameters in 
Equation (1), L B1B, L B2B, M, and RB2B, B Bare a function of coil ge-
ometry, such as number of coil turns, and operating fre-
quency. These parameters have been extensively character-
ized to obtain an optimal condition for achieving a maxi-
mum voltage gain.  

Figure 4 presents the measured voltage gain as a function 
of frequency and number of coil turns, which closely 
matches the predicted performance from Equation (1). It 
can be seen that a maximum voltage gain of 2.25 can be 
achieved at a 50 MHz operating frequency by employing a 
one-turn external coil loop, exhibiting an inductance value 
of 320 nH and AC resistance of 0.8 Ω, and a three-turn 
internal coil loop with an inductance value of 450 nH and 
AC resistance of 9.4 Ω. Both coil loops have self resonant 
frequencies well above 100 MHz and exhibit a mutual in-
ductance of 25 nH. A design employing a four-turn internal 
coil loop suffers from a low voltage gain due to an exces-
sive iron core loss at high frequencies. The one-turn exter-
nal coil is chosen due to its simplicity. Furthermore, ex-
periments have shown that a design employing a two-turn 
external coil can achieve a comparable gain. However, a 
much reduced operating frequency is required, limited by 
the self resonant frequency of the external coil. The re-
duced frequency will call for an excessively large on-chip 
filtering capacitor, CBfilter, as will be illustrated in the next 
section, to achieve a desired output voltage ripple require-
ment, thus unsuitable for microsystem implementation.  
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INTEGRATED POWER CONVERTER ELECTRONICS 
An integrated CMOS fullwave rectifier is used to rectify 
the received RF signal. Figure 5 presents the rectifier sche-
matic, where VBAC-Input Brepresents the coupled RF signal 
across the parallel resonator, which is to be rectified to pro-
duce a DC output voltage, VBDC-OutputB. B  

 

 

 

 

 

 

 

 

 

 
The four MOSFETs connected in a diode configuration, 
MD B1B, MD B2B, MD B3B, and MD B4B, along with their parasitic 
source and drain to bulk junction diodes, D B1B, D B2B, and D B3 B, 
form the fullwave rectifier. In a half cycle, MD B2B and D B3B 
perform the rectification with MD B4B and D B1B conducting dur-
ing the other half cycle. The diode, D B2B, does not cause any 
performance degradation since it is always kept in a reverse 
bias condition. The total voltage drop across the rectifier is 
approximately 2.7 V, of which 2 V is consumed by the 
MOSFET diode due to an increased threshold voltage 
caused by body effect, and 0.7 V is dropped over the junc-
tion diode. Therefore, an RF signal with a 7.7 V amplitude 
is required to obtain a rectified DC output voltage of 5 V. 
A filtering capacitor, CBfilterB, needs to be properly selected in 
order to achieve a certain ripple requirement as shown in 
Equation (3) 
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where VBrB is the peak-peak ripple voltage amplitude, I’ BloadB is 
the DC load current, and ω is the operating frequency. 
Thus, an increased operating frequency is desirable for 
achieving ripple requirements with a reduced filtering ca-
pacitor size. The prototype wireless microsystem design 
calls for a conservative peak-peak ripple voltage of 60 mV 
at the 5 V line, thus a 400 pF filtering capacitor occupying 
a chip area of 0.9 mm x 0.9 mm is required with I’ BloadB of 
2.5 mA.  

 

 

 

 

 

 

 

 

 

 

Figure 6 presents the schematic of a CMOS linear regulator 
used in the prototype system. The regulator holds the out-
put voltage at a designed value of 3 V by comparing the 
output, through a resistive feedback network consisting of 
RBf1B and RBf2B, to a stable bandgap reference voltage, VBrefB, of 
1.25 V with a high-gain inverting amplifier. An OTA with 
a DC gain of 60 dB and unity gain frequency of 20 MHz is 
designed for achieving a proper regulation. Resistance val-
ues of 7 kΩ and 5 kΩ for RBf1B and RBf2B, B Brespectively, are cho-
sen to obtain a proper feedback ratio of 2.4. An output load 
resistance of 1.5 kΩ is used throughout the design process 
to ensure a 2 mA current driving capability.  

DATA TELEMETRY 
Low power data telemetry can be achieved by using the 
same set of coil loops. Figure 7 shows the simplified RF 
powering architecture with the wireless data modulation 
and demodulation circuits. A digital data waveform, repre-
senting the sensor information, is used to drive an NMOS 
switching transistor for varying the equivalent DC load 
from R’load when the switch is opened, to R’load in parallel 
with Rswitch when the switch is closed. This results in an 
overall secondary loading change, which can be modeled 
as a reflected resistance,  
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in the primary circuit. In this configuration, when both pri-
mary and secondary circuits are tuned to the same fre-
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quency and Vin is maintained at a constant amplitude, the 
voltage across L1 is modulated by the variation of Rreflect. It 
is obvious that an increased modulation index can be ob-
tained by lowering Rswitch. However, it is limited by the 
rectifier output voltage handling capability, which has to be 
high enough to ensure a regulated output voltage of 3V. 
Furthermore, an increased RF power is required from the 
power source to supply the additional resistive loading. In 
this design, Rreflect of 15 kΩ is chosen to maintain the 3V 
output DC voltage with the rectified output voltage varying 
from 5V to 5.9V.  
 
 
 
 
 
 
 
 
 
 
With a peak detection circuit consisting of a diode, Da, a 
low pass filter of Ra and Ca, and a voltage amplifier, the 
digital data waveform can be retrieved at VDATA. The RC 
low pass filter is required to pass the low frequency digital 
signal and reject the 50 MHz carrier, thus Ca of 5 pF and Ra 
of 10 kΩ are chosen to achieve a corner frequency of 3.2 
MHz. It is noted that Ra is properly selected so that it does 
not introduce a significant loading to the primary circuit, 
which can cause a degradation of power conversion effi-
ciency. Computer simulation shows that the digitized data 
with an amplitude of 9V can be obtained after low pass 
filtering and further amplification by a voltage amplifier 
with a gain of 90. For the prototype design, the maximum 
signal bandwidth, fD, can be determined by Equation (5) 

2D
ff
Q

=  ,                                       (5) 

where f is the carrier frequency and Q is the quality factor 
of the primary tank (the tank with a higher Q in the current 
design). Given the quality factor of approximately 8 at 50 
MHz, a maximum signal bandwidth of 3 MHz is thus ex-
pected. In practice, the signal bandwidth is not only limited 
by the Q factor but also by time constant of the internal 
circuits since LSK modulation scheme relies on an ampli-
tude change for data modulation. In this design, Cfilter of 
400 pF and R’load of 2 kΩ at 5V line result in a time con-
stant of 0.8 μsec, which would determine fD of approxi-
mately 125 KHz corresponding to a signal settling time of 
five time constants, thus a data rate of 250 kbps. As indi-
cated above, with a design constraint of a fixed driving 
load of 2 kΩ, the data rate can be improved with a reduced 
Cfilter until it is limited by the quality factor of primary tank. 

Although an increased data rate can be achieved with a 
reduction of  Cfilter, the voltage ripple at 5V line increases 
proportionally as denoted by Equation (3). This phenome-
non will affect the performance of the MEMS interface 
electronics, thus an adequate Cfilter value for the overall 
system design and electronic circuitry with a sufficient 
power supply rejection ratio will be required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MEASUREMENT RESULTS 
The integrated CMOS power converter electronics are fab-
ricated in a 1.5 μm CMOS process. Figure 8 presents the 
chip photo, where the converter occupies an area of ap-
proximately 1 mm x 1 mm and is also integrated with the 
low noise MEMS strain sensor detection electronics. The 
test setup for the prototype remote RF powering system is 
shown in Figure 9. A 50 MHz RF power source with an 
amplitude of 8 V peak to peak is used to drive the tuned LC 
network. The CMOS chip is packaged in a through-hole 
DIP40 package mounted on the surface of an iron shaft for 
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evaluation.  The system provides a stable DC voltage of 2.8 
V with a 2 mA current supply capability independent of the 
iron shaft rotation, thus achieving a power conversion effi-
ciency of 11 %. An improved efficiency can be expected 
with an optimized power transmitter design [8].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The regulator output exhibits a line regulation and load 
regulation of 16 mV/V and 8 mV/mA, respectively and a 
ripple with an amplitude of 80 mV peak to peak. The large 
ripple is caused by a strong package coupling at 50 MHz, 
which can be substantially minimized by using an im-
proved package. Figure 10 shows the voltage waveforms at 
the 5 V line and 2.8 V output. The output voltage deviates 
from the designed value of 3 V due to the modeling limita-
tion of the junction diodes used in the bandgap reference 
design. After completing the electrical characterization, the 
remote RF powering system is used to power the MEMS 
strain sensor and integrated low noise interface electronics 
to achieve a superior performance: a minimum detectable 
strain of 0.09 με over a 10 kHz bandwidth with a dynamic 
range 81 dB. This is the same performance achieved by 

using a 3 V power supply [5]. Figure 11 shows the de-
modulated data waveform and 2.8 V output. A 50 % duty 
cycle digital clock of 50 kHz is successfully reconstructed 
with a peak to peak amplitude of 7.3 V while maintaining 
the output voltage at 2.8 V with a ripple of 100 mV peak to 
peak at the clock frequency. The settling time is approxi-
mately 5 μsec, which is close to expected value of 4 μsec.   

Computer simulations reveal that switching the capaci-
tance, C2, shown in Figure 7 between 19 pF and 23 pF 
would result in a phase change of the voltage across induc-
tor, L1, while maintaining a nearly constant voltage gain of 
the remote RF powering system. Figure 12 shows a simu-
lated 50% duty cycle digital clock at 1.25MHz, equivalent 
to a data rate of 2.5 Mbps, by employing a simple phase 
demodulator circuit for data recovery.  
 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 
A reliable remote RF powering and data telemetry system 
for advanced industrial wireless MEMS strain sensing ap-
plication is presented. The prototype system is designed to 
be insensitive to mechanical rotations and outputs a stable 
DC voltage of 2.8 V with a 2 mA current supply capability 
from a 50 MHz RF operation. The power converter elec-
tronics are integrated with the low noise strain sensor inter-
face circuitry and can provide a sufficient power to the 
wireless strain sensing microsystem to demonstrate a supe-
rior performance. The telemetry system can transmit and 
receive digital data at 100 kbps by using a load shift keying 
communication scheme. An enhance data rate is expected 
with a frequency or phase modulation. 
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