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A repeater coil is used to extend the detection distance of a passive wireless multi-parameter sensing system. The passive wireless
sensing system has the ability of simultaneously monitoring three parameters by using backscatter modulation together with
channel multiplexing. Two different repeater coils are designed and fabricated for readout distance enhancement of the sensing
system: one is a PCB (printed circuit board) repeater coil, and the other is a copper wire repeater coil. Under the conditions of
fixed voltage and adjustable voltage, the maximum readout distance of the sensing system with and without a repeater coil is
measured. Experimental results show that larger power supply voltage can help further increase the readout distance. The
maximum readout distance of the sensing system with a PCB repeater coil has been extended 2.3 times, and the one with a
copper wire repeater coil has been extended 3 times. Theoretical analysis and experimental results both indicate that the high Q
factor repeater coil can extend the readout distance more. With the copper wire repeater coil as well as a higher power supply
voltage, the passive wireless multi-parameter sensing system finally achieves a maximum readout distance of 13.5 cm.

1. Introduction

Sensor technology is one of the most important technologies
in the Internet of things [1]. However, in many application
scenarios, such as human body, rotating parts, and harsh
environments, the wire connections between the sensor and
its circuit and/or between the sensor and its power supply
cannot be allowed. Therefore, various passive wireless sen-
sors have been designed and applied to these particular envi-
ronments, most of which are based on the mechanism of
inductive coupling [2–5].

One major drawback of inductive coupling is its short
transmission distance. Generally, the transmission distance
can only reach the length of the diameter of its inductor coil.
With the miniaturization of the sizes of sensors, the readout
distance of passive wireless sensors is becoming more and
more prominent. The use of relay coils to increase transmis-
sion distance has been studied in wireless power transmission
[6, 7]. In terms of passive wireless sensors, a repeater has been
used to increase the readout distance of an LC-type passive
wireless sensor [8, 9]. However, the added repeater brings

the problems of frequency splitting and sensitivity reduction.
Furthermore, the detection principle of LC sensor demands
the resonant frequency of the repeater coil to be adjustable.
As for these problems, a cyclic-scanning repeater is used to
enhance the readout distance without frequency splitting
and sensitivity reduction. And the cyclic-scanning repeater
can cover the frequency range of the LC sensor [10]. Unfor-
tunately, the cyclic-scanning repeater requires a wired power
supply. In addition, the shortcoming of all these readout-
enhanced LC-type sensors is that they only have the ability
to measure single environmental parameter.

Based on our previous work [11], this paper uses a
repeater coil to increase the readout distance of a passive
wireless multi-parameter sensing system. The working prin-
ciple in this paper is different from that in our previous
articles [9, 10]: the former is based on the backscatter modu-
lation while the latter is based on the LC resonant tank; so the
repeater coil together with the sensing system needs to be
redesigned. First of all, the sensing system is designed and
simulated. Then, the design method of the repeater coil is
given. After that, the sensing system without and with the

Hindawi
Journal of Sensors
Volume 2018, Article ID 8950807, 6 pages
https://doi.org/10.1155/2018/8950807

http://orcid.org/0000-0002-7142-5642
https://doi.org/10.1155/2018/8950807


repeater coil is fabricated and tested, respectively. And a rel-
atively long detection distance, multi-parameter, and passive
wireless sensing system is established here.

2. System Design

For better understanding, the working principle of the pas-
sive wireless multi-parameter sensing system without the
repeater is introduced first. Figure 1 shows the overall block
diagram of the passive wireless multi-parameter sensing sys-
tem. Basically, the system is composed of the transponder
and the reader.

The passive wireless power and data transmission
between the transponder and the reader are based on the
inductive coupling mechanism. And the multi-parameter
sensing of this system is realized by the backscatter modula-
tion and the time division multiplexing. Firstly, the carrier
generator unit in the reader generates a carrier signal, which
is simultaneously coupled to the transponder through their
inductor coils. Then, the rectification and regulation unit in
the transponder rectifies and regulates the coupled carrier
signal to a DC voltage. The three sensors together with their
interfaces in the transponder can each generate a digital
frequency signal, whose value is decided by the environment.
Then, the time division multiplexer unit uses multiplex
switches to sequentially transmit three digital frequency sig-
nals. After that, the load modulation circuit in the transpon-
der modulates the digital frequency signals to the carrier
signal. At the same time, the modulated carrier signal is
coupled back to the reader. And in the reader, the envelope
detection unit recovers the digital frequency signals from
the modulated carrier signal. Finally, the demodulated digital
frequency signals are smoothed and standardized.

According to the overall block diagram of the passive
wireless multi-parameter sensing system in Figure 1, the
reader circuit and the transponder circuit of the sensing
system are designed in Multisim software [12] as shown in
Figures 2(a) and 2(b), respectively. And the simulation
results are shown in Figure 3. The digital frequency signals
in the upper part of Figure 3 are the three sensors’ signals
and one synchronous signal in the transponder; and the

digital frequency signals in the lower part are the demodu-
lated and shaped signals in the reader. It means that the sen-
sors’ signals in the transponder are read out, passively and
wirelessly, by the reader.

To increase the passive wireless detection distance of the
sensing system above, a repeater coil is added. As shown in
Figure 4, the repeater coil Lrp is placed at the middle of the
transponder coil Ltr and the reader coil Lrd. In order to max-
imize the readout distance by the repeater coil, the following
two conditions must be satisfied. The first is that the resonant
frequency of the repeater coil should be the same as that of
the reader coil and the transponder coil. And the second is
that the reader coil, the transponder coil, and the repeater coil
should all operate at their resonant states. When these two
conditions are both satisfied at the same time, the strong
magnetic coupling will occur and the readout distance will
be significantly extended.

The maximum transfer distance between two magnetic
coupling inductor coils is also related to several other factors,
which are the sizes of the coils, the critical coupling coeffi-
cient, and the power supply. If the sizes of the coils are
increased, the maximum transfer distance will be longer.
Hence, the first way to increase the passive wireless transmis-
sion distance is to enlarge the sizes of the inductor coils.
However, dimensions are usually restricted parameters. The
critical coupling coefficient between two inductor coils could
be defined as [9]

kcr =
1
Q1Q2

, 1

where Q1 and Q2 are the quality factors of the two inductor
coils, respectively. When the coupling coefficient of the two
inductor coils equals their critical coupling coefficient, it
means that the passive wireless transmission efficiency
between them reaches the highest. So the maximum transfer
distance will be longer if the critical coupling coefficient is
smaller. According to (1), the second way to increase the
passive wireless transmission distance is to increase the Q
factor of the inductor coils. The relationship between the
power supply and the readout distance is obvious. A larger

Carrier
generator

Envelope
detection
unit

Smoothing and
standardizing 

Rectification
and regulation

Sensor interface
circuitry

Time division
multiplexing

Load modulation

Power

Data

Reader
Transponder

Se
ns

or
 1

Se
ns

or
 2

Se
ns

or
 3

Figure 1: The overall block diagram of the passive wireless multi-parameter sensing system.
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(a)

(b)

Figure 2: The sensing system designed in Multisim software: (a) the reader circuit and (b) the transponder circuit.
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power supply can generate stronger carrier signals, so the
wireless transmission distance is longer. In another word,
the third way to lengthen the readout distance is to increase
the power supply.

3. Experiments and Results

According to the schematic in Figure 2, the transponder
and the reader are fabricated based on PCBs (printed cir-
cuit boards). They have exactly the same size, that is,
5 cm× 8.8 cm. For a wireless transmission system, its band-
width is proportional to its carrier frequency [13]. Therefore,
the carrier frequency should be designed as high as possible.
But the higher the carrier frequency is, the more difficult the
design of the circuit will be. Based on compromise, the carrier
frequency of our design is 5MHz. And the measured value of
the carrier frequency is 5.1MHz. To make Lrd and Ltr both
work at their resonant states, their resonant frequencies
should be the same as the carrier frequency.

According to the carrier frequency, the two inductor
coils, Lrd and Ltr, are designed based on the PCB process.
They have exactly the same parameters: outer diame-
ter = 4.4 cm, turn= 8, width of wire = 30mil, and thickness
of wire = 2 oz. After fabrication, the measured resonant
frequencies of Lrd and Ltr are both 5.1MHz.

Here, only the passive wireless readout distance between
the reader and the transponder is going to be measured, so

three fixed value capacitors are used to represent the three
capacitive sensors. Without and with the repeater coil, the
passive wireless sensing system is tested, respectively.

3.1. Without a Repeater Coil. As shown in Figure 5, the read-
out distance of the sensing system without a repeater coil is
measured. The reader coil and the transponder coil are
face-to-face placed, and the output of the reader is observed
by an oscilloscope (Agilent MSOX 3032A). The distance
between the reader and the transponder is increased with
the step of 1.5 cm. Simultaneously, the power supply VE of
the reader is adjusted to ensure the output waveform of the
reader is correct.

In Figure 5, the passive wireless readout distance between
the transponder and the reader can be read as 4.5 cm, which
is the maximum readout distance without a repeater. That
means, if the readout distance is increased, even if the power
supply VE is increased simultaneously, the correct output
waveform will not be obtained. The minimum power supply
VE needed for the 4.5 cm readout distance is found as 9.1V.

On the screen, the three different digital frequency sig-
nals are corresponding to the three capacitive sensors in
the transponder, respectively. The waveform displayed on
the oscilloscope is a bit of distortion. This is because the dis-
tance between the two coils is too long, so that the voltage
coupled to the transponder coil is close to or even lower
than the critical operating voltage of the chips working on
the transponder. Although this output waveform is slightly
distorted compared to the simulation results in Figure 3,
the frequencies of the three digital frequency signals can still
be read correctly.

Figure 3: The simulation results of the passive wireless multi-
parameter sensing system. The digital frequency signals in the
upper part are the three sensors’ signals and one synchronous signal
in the transponder; and the digital frequency signals in the lower
part are the demodulated and shaped signals in the reader.
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Figure 5: The measurement of the readout distance of the sensing
system without a repeater coil.
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3.2. With a Repeater Coil. According to the analysis in
Section 2, the repeater coils we designed should meet the
following two requirements. The first is that the resonant
frequency of them should be the same as that of Lrd and
Ltr; the second is that the size of them should be close to that
of the reader and the transponder. Based on these two
demands, two different repeater coils are prepared for read-
out distance measurement.

One repeater coil fabricated by PCB process is shown in
Figure 6(a). The PCB repeater coil has exactly the same size
as the transponder coil (or the reader coil).With identical size
and fabrication process, the PCB repeater coils and the induc-
tor coils on the reader and the transponder are easy to match
into a strong magnetic coupling mode. In order to meet the
requirement of strong magnetic coupling, the resonant
frequency of the PCB repeater coil is tuned to 5.1MHz by
connecting several capacitors (on the backside of the PCB).
And the measured Q factor of the PCB repeater coil is 96.

The other repeater coil, which is made of 1mm copper
wire, is shown in Figure 6(b). The copper wire coil chosen
here is used to compare with the PCB coil, because the
former often has higher Q factor than the latter. Moreover,
copper wire coils are easy making and common using induc-
tor coils. The copper wire repeater coil in Figure 6(b) is 4 cm
in diameter and has 6 turns. The copper wire repeater coil is
connected to a PCB and is sustained by it. The resonant
frequency of the copper wire repeater coil is adjusted to
5.1MHz too, and its measured Q factor is 127.

Then, the PCB repeater coil and the copper wire repeater
coil are inserted between the transponder and the reader
to extend the readout distance, respectively. Figure 6(c)
shows the measurement setup of the passive wireless multi-
parameter sensing system with the PCB repeater coil. As

shown in Figure 6(c), the maximum readout distance of the
passive wireless sensing system reaches 10.5 cm, while the
output signals can still be read properly.

Actually, during the experiment, two ways are adopted to
measure the passive wireless readout distance of the sensing
system with a repeater coil. The first one is that the power
supply VE is fixed at 10V to find out the maximum readout
distance; the second one is that the power supply is allowed
to be adjusted to get the maximum readout distance. Under
the conditions of fixed voltage and adjustable voltage, the
maximum readout distances of the sensing system without
a repeater, with a PCB repeater coil, and with a copper wire
repeater coil are listed in Table 1.

It can be seen from Table 1 that no matter the power sup-
ply is fixed or adjustable, the readout distance of the sensing
system is greatly extended after a repeater coil is inserted in.
Specifically, under fixed supply voltage, the readout distance
of the sensing system with a PCB repeater coil has been
extended 1.7 times, and the one with a copper wire repeater
coil has been extended 2 times.

From the comparison between the fixed voltage and the
adjustable voltage, it is obvious that increasing the voltage
helps further increase the readout distance. Under adjustable
supply voltage, the readout distance of the sensing system
with a PCB repeater coil has been extended 2.3 times, and
the one with a copper wire repeater coil has been extended
3 times. However, the supply voltage cannot be increased
unlimitedly, because the chips on the reader have a certain
upper limit of withstand voltage. Our circuit system cannot
work steady at the power supply above 20V.

Furthermore, no matter the power supply is fixed or
adjustable, the readout distance enhanced by the copper wire
repeater coil is longer than that by the PCB repeater coil. In

(a) (b)

Transponder Repeater Reader

(c)

Figure 6: (a) The PCB repeater coil, (b) the copper wire repeater coil, and (c) the measurement of the readout distance of the sensing system
with the PCB repeater coil.
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another word, the high-Q repeater coil can extend the read-
out distance longer. Similarly, the bigger the better is not
correct regarding the Q factor of the repeater coils. Because
the bandwidth of the wireless transmission system is
inversely proportional to the Q value of the inductor coils,
the larger the Q value is, the narrower the system bandwidth
will be [13].

4. Conclusion

In the experiment, it is also found that the readout distance of
the sensing system is the longest when the repeater coil is
placed at the midpoint of the reader and the transponder. If
the repeater coil is biased toward the reader or the transpon-
der, the final readout distance of the sensing system will be
smaller. Besides, the repeater coil must be coaxial with the
reader coil and the transponder coil to maximize the readout
distance of the system.

In summary, the detection distance of the passive wireless
multi-parameter sensing system is greatly extended by using
a repeater coil. With a larger power supply voltage, the max-
imum readout distance of the sensing system with the PCB
repeater coil or with the copper wire repeater coil is 2.3 or 3
times as long as that without a repeater. And it is found that
high-Q repeater coil can extend the readout distance more.
With the copper wire repeater coil, the passive wireless
multi-parameter sensing system finally achieves a maximum
readout distance of 13.5 cm. This will help enlarge the appli-
cation range of passive wireless sensors.
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Table 1: The maximum readout distances of the sensing system
under different conditions.

Power supply
VE (V)

Readout
distance (cm)

Without a repeater coil
10 4.5

9.1 4.5

With a PCB repeater coil
10 7.5

13.9 10.5

With a copper wire repeater coil
10 9

19.3 13.5
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