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Abstract. A multi-channel differential synchronous de-
modulator is proposed for third harmonics suppression in 
three-phase receiving coils based linear inductive position 
sensor, which is realized by taking envelope differences of 
every two induced signals on three-phase receiving coils as 
differential signals. The proposed demodulator includes 
a differential synchronous envelope detector (DSED), and 
a time division MUX (TDM). By using the DSED, the enve-
lope differences are synchronously demodulated as differ-
ential signals. The TDM including a multi-channel selector, 
a MUX and a voltage follower, is used for independently 
outputting the corresponding differential signals for linear 
position calculation. The proposed demodulator was de-
signed in a 180 nm CMOS process and verified by Spectre 
simulator. Simulation results show third harmonics of 
differential signals are improved by 17.4 dB, indicating the 
proposed demodulator could be a candidate for designing 
the high performance analog front-end of inductive posi-
tion sensor. 
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1. Introduction 
Inductive position sensor (IPS) mainly includes 

an exciting coil, a rotor, several receiving coils and a signal 
conditioning chip. The induced voltages on receiving coils 
are similar to the process of electromagnetic coupling in 
near-field communication [1], and their values vary with 
rotor’s position. Thus, the position of rotor could be calcu-
lated based on the induced voltages on receiving coils. 
Compared with hall position sensor, IPS is more popular 
for automobiles, electric motors and robotics as its ad-
vantages of low cost, high accurate and anti-
electromagnetic interference [2–4]. A classical method 
utilizes quadrature receiving coils and arc tangent opera-
tion to solve rotor’s position, whereas arc tangent under-
goes singularities at π/2 and 3π/2 [5–8]. Using three-phase 

receiving coils based linear position calculation could 
avoid singularities and benefit higher computational effi-
ciency, thus they are widely used in IPS [9]. A non-contact 
vertical inductive torque sensor proposed by Zhang, C. 
provided a method of three-phase receiving coils based 
linear position calculation, however, envelopes of induced 
signals used in the method undergo third harmonic [10]. 
Fortunately, envelope differences are immune to third 
harmonic and their properties are the same as envelopes. 
Thus, envelope differences based linear position calcula-
tion is a preferred method, and the related solutions are 
reported recently [11–13]. 

Analog front-end, including a demodulator, a variable 
gain amplifier (VGA) and an analog to digital convertor 
(ADC), is one of the most important modules in signal 
conditioning chip, in which the VGA and ADC act the 
same as traditional circuits in wireless transceiver [14], 
[15]. However, most works focus on the design of analog 
front-end in quadrature receiving coils based IPS [5–8], 
[16]. And, active demodulator [17], [18] or instrumentation 
amplifier [19], [20] are usually chosen to realize the de-
modulator for ultra-low DC offset, which are large noise 
and high cost. These methods are inadvisable as DC offset 
could not affect the linearity of analog front-end and it 
could be removed by post calibration.  

Based on the above discussions, we propose a multi-
channel differential synchronous demodulator used for 
three-phase receiving coils based linear inductive position 
sensor. The proposed demodulator consists of a DSED and 
a TDM, in which the TDM includes a multi-channel selec-
tor (MCS), a MUX and a voltage follower (VF). With the 
DSED, envelope differences of every two induced signals 
on three-phase receiving coils are synchronously demodu-
lated as differential signals. The TDM is used for inde-
pendently outputting the corresponding differential signals 
for linear position calculation. The advantages of this work 
are as follows. The proposed demodulator benefits simple 
structure, low cost and low noise, as digital circuits and 
passive filters are used and envelope differences are taken 
as differential signals. Moreover, an algorithm of channel 
switching is proposed for linear position calculation, which 
is realized by the MCS. 
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2. Theoretical Basis 
Layout of a transmitting coil, a receiving coil and 

a rotor in an IPS is shown in Fig. 1. The rotor has three 
laminas, the receiving coil has six closed-loop frames and 
the adjacent frames are reversely wound. 

When the transmitting coil is driven by an exciting 
signal sin(ωet), the receiving coil would generate an in-
duced voltage Am sin(3θ)sin(ωet), in which the U1 equaling 
Am sin(3θ) is the envelope of induced voltage [21]. Suppos-
ing the angle of rotor is 0 when the rotor lies in the position 
as shown in Fig. 1, then U1 equals 0 as the induced volt-
ages of clockwise coil and counterclockwise coil are the 
same. If the rotor continues rotating in clockwise, U1 varies 
by degrees as shown in Fig. 2 [22]. 

 
Fig. 1.  Layout of a receiving coil, an exciting coil and a rotor 

in an IPS. 

 
Fig. 2.  The envelope of induced voltage on receiving coil. 

 
Fig. 3.  The envelope of induced voltages on three-phase 

receiving coils. 

Similarly, U1, U2 and U3 are shown in Fig. 3 when 
three-phase receiving coils are wound with 120° apart from 
each other. The slope of U1,2,3 has the minimum value 
when their values reach to the peak value, which means the 
position has the worst accuracy. Moreover, as the slope of 
curves between –Am/2 and Am/2 are approximately constant, 
the position of rotor could be calculated by regarding these 
curves as straight lines. Therefore, the position could be 
obtained once the values of U1, U2 and U3 are detected, 
however U1, U2 and U3 contain harmonics as given by (1), 
(2) and (3) simply because the exciting signal is not a pure-
ly sinusoidal field pattern: 

 ( )1
0

sin 3 ,i
i

U A i θ
∞

=

=   ∑   (1) 

 
( )2

0
sin 3 120 ,i

i
U A i θ

∞

=

= − °  ∑
  

 (2) 

 
( )3

0
sin 3 120 .i

i
U A i θ

∞

=

= + °  ∑
 

(3) 

Then, the error of position calculation is as (4) assuming 
feeding wires connected to signal conditioning chip do not 
introduce additional errors and the intensity of various 
harmonics decreases with increasing order [11]: 
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On the other hand, envelope differences of every two 
of U1, U2 and U3 are given by (5), (6) and (7) 
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Obviously, waveforms of Y1, Y2 and Y3 are similar to U1, 
U2 and U3, and their values are 0 when i equals 3. Thus, 
envelope differences based linear position calculation is 
immune to third harmonic, and hence benefits high accu-
rate according to (4). Moreover, as the sum of Y1, Y2 and Y3 
is 0, only two of them are needed to be detected for linearly 
position calculation. 

3. Circuits Design 
The proposed demodulator shown in Fig. 4 includes 

a DSED and a TDM, in which the TDM consists of a MUX, 
a MCS and a VF. The receiving coils of L1, L2 and L3 are 
wound with 120° apart from each other, then the induced 
voltages on L1, L2 and L3 are as (8), (9) and (10). The 
DSED is designed for demodulating the envelope differences 
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Fig. 4.  The proposed multi-channel differential synchronous 

demodulator. 

of every two of Rin1, Rin2 and Rin3 to differential signals. 
The TDM is proposed for independently outputting the 
differential signals in the corresponding channel, in which 
an algorithm of channel switching realized by MCS is 
proposed, so that the straight lines as depicted in Fig. 3 
could be chosen for linear position calculation:  

 in1 CM 1 esin( ),R V U tω= +    (8) 

 in2 CM 2 esin( ),R V U tω= +    (9) 

 in3 CM 3 esin( ).R V U tω= +    (10) 

3.1 The Proposed DSED Circuit 
The proposed DSED circuit is shown in Fig. 5. Enve-

lope differences of every two of Rin1, Rin2 and Rin3 are syn-
chronously demodulated as differential signals, namely, the 
differential pairs of A1 and A2, A3 and A4, A5 and A6.  

Two phase non-overlapping clocks CLKP and CLKN 
are used for synchronous rectification, then S1 and S2, S3 
and S4, S5 and S6 are the rectification results of Rin1 and Rin2, 
Rin2 and Rin3, Rin3 and Rin1. A low pass filter (LPF) includ-
ing resistor R2 and capacitors of C1 and C2 is used to con-
vert S<6:1> into envelopes A<6:1>. Hence, the values of 
A1 minus A2, A3 minus A4 and A5 minus A6 represent the 
values of Y1, Y2 and Y3 respectively, which are immune to 
third harmonics according to (5), (6) and (7).  

The signals S<6:1> undergo large spurs due to charge 
injection, large capacitor is preferred for reducing the spurs. 
MOS capacitor M1 is utilized as it can realize large capaci-
tance with small area. Besides, C1 and C2 are chosen as 
metal insulator metal (MIM) capacitor for reducing 
A<6:1>’s ripples. Two MIM capacitors are needed with top 
and bottom plates inversely connected to the circuit, in 
order to realize crossing symmetry for differential signal. 

3.2 The Proposed TDM Circuit 
As shown in Fig. 6, the proposed MUX used in TDM 

outputs A1, A3, A5 to Vop and outputs A2, A4, A6 to Von in 
different channels, thus the differential signal of Vop minus 
Von equals one of the Y1, Y2

 
and Y3 in a channel. Based on 

the MUX circuit, Y1 is output when S2<2:0> and S1<2:0> 
are “010” and “001”, Y2 is output when S2<2:0> and S1<2:0> 

 
Fig. 5.  The proposed DSED circuit. 

 
Fig. 6.  The proposed MUX circuit. 

are “001” and “010”, and Y3 is output when S2<2:0> and 
S1<2:0> are “100” and “100”. The signal CS resets each 
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channel to VCM before S2<2:0> and S1<2:0> are set, in 
which the VCM is connected to the common-mode voltage 
on three-phase receiving coils through a VF. Thus, each 
channel is independent of each other. 

An algorithm of channel switching realized by MCS 
is explained based on Fig. 7. When Y1 > Y2 > Y3, Y2 would 
be selected for linear position calculation, and so do the 
other situations. Thus, the curves between –A1/2 and A1/2 
could be selected for linear position calculation as shown 
in Fig. 7 by solid straight lines. In order to obtain the size 
relationship among Y1, Y2 and Y3, two of the Y1, Y2 and Y3 
between –A1/2 and A1/2 should be detected as 
Y1 + Y2 + Y3 = 0. We divide the waveforms into six regions 
as shown in Fig. 7, so that every region includes two of the 
Y1, Y2 and Y3. For example, Y3 and Y2 are output in region II. 
Based on the proposed MUX circuit, we could further 
deduce the desired states of S2<2:0> and S1<2:0>, as shown 
at the bottom of Fig. 7. And, the complete state transition 
diagram of the proposed channel switching algorithm is 
given in Fig. 8. 

 
Fig. 7.  The relationship between Y1, Y2, Y3 and S2<2:0>, 

S1<2:0>. 

 
Fig. 8.  The state transition diagram of the proposed algorithm. 

4. Simulation Results and Discussions 
The proposed multi-channel differential synchronous 

demodulator was designed in a 0.18 μm CMOS process, 
and verified by Spectre simulator. The system parameters 
for verifying the proposed demodulator are given in Tab. 1. 

Simulation results of the process of demodulation is 
given by Fig. 8 when the envelopes of Rin1,2,3 are constant 
and CLK is synchronous with Rin1,2,3. As Rin1 and Rin2 are 
alternately transmitted to S1 and S2 when CLK is changed 
from “1” to “0”, S1 and S2 realize the rectification of Rin1 
and Rin2, and they are converted to DC levels A1 and A2 
through the LPF. Thus the value of A1 minus A2 represents 
the envelope difference of Rin1 and Rin2, namely, the size of 
Y1. Moreover, A3 minus A4 and A5 minus A6 represent the 
sizes of Y2 and Y3, which are consistent with the envelope 
differences of every two of the Rin1,2,3 as shown in Fig. 9. 
Besides, the value of Y1 is given in Fig. 10 when mismatch 
between CLK and Rin1,2,3 is set from 0 to 70 ns. The value 
of Y1 is attenuated from 46 mV to nearly 0, which verifies 
the significance of synchronous demodulation. 

When Rin1,2,3 last for more than one period of the U1,2,3, 
simulation results about the function of TDM circuit are 
given in Fig. 11. The clocks CS and SS are used for chan-
nel’s resetting, sampling and detecting. During the time 
from t1 to t6, Y1 > Y3 > Y2 and Y3 > 0. At the time t1, CS is 
“1”, S2<2:0> and S1<2:0> are “000” and “000”, SS is “0”, 
the voltages of Vop and Von are reset to VCM. At the time t2, 
CS and SS are “0”, S2<2:0> and S1<2:0> are updated to 
“010” and “001” as Y1 > Y3 > Y2 and Y3 > 0, thus Y1 is sam-
pled. At the time t3, SS is “1” while CS, S2<2:0> and 
S1<2:0> keep unchanged, then Y1 is detected by the MCS. 
Similarly, Y3 is detected during the time from t4 to t6 as 
S2<2:0> and S1<2:0> are “100” and “100”. Finally, Y1, Y2 
and Y3 are detected, and their values are used for linearly 
position calculation and the next update of S2<2:0> and 
S1<2:0>. 

The completed waveforms of Rin1 and Rin2 in a period 
of envelope, the envelopes A1 and A2, and the envelope 
difference Y1 are shown in Fig. 12. The amplitude and the 
third harmonic of U1,2,3 are 22 mV or –33 dB and 11 mV or 
–39 dB. Simulation results show both A1 and A2 undergo 
third harmonic noise and large spurs caused by switching, 
however Y1 is immune to the third harmonic and spurs. 

The frequency spectrum of A1,2 and Y1 are given in 
Fig. 13. The third harmonic of A1,2 and Y1 are –64.4 dB and  
 

Parameters Values 

U1,2,3 
frequency 250 Hz 
amplitude 22 mV 
third harmonic’s amplitude 11 mV 

SS and CS a) 
frequency 500 kHz 
duty cycle 1/8 

The frequency of Rin1,2,3 and CLK 3.3 MHz 
VCM 1.5 V 
Phase mismatch between CLK and Rin1,2,3 0: 5 ns: 70 ns b) 

a) SS lags behind CS 1.625 µs; b) from 0 to 70 ns with 5 ns step 
Tab. 1.  System parameters of the proposed demodulator.  
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–82.2 dB, and the third harmonics of Y2 and Y3 not shown 
within the text are also much smaller than the third har-
monics of A1, 2, 3. These simulation results demonstrate the 
proposed demodulator is useful for the high performance 
analog front-end of three-phase receiving coils based linear 
IPS. 

Comparisons of this work with the existing works are 
concluded in Tab. 2. The proposed demodulator is de-
signed for three-phase receiving coils based IPS and it is 
realized by using digital circuits and passive filters. Thus, 
circuit’s structure of the proposed demodulator is much 
simpler than the existing works, the noise is less than in the 
existing works, and the third harmonics are smaller than 
the references [5, 6, 8, 10]. 

 
Fig. 9.  Simulation results of the process of demodulation. 

 
Fig. 10.  Simulation results of Y1’s attenuation. 

 
Fig. 11.  Simulation results about the function of TDM circuit. 

 
Fig. 12.  Simulation results of A1,2 and Y1 within an envelope 

period. 

 
(a) A1,2’s frequency spectrum 
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(b) Y1’s frequency spectrum 

Fig. 13.  Simulation results of frequency spectrum. 
 

Works Application Active or 
passive 

Digital or 
analog Noise Third 

harmonic 

[5, 6, 8] quadrature 
coils based active analog large large 

[10] three-phase 
coils based — — — large 

[11] three-phase 
coils based active analog large low 

[17], [18] — active analog large — 

This work three-phase 
coils based passive digital low low 

Tab. 2. Comparisons of this work with the existing works. 

5. Conclusions 
A multi-channel differential synchronous demodula-

tor is proposed for detecting envelope differences of every 
two of the induced voltages on three-phase receiving coils. 
Theoretical basis, circuits’ design and simulation results 
are given and discussed in this work, in which the pro-
posed circuits are realized in a 0.18 μm CMOS process and 
verified by Spectre simulator. Simulation results show the 
proposed demodulator works well, and third harmonics of 
the envelope differences of every two of the induced sig-
nals are much smaller than third harmonics of the envelope 
of the induced signals. These results indicate the proposed 
demodulator could be a candidate for realizing the high 
performance analog front-end of signal conditioning chip 
in three-phase receiving coils based linear IPS. 
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