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Abstract: A phase shift demodulation technique based on subtraction capable of measuring     
0.03 phase degree limit between sinusoidal signals is presented in this paper. A self-gain module and 
a practical subtracter act the kernel parts of the phase shift demodulation system. Electric signals in 
different phases are used to verify the performance of the system. In addition, a new designed optical 
source, laser fiber differential source (LFDS), capable of generating mini phase is used to further 
verify the system reliability. R-square of 0.99997 in electric signals and R-square of 0.99877 in 
LFDS are achieved, and 0.03 degree measurement limit is realized in experiments. Furthermore, the 
phase shift demodulation system is applied to the fluorescence phase based oxygen sensors to realize 
the fundamental function. The experimental results reveal that a good repetition and better than 
0.02% oxygen concentration measurement accuracy are realized. In addition, the phase shift 
demodulation system can be easily integrated to other applications. 
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1. Introduction 

There is a considerable interest in the rapid and 

accurate measurement of phase shift for a variety of 

applications including biological, industrial, and 

environmental monitoring. Phase shift is a common 

parameter in the field of industrial measurement and 

controlling. Meanwhile, it is one of the basic tasks 

of the engineering signal analysis. In the practical 

work, we often need to measure the phase shift 

between two signals with the same frequency to 

solve variously practical problems. As the phase 

detection technique applied to scientific research, 

production practice, and other fields, the 

requirement of the phase detection technology turns 

to high precision and high intelligent. The main 

methods of phase shift measurement contain the 

variable delay-line method [1], phase-locked method 

[2], correlation method [3, 4], and the method of 

over-zero time [5]. In this paper, a system based on 

the subtraction measuring the phase shift is proposed. 

However, when most methods require the 

sophisticated equipment and careful calibration 

procedures, this phase shift demodulation system 
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based on subtraction just relies on simple and cheap 

instrumentation and offers high sensitivity and fast 

response time. 

Measurement of phase shift is different from the 

traditional detection of the voltage signal and current 

signal. First of all, phase difference is attached to the 

voltage and current signals. How to eliminate the 

changes in the voltage, current, and frequency is an 

important aspect of the phase detection. Secondly, 

measurement of the phase difference between two 

signals not only need to keep the same frequency of 

two signals, but also need to exclude the impact of 

other factors such as the amplitude of the two 

signals. Obviously, making the amplitude of the two 

input signals same seems very important. Up to now, 

the common method making the amplitude of two 

sinusoidal signals same is the self-gain circuit [6]. In 

order to modulate the amplitude of the signals, a 

self-gain module is set up. 

The self-gain module is shown in Fig. 1. As 
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Fig. 1 Diagram of the self-gain module. 
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shown in Fig. 1(a), the self-gain module mainly 

contains three parts: the two-stage amplifier part, the 

high-speed comparator, and the filter circuit. Two 

commercial chips AD603 (Analog Devices, USA) 

are involved to build the two-stage amplifier part. In 

addition, a high-speed comparator constructed by 

AD8561 (Analog Devices, USA) is used to compare 

the output signals of the second AD603 with the 

setting voltage of the comparator. Diodes and RC 

circuits are used to build the filter circuit and 

remove the noise ratio of the output signal of the 

comparator. In Fig. 1(b), all the chips are powered by 

±5 voltage. J1 and J2 are the interface of the input 

and output signals, respectively. Meanwhile, J3 is 

the interface of the setting voltage and controls the 

amplitude of the output signal. In this design, a 

two-stage AD603 amplification is used whose whole 

range of the gain will be 26‒  dB – 54 dB. The 

AD603 relies on the controlling voltage [(VG+)– 

(VG )] to control the magnification. The range of ‒

the filter value VG  is 0‒  – 3.3 V. VG+ can be 

expressed as (1): 

12

10 12

1.4V.CCV
R R

G
R

V


          (1) 

So the range of the controlling voltage 

[(VG+)–(VG ))] is 1.9‒ ‒  V – 1.4 V, and it contains 

the linear range of AD603 ( 500‒  mV – 500 mV). As 

a result, to make sure the value of the regulation 

voltage is in the range of the controlling voltage of 

AD603 ( 500‒  mV – 500 mV) and make the AD603 

in normal amplification, we set the VG+ to be 1.4 V. 

R9 and C3 is a first-order low-pass filter, the cutoff 

frequency (fc) is 

9 3

1
719Hz.

2cf R C
   

The negative feedback system provides the 

self-gain module with the ability of self-adjusting. 

Experimental results have shown that the fluctuation 

of the output voltage is less than 0.1 dB at the range 

of 1 kHz – 10 MHz. 

2. Theory analysis 

It is easy to understand that a sinusoidal signal 

minus another sinusoidal signal in the same 

frequency produces a new sinusoidal signal. The 

amplitude of the new sinusoidal signal is decided by 

the phase shift and amplitudes of the former 

sinusoidal signals as shown in Fig. 2. 

 

Fig. 2 Subtraction of two sinusoidal signals. 

In this method, we assume that the amplitudes of 

the input sinusoidal signals are the same. It can be 

realized by a self-gain module as expressed in (2): 

1 2E E                (2) 

where E1 and E2 are the amplitudes of the input 

sinusoidal signals. In the isosceles triangle as shown 

in Fig. 2, the output sinusoidal signal after 

subtraction is expressed by vector E. The phase shift 

between input sinusoidal signals  can be expressed 

as (3):                         
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where E is the amplitude of the output sinusoidal 

signal. Thus, the phase shift can be demodulated  

by 
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As shown in (4), the phase shift of two 

sinusoidal signals can be obtained by measuring the 

amplitude of the output sinusoidal signal after 

subtraction.  The phase shift θ is proportional to the 

amplitude of the output sinusoidal signal. 

Referencing the theoretical analysis, we can learn 

that when the phase shift is less than 0.1 degree, the 
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amplitude of the output signal will be so small to be 

submerged in the noise. As a result, we should 

amplify the output signal and eliminate the noises to 

improve the measurement accuracy. 

3. Phase shift demodulation system 

The phase shift demodulation system is 

conducted as shown in Fig. 3. Signals 1 and 2 are the 

input sinusoidal signals under measurement for the 

phase shift. A self-gain module is used to tune the 

amplitudes of the input sinusoidal signals into the 

same after which E1 and E2 discussed in Section 2  

are achieved. A commercial chip AD8221 (Analog 

Devices, USA) is involved to build the subtraction 

circuit. In addition, a band-pass filter circuit 

constructed by UAF42 (Texas Instruments, USA) is 

used to improve the signal to noise ratio (SNR) of 

the output sinusoidal signal. Then, a good sinusoidal 

signal with high SNR from the subtracter is sent to a 

lock-in amplifier for the accurate measurement of 

amplitude E. The locked amplitude E is collected by 

PC for some further process like (4), and then the 

phase shift  between the input sinusoidal signals is 

demodulated. 
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Fig. 3 Phase detection system. 

4. Functional verification 

4.1 The designed LFDS 

In order to verify the performance of the phase 

shift demodulation system, it is easy for us to choose 

a signal generator to give the electric sinusoidal  

signals. But most of the signal generators are always 

incapable of providing signals in mini phase 

differential. As shown in Fig. 4, an optical source 

called laser fiber differential source (LFDS) is 

designed to give the infinitesimal phase angle in 

theory, whose basic principle is the light propagation 

in fiber in different lengths. 
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Fig. 4 Schematic of the LFDS. 

In the LFDS, a distributed feedback laser diode 

driven by a 16 kHz sinusoidal signal is used as the 

light source in the experiment. A 1:1 coupler is used 

to split the laser beam into two fibers in length of  

X meter and Y meter. The respective light is detected 

by the photo-detector, and the output signals can be 
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expressed by Signals 1 and 2. Thus, a phase shift is 

generated between the output signals because of the 

optical path differences. The phase shift  can be 

expressed as follows: 

2 2

l X Y

l

v
X Y

f f
v



   


   


 



 

        (5) 

where X and Y are the lengths of different fibers, v is 

the light speed propagating in the fiber, and f is the 

frequency of the laser driving signal which is set as 

16 kHz in the experiment. Obviously, the phase shift 

 is related to the optical path differences X–Y and 

laser modulation frequency f. In the experiment, it is 

simple but effective for us to get different phase 

shifts by changing the fiber length X or Y. In theory, 

one meter of the optical path difference corresponds 

to 0.03 phase degree approximately. To verify the 

reliability of the LFDS in the generation of the phase 

shift, a lock-in amplifier Model 7230 (Ametek 

advanced measurement technology, USA) is used to 

calibrate the results of the LFDS as shown in  

Table 1.  

Table 1 Calibration of the LFDS by Model 7230. 

∆l (m) θ (theory) θ (Time 1) θ (Time 2) θ (Time 3)

1.04 0.03 0.03 0.03 0.03 

2.08 0.06 0.06 0.06 0.07 

3.12 0.09 0.09 0.10 0.09 

4.16 0.12 0.12 0.12 0.12 

 

The results in Table 1 reveal that the LFDS is 

reliable in mini phase shift production after multiple 

verifications. 

4.2 Functional verification of the phase shift 
demodulation system 

The mini phase shift can be generated by the 

LFDS as discussed in Section 4.1. Electric signals in 

a wide angle from 1 degree to 16 degree are 

produced by a signal generator. Our designed phase 

shift demodulation system is used to measure these 

signals in different phase angles from either the 

LFDS or the signal generator. The experimental 

results are plotted in Fig. 5. 
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Fig. 5 Measured phases by the phase shift demodulation system.

A linear fit is applied to the measured data from 0.03 degree to 16 degree, and an R-square of 0.99997 
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is achieved as shown in Fig. 5. In addition, we plot 

the phase data 0.03 degree, 0.06 degree, 0.09 degree, 

and 0.12 degree from the LFDS separately in the 

right inner figure which applies a linear fit too. The 

R-square is 0.99877. So, we can draw a conclusion 

that our self-designed phase shift demodulation 

system is reliable and the new phase shift 

demodulation technique is feasible. 

5. Application in fluorescence phase 
based oxygen sensor 

The purpose of designing the phase shift 

demodulation system is for some practical 

applications. Simultaneously, it is also necessary to 

verify it in the specific application. Oxygen sensing 

is of major importance in many fields, and phase 

shift measurement is always the crucial step in the 

fluorescence phase based oxygen sensor. In the 

oxygen concentration detection, the fluorescence  

intensity I and lifetime τ of the sensing dye are 

described by the Stern-Volmer equation [7 9]‒ : 

0 0
SV 21 [ ]

I
K O

I




             (6) 

where I0 and τ0 are the unquenched luminescence 

intensity and lifetime, respectively, KSV is the 

Stern-Volmer constant, and O2 is the concentration 

of oxygen. Meanwhile, the phase difference between 

the exciting light signal and the fluorescence signal 

can be described by (7) if we apply a sinusoidal 

modulation signal to excitation source [10]: 
tan 2 f                   (7) 

where  is the phase shift between the exciting light 

and the fluorescence, f is the frequency of the 

sinusoidal modulation, and τ is the lifetime of the 

fluorescence signal. Obviously, the phase shift 

demodulation system can be used to measure the 

fluorescence phase  in the oxygen sensor as shown 

in Fig. 6. 
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Fig. 6 Fluorescence-based optical oxygen sensor. 

A sinusoidal signal with the frequency of 16 kHz 

is used to drive the light-emitting diode (LED) to 

excite the oxygen sensor film, and another 

sinusoidal signal in the same frequency is generated 

as Signal 1. The fluorescence signal is transformed 

by the photo-detector into Signal 2 whose phase 

shift θ is proportional to the concentration of oxygen. 

Sample gas in different oxygen concentrations is 

accessed for measurement. The fluorescence phases 

in the concentration of 0.99%, 3%, 5%, and 8% are 

measured by our phase shift demodulation system, 

and the results are plotted in Fig. 7. It is clear that the 

measured data display the good SNR and 

repeatability. A phase detection accuracy of     

0.03 degree is achieved in 0.99% oxygen, and the 

oxygen concentration detection accuracy better than 

0.02% is realized by virtue of our phase shift 

demodulation system. 
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Fig. 7 Oxygen measurement in different sample gases with the concentration of 0.99%, 3%, 5%, and 8% oxygen by our phase shift 

demodulation system. 

6. Conclusions 

A new phase shift demodulation system based on 

the self-gain module and subtraction is presented in 

this paper. Electric signals in the wide angle from  

1 degree to 16 degree produced by the signal 

generator and mini phase shift generated by the 

LFDS are specially chosen to verify the function of 

the system. The experimental results show that 

R-square of 0.99997 in the electric signals and 

R-square of 0.99877 in the LFDS are achieved, and 

0.03 degree measurement limit is realized in the 

experiments. Furthermore, this phase shift 

demodulation system can be successfully applied in 

the fluorescence phase based oxygen sensors by 

virtue of the high stability and precision. 

Experimental results have demonstrated that a good 

repetition and better than 0.02% oxygen 

concentration measurement accuracy are realized. In 

conclusion, this phase shift demodulation system is 

reliable, practical, and stable. In addition, this phase 

detection system could be utilized in high-accuracy, 

high-precision portable measurement systems for 

sensing applications. 
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