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Abstract 
 

Phase-generated carrier (PGC) demodulation algorithm is the main demodulation methods in 
Fiber-optic interferometric sensors (FOISs). The conventional PGC demodulation algorithms 
are influenced by the carrier phase delay between the interference signal and the carrier signal. 
In this paper, an automatic carrier phase delay synchronization (CPDS) algorithm based on 
orthogonal phase-locked technique is proposed. The proposed algorithm can calculate the 
carrier phase delay value. Then the carrier phase delay can be compensated by adjusting the 
initial phase of the fundamental carrier and the second-harmonic carrier. The simulation 
results demonstrate the influence of the carrier phase delay on the demodulation performance. 
PGC-Arctan demodulation system based on CPDS algorithm is implemented on SoC. The 
experimental results show that the proposed algorithm is able to obtain and eliminate the 
carrier phase delay. In comparison to the conventional demodulation algorithm, the 
signal-to-noise and distortion ratio (SINAD) of the proposed algorithm increases 55.99dB. 
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1. Introduction 

Fiber-optic interferometric sensors (FOISs) have the advantages of anti-electromagnetic 
interference, good linearity, wide frequency response range and large dynamic range [1-4]. 
The main problem of FOISs is to design a demodulation system with large dynamic range. In 
recent years, there are some demodulation methods which use machine learning [5, 6]. 
However, phase-generated carrier (PGC) demodulation algorithm has the advantages of wide 
dynamic range, high linearity and high sensitivity. It has been widely used in FOISs [7-11]. 
The conventional PGC demodulation algorithms are the differential-and-cross-multiplying 
(PGC-DCM) [12, 13] and the arctangent (PGC-Arctan) [14, 15]. These demodulation methods 
make the communication performance of FOISs system much better than that of traditional 
communication [16]. 

However, a phase delay between the interference signal and the carrier signal, due to the 
time delay caused by the laser transmission delay, the electric transmission on electronic 
processing circuit, the conversion time of the analog-to-digital converter (ADC), the 
photoelectric conversion and external environment noise [17]. The carrier phase delay will 
cause harmonic distortion in the demodulation results [18-20]. Moreover, for the same time 
delay, the carrier phase delay will rise with the increase of carrier modulation frequency [21]. 

In order to eliminate the effect of carrier phase delay, several methods have been  proposed. 
S. C. Huang et al. proposed a improved PGC-DCM demodulator compensated for the 
transmission delay of the optical fiber [22]. Besides, the demodulator adopted the fundamental 
and the second-harmonic square wave signal to compensate the carrier phase. S. H. Zhang et al. 
proposed a method which introduce a compensating phase to the carrier. The carrier 
synchronize with the interference signal when the output of the low pass filter is maximum. 
The real-time carrier phase delay compensation can be realized by the algorithm [21]. S. W. Li 
et al. proposed an modified digital PGC demodulation algorithm. The method eliminates the 
carrier phase delay effect by the synchronous carrier restoration (SCR) method [23]. The 
method directly extract frequency and phase of the carrier signal from the interference signal. 
And the carrier signal can be synchronized by the information. Aleksandr N. Nikitenko et al. 
proposed a method which get orthogonal and in-phase components of the interference signal 
by using sine and cosine signals. The method can realize the carrier phase delay compensation 
in real time to mitigate the carrier phase delay effect without any additional phase adjusting. 
[19]. J. D. Xie et al. proposed a method to obtain carrier phase delay by robust extraction. The 
method uses the first, second, and fourth order orthogonal harmonic components to eliminate 
nonlinear error of PGC demodulation algorithm [24]. 

In this paper, a novel carrier phase delay synchronization algorithm for all-digital PGC 
demodulation based on SOC is proposed. This method is suitable for PGC-DCM and 
PGC-Arctan methods to compensate the phase delay in real time. It uses a pair of in-phase and 
quadrature carrier signals to calculate the carrier phase delay. Then the carrier phase delay can 
be adjusted to be zero. In section 2, the effect of carrier phase delay in PGC demodulation 
algorithm. And the principle of automatic carrier phase delay synchronization (CPDS) 
algorithm are analyzed. In section 3, the simulation present the effectiveness of CPDS 
algorithm. In section 4, the SoC platform which include FPGA and ARM is shown. And the 
experiments to show the practicability of the CPDS algorithm are given. 
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2. Theory 

2.1 The Principle of PGC Demodulation Algorithm 
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Fig. 1. Principle of PGC-Arctan demodulation algorithm. 

 
The interference signal [25-28] can be described as 

( ) ( )0cos cosI t A B C t tω ϕ= +  +                                         (1) 

In Eq (1), A  is the DC offset, B  is the AC amplitude. C  is the phase modulation depth. 0ω  is 
the carrier frequency. ( )tϕ  is the sum of the phase signal to be demodulated and the noise. 
The principle of PGC demodulation algorithm is shown in Fig. 1. DDS is direct digital 
frequency synthesizer. LPF is the low-pass filter. DIV is the division. ATAN is arctangent 
operation. MUL is the multiplier. The signal sended from the Mach-Zehnder interferometer 
multiplies with the fundamental and the second-harmonic of carrier modulation signal. After 
expanding to a Bessel function can obtain 

( ) 0

0 0 2 0 0
1

2 1 0 0
0

cos

cos ( ( ) 2 ( 1) ( )cos 2 )cos cos ( )

2 ( ( 1) ( )cos(2 1) )cos sin ( )

k
k

k

k
k

k

I t t

A t B J C J C k t t t

B J C k t t t

ω

ω ω ω ϕ

ω ω ϕ

∞

=

∞

+
=

×

= + + −

− − +

∑

∑

               (2) 

( ) 0

0 0 2 0 0
1

2 1 0 0
0

cos 2

cos 2 ( ( ) 2 ( 1) ( )cos 2 )cos 2 cos ( )

2 ( ( 1) ( )cos(2 1) )cos 2 sin ( )

k
k

k

k
k

k

I t t

A t B J C J C k t t t

B J C k t t t

ω

ω ω ω ϕ

ω ω ϕ

∞

=

∞

+
=

×

= + + −

− − +

∑

∑

              (3) 

Where ( )kJ C  is the k -order Bessel function. Then the signals get into the low-pass filters. A 

pair of non-strict quadrature components ( )xI t  and ( )yI t  are obtained 

( ) 1( )sin ( )xI t BJ C tϕ= −                                                 (4) 

( ) 2 ( )cos ( )yI t BJ C tϕ= −                                                 (5) 
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Where ( )1J C  is the first-order Bessel function. ( )2J C  is the second-order Bessel function. 
Next the output signals of the low-pass filters can be dealt with PGC-Arctan or PGC-DCM 
demodulation method to get the sensing phase signal. 

For the PGC-Arctan demodulation algorithm, after dividing ( )xI t  and ( )yI t  yields 

( ) ( )
( ) ( )1

2

tandiv

J C
I t t

J C
ϕ=                                                    (6) 

In Eq (6), C  is adjusted to 2.63 rad to make ( ) ( )1 2=J C J C , So that the effect of Bessel 
function on the demodulation results can be minimized,. Eq (6) can be rewritten as 

( ) ( )tandivI t tϕ=                                                          (7) 

After the operation of arctangent, the sensing phase signal ( )tϕ  can be got. 

For the PGC-DCM demodulation algorithm, the signal through the operation of 
differential-and-cross- multiplying. And the results are described as 

( ) ( ) ( ) ( ) ( ) ( )2 2
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dI t d t
I t B J C J C t
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ϕ× =                               (8) 
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After the signal through the operations of subtracting and integrating. The demodulation result 
can be expressed as 

( ) ( ) ( )2
1 22SUBI B J C J C tϕ=                                            (10) 

In Eq (10), C  is adjusted to 2.37 rad to make the change rate of ( ) ( )1 2J C J C  minimum. So 
that the effect of Bessel function on the demodulation results can be minimized. 
 
2.2 The Influence of Carrier Phase Delay in PGC Demodulation Algorithm 
In practical applications, due to the laser transmission delay in the fiber-optic interferometric 
sensor, the conversion time delay of ADC in the photodetection and the circuit board. the 
carrier phase delay exists between the carrier signal and the interference signal. Considering 
the phase delay, Eq. (1) should be rewritten as 
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                                (11) 

Where Δt  is the time delay, and Δϕ  is the carrier phase delay between the carrier signal and 
the interference signal. So that Eq. (4) and Eq. (5) should be rewritten as 

( ) 1( )sin ( )cosxI t BJ C tϕ ϕ= − ∆                                        (12) 

( ) 2 ( )cos ( )cos 2yI t BJ C tϕ ϕ= − ∆                                      (13) 

For the PGC-Arctan demodulation algorithm, the demodulation result becomes 

( ) ( )' cosarctan tan
cos 2

t tϕϕ ϕ
ϕ

 ∆
=  ∆ 

                                     (14) 
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It is obvious that ( )tϕ  can not be obtained by the operation of arctangent because of the 
existence of cos cos 2ϕ ϕ∆ ∆ . 

For the PGC-DCM demodulation algorithm, the demodulation result becomes 

( ) ( )( ) ( )2
1 2 cos cos 2SUBI B J C J C tϕ ϕ ϕ= ∆ ∆                           (15) 

It is clear that cosΔ 0ϕ =  when ( )Δ = + 1,2,3...
2

k kπϕ π =  which will cause demodulation 

failure. 
 
2.3. The Principle of Automatic Carrier Phase Delay Synchronization 
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Fig. 2. Principle of PGC demodulation algorithm with the automatic carrier phase delay 

synchronization. 
 

The PGC demodulation algorithm with the automatic carrier phase delay synchronization 
is shown in Fig. 2. SUB is subtraction. INT is integral. The photodetector (PD) converts the 
optical interference signal from the Mach-Zehnder interferometer to electrical signal. Then the 
electrical interference signal is sampled by the ADC. Last the sampled signal enter the 
PGC-Arctan and PGC-DCM demodulation module to obtain the sensing phase signal. In order 
to make up the carrier phase delay Δϕ , the carrier phase delay synchronization (CPDS) 
algorithm based on orthogonal phase-locked is introduced to the PGC demodulation algorithm. 
Δϕ  can be calculated by CPDS module. And CPDS module can adjust the initial phase of the 
carrier signal and its second harmonics which are generated by DDS. 
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CPDS module is shown in Fig. 2. It is necessary to synchronize the carrier phase delay. So 
CPDS algorithm is introduced to the PGC demodulation algorithm. The interference signal 
multiplies with the orthogonal and fundamental of carrier signal. After expanding to a Bessel 
function can obtain 
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After passing through the low-pass filters, the output signal are a pair of non-strict orthogonal 
components ( )xI t  and ( )yI t  

( )'
1( )sin ( )sinxI t BJ C tϕ ϕ= ∆                                            (18) 

( )'
1( )sin ( )cosyI t BJ C tϕ ϕ= ∆                                            (19) 

After dividing Eq. (18) by Eq. (19) can obtain 

( )' tandivI t ϕ= ∆                                                      (20) 

So Δϕ  can be obtain by the operation of arctangent. 
 

3. Simulation and Analysis 

In the system of this paper, the sampling frequency sf  of the interference signal was 10 MHz, 
the carrier frequency 0f  was 1MHz, the sensing phase signal frequency f  was 1kHz. The 
carrier phase delay took a step length of 0.001π  rad, rising from π− rad to π rad. As shown in 
Fig. 3, the carrier phase delay can influence the amplitude of the demodulation signal. The 
precise amplitude can not be obtained because of the existence of the carrier phase delay. 
Especially, when the carrier phase delay Δ π 2ϕ = ± , cosΔϕ  is equal to 0. It leads to the 
demodulation failure. 
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Fig. 3. The dependence of amplitude on carrier phase delay 

 
Fig. 4(a) reflects the influence of the carrier phase delay on the demodulation performance. 

The carrier phase delay causes the decrease of SINAD. As shown in Fig. 4(b), the waveform 
of demodulation results have serious harmonic distortion when Δϕ  are 0.1π rad, 0.2π rad, 
0.3π rad and 0.4π rad, respectively. So it is essential to calculate the carrier phase delay and 
adjust it in the demodulation process. 
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Fig. 4. The effect of carrier phase delay (a) The dependence of SINAD on carrier phase delay 
(b) The dependence of amplitude on carrier phase delay 

 
As shown in Fig. 5, the carrier phase delay can be obtained by CPDS module. Then the 

initial phase of the carrier signal and its second harmonics can be adjusted to synchronize the 
carrier to depress the harmonic distortion. 
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Fig. 5. The results of CPDS 

4. Experimental Results and Discussion  
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Fig. 6. Experimental setup 

 
 

As shown in the Fig. 6, the practicability of CPDS algorithm is verified by the experimental. 
In this paper, PGC digital demodulation system is constructed on Xilinx Zynq-7100. The 
carrier signal generated by digital to analog converter (DAC). And the interference signal is 
modulated by the carrier signal through PZT modulator. The interferometric signal is emitted 
by Mach-Zehnder interferometer. Then the interferometric signal is sampled by ADC which is 
located on the data acquisition board. Then the sampled signal is demodulated on the signal 
processing board. The sensing phase signal can be gotten from the digital sampled signal. The 
demodulation system can be controlled by the upper system.  
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4.1 Carrier phase delay synchronization module 
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Fig. 7. The principle of direct digital synthesizers 

 
As shown in Fig. 7, DDS are vital devices in a lot of digital processing systems, which 

always adopt the digital lookup table. The digital lookup table is composed by a real or 
complex valued sinusoid. The phase accumulator is composed of adder and phase register, 
which accumulates the frequency control word once a system clock. The phase accumulator 
outputs the phase of the sinusoidal signal. The phase is used as the sampling address of the 
lookup table which stores sampling values of a sinusoidal signal. In this way, the waveform 
sampling value can be obtained by looking up the lookup table. Then the phase-to-amplitude 
conversion can be completed. 
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Fig. 8. Flow diagram of CPDS module 
 

The flow diagram of CPDS module is shown in Fig. 8, Firstly, a section of interference 
data is stored. Then, the frequency of a DDS2 is set to 1MHz. At the moment, n  is equal to 1. 
Next, the DDS2 is reset. After that, the interference data is sent to CPDS module. The carrier 
phase delay value Δϕ  can be obtained by orthogonal phase-locked module. Then the 
phase-locked value is received and converted into the phase control word of DDS1 to adjust 
the initial phase of the fundamental carrier signal. Finally, n  value is judged whether less than 
2 or not. When n  is equal to 2, the frequency of a DDS2 is set to 2MHz. The above operations 
are repeated to obtained the phase delay of the second-harmonic carrier signal. 
 
4.2 Experimental verification for CPDS 

In order to verify the practicability of CPDS in eliminating the harmonic distortion, the 
demodulation results without CPDS and the demodulation results with CPDS are tested, 
respectively. On the hardware platform, the sampling frequency sf  is 10MHz, the carrier 
frequency 0f  is 1MHz, the sensing phase signal frequency f  is 1kHz. As shown in Fig. 9, the 
SINAD of the demodulated phase signal without CPDS is 25.22dB. As shown in Fig. 10, the 
SINAD of the demodulated phase signal with CPDS is 81.21dB. Comparing Fig. 9 and Fig. 10, 
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it can be seen that the system without CPDS has obvious harmonic distortion. Therefore, the 
carrier phase delay brings serious harmonic distortion to demodulation system. So it is 
necessary to use CPDS to suppress the nonlinear distortion. 
 

0 0.5 1 1.5 2

Frequency(kHz)

-200

-150

-100

-50

0

50

SINAD:  25.22 dB

F

Fundamental

Noise and Distortion

DC (excluded)

without CPDS

 
Fig. 9. SINAD analysis of the demodulated phase signal without CPDS 
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Fig. 10. SINAD analysis of the demodulated phase signal with CPDS 

5. Conclusion 
In this paper, a CPDS algorithm is proposed to automatic compensate the carrier phase 

delay. The effect of carrier phase delay and the effectiveness of CPDS algorithm are verified in 
theory. And the theories are verified by simulation further. The improved PGC-Arctan 
demodulation system based on CPDS algorithm is implemented on SOC. The results of the 
experiments show that PGC-Arctan with CPDS can effectively decrease the harmonic 
distortion which is caused by the carrier phase delay. The demodulation results of the 
hardware system are improved significantly. Compared to the conventional PGC-Arctan 
demodulation system, the improved PGC-Arctan demodulation system has a much better 
SINAD. 
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