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Abstract: In view of the poor scale factor stability of the interferometric fiber optic gyroscope 
(IFOG), it is a creative method to use laser to drive the IFOG for its better frequency stabilization 
characteristics instead of the broadband light source. As the linewidth of laser is narrow, the errors of 
coherent backscattering, polarization coupling, and Kerr effect are reintroduced which cause more 
noise and drift. This paper studies laser spectrum broadening based on external phase modulation of 
Gaussian white noise (GWN). The theoretical analysis and test results indicate that this method has a 
good effect on spectrum broadening and can be used to improve the performance of the laser-driven 
IFOG. In the established closed-loop IFOG, a four-state modulation (FSM) is adopted to avoid 
temperature instability of the multifunction integrated-optic chip (MIOC) and drift caused by the 
electronic circuit in demodulation. The experimental results show that the IFOG driven by broadened 
laser has the angular random walk noise of 0.003 8 °/√h and the drift of 0.017 °/h, which are 62% and 
66% better than those without modulation respectively, of which the drift has reached the level of the 
broadband light source. Although the noise still needs further reduction, its scale factor stability is 
0.38 ppm, which has an overwhelming advantage compared with the traditional IFOG. 
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1. Introduction 

As a kind of rotation rate sensor based on the 

Sagnac effect [1], interferometric fiber optic 

gyroscope (IFOG) has been developed for over forty 

years. It is an inertial navigation instrument that is 

widely used in national defense industries and 

civilian applications such as aviation, aerospace, and 

land navigation [2–5]. Compared with its main 

competitor, ring laser gyroscope (RLG), the IFOG 

does not need high-precision processing of the 

optical mirror and strict sealing of the cavity or 

ignition voltage of several thousand volts. 

Furthermore, it effectively overcomes the 

self-locking phenomenon and has the characteristics 

of simple structure, low cost, small volume, and 

light weight [6–8]. From the perspective of market, 

the IFOG has a tendency to replace the RLG 
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completely. However, the most serious problem 

needing to solve in this process is to improve the 

scale factor stability of the IFOG, which is usually 

driven by the broadband superluminescent diode 

(SLD) or superfluorescent fiber source (SFS) and its 

average wavelength stability is much worse than that 

of laser [9]. 

In recent years, research groups represented by 

Stanford University have been devoted to using laser 

as the light source of the IFOG since its frequency 

drift is usually within 1 ppm [10, 11]. In contrast, the 

wavelength stability of the broadband light source is 

tens of ppm. As the scale factor stability directly 

depends on the performance of the light source, it 

can be improved by two orders of magnitude with 

laser instead of the SLD or SFS. However, the 

laser-driven IFOG reintroduces coherent 

backscattering, polarization coupling, and Kerr 

effect because of its narrow linewidth [12, 13]. 

Although the semiconductor lasers with the 

linewidth of tens of megahertz have been proved 

that they can drive the IFOG directly, it is still 

necessary to use broader laser for further 

improvement [14]. While multi-mode laser 

introduces more relative intensity noise (RIN) [15], 

some kinds of broadband lasers of gigahertz have 

worse wavelength stabilities. Alternatively, a few 

methods of broadening laser spectrum are put 

forward. Laser frequency modulation through 

dithering of the injection current can broaden the 

spectrum and reduce the IFOG noise to 0.033 °⁄√h, 

but it degrades the wavelength stability through 

coupling between the output and wavelength [16]. 

Its bias instability of 1.4 °/h is also frustrating. At 

present, external phase modulation is one of the best 

techniques [10, 11]. Since the modulation process 

occurs after the laser is generated, it does not 

destroy the wavelength stability as direct modulation. 

In addition to the application in the IFOG, it has also 

been successfully applied to suppress stimulated 

Brillouin scattering (SBS) threshold [17]. By 

choosing Gaussian white noise (GWN) as the 

driving signal, the spectrum does not contain 

sidebands or sub-peaks, and the effect of broadening 

and optical carrier suppression is outstanding, which 

is the most competitive choice compared with others 

such as the sinusoidal signal and pseudo-random bit 

sequence (PRBS) waveform [11]. 

According to the above background, this paper 

studies on the closed-loop IFOG driven by laser and 

improved by the external phase modulation. By 

studying the external phase modulation of the GWN, 

its effect of spectrum broadening is confirmed. An 

all-digital closed-loop FOG based on four-state 

modulation (FSM) is built to avoid temperature 

instability of the multifunction integrated-optic chip 

(MIOC) and drift caused by the electronic circuit in 

closed-loop demodulation. The test results show that 

the noise and drift of the IFOG driven by modulated 

laser reach 0.003 8 °/√h and 0.017 °/h, which are 

62% and 66% higher than those without modulation 

respectively, and the performance of drift has 

reached the level of the SLD. As there is no 

temperature control or vibration isolation, better 

results can also be available by overmodulation, 

signal processing, and temperature modeling. 

2. External phase modulation of the GWN 

Laser linewidth can be broadened by sending its 

output through an electro-optic phase modulator 

(EOM) and loading radio-frequency (RF) signal on 

the EOM to change the phase characteristics of the 

optical spectrum as shown in Fig. 1. The GWN is a 

preferred driving signal for spectrum broadening as 

explained above, especially in the IFOG. 

The relationship between the phase noise and 

filed spectrum has been extensively studied [18]. 

The specific calculation methods among 

corresponding parameters are shown in Fig. 2. It 

includes the amplitude ( )E t , the field spectrum 

( )S f , the phase difference ( )tτφΔ , the frequency 

noise spectrum ( )FS f , the phase error variance 

( )2

φσ τ , and the differential phase spectrum 
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( )S f
τφΔ . Equations (1) – (6) listed in Table 1 are 

used to relate those to each other and calculate 
( )S f . [ ]∗F  represents the Fourier transform and 

∗  is the ensemble average. 
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Fig. 1 Schematic diagram of linewidth broadening with the external phase modulation and IFOG. 
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Fig. 2 Relations among the corresponding parameters. 

Table 1 Equations relating the corresponding parameters to 
each other. 

Equation Equation number 

( ) ( ) 2
S f E t=   F  (1) 

( ) ( ) ( )n nt t tτφ φ φ τΔ = − −  (2) 

( ) ( ) ( )
2

sin
4 F

f
S f S f

fτφ
π τ

Δ

 
=  

 
 (3) 

( ) ( )2

0
dS f f

τφ φσ τ
∞

Δ=   (4) 

( ) ( )2 2
tφ τσ τ φ= Δ  (5) 

( ) ( )2

exp
2

S f φσ τ  
  = −

    
F  (6) 

As the EOM imposes phase noise on the field, 

the phase noise spectrum ( )S fϕ expressed as (7) 

should be substituted into (3): 

( ) ( )
2

FS f
S f

fϕ =               (7) 

where f  is the Fourier frequency. Assuming that 

the bandwidth of the GWN is cf  and the power 

spectral density (PSD) is VS , the electrical 

disturbance is converted to phase disturbance in the 

field by the EOM, and its PSD is expressed as 
2 2/E VS S Vππ=             (8) 

where Vπ  is the half-wave voltage of the EOM. By 

combining the above equations, the autocorrelation 

function of ( )E t  is expressed as 

( ) ( ) ( ){ }2
0 0exp i2 exp 1 sin c 2E E c cR E v S f fτ π τ τ= −  −    

(9) 

where 0E  is the constant amplitude of the laser 

field, and τ  is the random fluctuation time of the 

phase. The broadened spectrum with 0v  as the 

central frequency can be obtained by calculating the 

Fourier transform of (9). By increasing the PSD of 

the GWN under the same bandwidth, the spectrum 

asymptotically becomes a smooth Gaussian with the 

broader linewidth and less optical carrier as shown 

in Fig. 3(a). Improving the bandwidth as Fig. 3(b) 

also has the same effect. After further statistical 

analysis, the linewidth of the broadened component 

bvΔ  and the residual carrier of the spectrum cpΔ  

are expressed as 

38ln 2
b E cv S f

π
Δ =            (10) 

e E cS f
cp −Δ = .             (11) 

Therefore, in order to achieve the excellent 

modulation effect, the GWN of the high power and 

modulation system of the wide bandwidth is 

necessary. In the experimental external phase 

modulation system in Fig. 1, the bandwidths of the 
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RF driving signal, amplifier chain, and EOM are 

abou t  10  GHz,  wh ich  i s  a  cho ice  under 

comprehensive consideration of the effect and cost. 

The EOM with Vπ  of 3.7 V is driven by Noisewave 

NW10G-M, and a broadband GWN source also used 

in [11]. Its noise power is –17 dBm, a lower value 

for spectrum broadening, which is supposed to be 

amplified before entering the EOM. The combination 

of a 10 GHz low-pass filter and two-stage amplifiers, 

namely G3H84 and ZVA-183W+, is used to amplify 

the GWN power to 28 dBm, which is also the 

maximum RF input power of the EOM. An 

attenuator is used to protect the modulation system 

and adjust the input power of ZVA-183W+. By 

substituting the above parameters into (9), the 

optical spectra with and without modulation are 

calculated as shown in the Fig. 4(a). The intrinsic 

laser spectrum of the Lorentz shape is broadened to 
 

the Gaussian spectrum of about 50 GHz. The actual 

test results measured by Yokogawa AQ6317C are 

shown in Fig. 4(b), where the red line is the optical 

spectrum analyzer (OSA) impulse response of 

intrinsic laser with the true linewidth of 12 MHz 

measured by the delayed self-heterodyne 

interferometer. The linewidth of its broadening 

component is more than 40 GHz as fitted, which is 

close to the theoretical result, but there is residual 

carrier remained. The reason for this phenomenon is 

complex, which may be limited by the resolution of 

the OSA, the nonlinear modulation response of the 

EOM, voltage saturation of the GWN signal during 

amplification [11], etc. However, our theory still has 

an important guiding role, and the measurement 

results of the OSA and IFOG in the next section  

also prove that the spectrum broadening is     

effective. 
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Fig. 3 Modulated optical spectra: (a) with increasing PSD and (b) with increasing bandwidth. 
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Fig. 4 Spectra with and without modulation: (a) simulation and (b) experiment. 

At present, the EOM of 40 GHz has been mature 

and mass produced, and the saturated output power 

of the RF signal can also be specially customized 

and increased, so the effect of laser spectrum 



Jingtao YAN et al.: Low-Drift Closed-Loop Fiber Optic Gyroscope of High Scale Factor Stability Driven by Laser  
With External Phase Modulation 

 

Page 5 of 9

broadening could reach a higher level. Therefore, 

the application of this technology will greatly 

improve the performance of the laser-driven IFOG. 

3. Experiment 

3.1 IFOG system 

An all-digital closed-loop IFOG system using 

laser with the external phase modulation as the light 

source is established as Fig. 5. Except for the light 

source and modulation system introduced above, the 

IFOG is consisted of a coupler, a detector, a prime 

amplifier, an analog-to-digital converter (ADC), a 

digital-to-analog converter (DAC), and a digital 

signal processing (DSP) circuit, and the MIOC 

consists of a Y-waveguide, a polarizer and two 

modulators, and a fiber coil made of 1 km of 

polarization maintaining fiber and wound on a coil 

of 8 cm in diameter. The broadened laser is sent to 

the coupler and then to the MIOC where it is divided 

into two beams of light with opposite propagation 

directions in the fiber coil to form a Sagnac 

interferometer. After the lights interfere, the signal is 

detected and amplified by the pre-amplifier and then 

processed by the closed-loop control algorithm to 

generate the modulation signals which are used to 

drive the phase modulators in the MIOC. At the same 

time, the accurate rotational rate signals of the inertial 

space are output to the computer through the serial port. 

Serial port 

Fiber coilY-type 
waveguide 

Electric 
circuit &
signal 
processing
module 

Noise source 

Laser 

Detector module 

Coupler 

Phase modulator

Radio 
frequency 
amplifier 
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Fig. 5 Experimental system of the laser-driven IFOG. 

To evaluate the performance of the laser-driven 

IFOG accurately and avoid errors in the cover-up, 

the system is tested on an indoor optical platform 

without any temperature control or extra vibration 

isolation, with the external phase modulator system 

in the blue area and the other devices of the IFOG in 

the black one. 

3.2 Closed-loop detection scheme 

For the closed-loop IFOG, its scale factor is 

expressed as 

DA

2 1
=

m

LD
K

c K K

π
λ

⋅
⋅

         (12) 

where c  is the speed of light in vacuum. In 

addition to the decisive factor, the average 

wavelength of the light source λ , the scale factor 

also depends on the length L  and diameter D  of 

the fiber coil, the modulation coefficient mK  of the 

MIOC, and the gain DAK  of the DAC and 

amplifier. The stability of λ  has been improved by 

using laser. On the other hand, precise temperature 

modeling of the fiber coil can reduce the influence 

of L  and D  on the scale factor stability to a very 

low level, not to mention that there are materials 

with smaller thermal expansion coefficient to choose. 

The closed-loop detection scheme not only 

improves the dynamic range of the IFOG, but also 

overcomes the temperature drift to a certain extent. 

However, its scale factor stability is also affected by 

the gain errors of closed-loop feedback mentioned 

above as mK  and DAK , where the Vπ  variation of 

phase modulators in the MIOC occupies the main 

reason which can reach 5% to 8% in the full 

temperature range of – 40  to + 60℃  . It is ℃

necessary to control the closed-loop feedback gain 

so that the modulation phase corresponding to the 

step-wave reset voltage is always 2π. In the first 

feedback loop, bϕ  is generated to compensate the 

Sagnac phase sϕ  caused by rotation, and the FSM 

is adopted to realize the precise control of the 

feedback gain and compensate the gain error at any 

input rotation rate [19]. 
In the FSM, the phase modulator applies four 

different bias modulation states to the light for each 
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modulation period and the form is expressed as 

( )

0

0

0

0

, 0
2

,
2

3
,

2
3

, 2
2

t

a t
t

t

a t

τϕ

τϕ τ
ϕ

τϕ τ

τϕ τ

 <

 <

Δ = 
 − ≤ <


− <


≤

≤

≤

       (13) 

where τ  is the delay time of the fiber coil, 0ϕ  is 

the bias phase in the first and third states, a  is the 

gain of the bias phase in the second and fourth states 

and the requirement they should satisfy is 

( ) ( )0 0cos cos aϕ ϕ= .  General ly,  0 2ϕ π=  and 

3a = . When the IFOG is stationary, its output is 

usually a straight line including error pulses with a 

frequency of 1 τ  as shown in Fig. 6. As the gain of 

the modulation channel becomes ( )1 ε+  times of 

the original, an error signal is generated in Fig. 

7(a).When the IFOG rotates, its working point  
 
 

moves and the output becomes a square wave with 

the same frequency as the modulated square wave in 

Fig. 7(b). The output signal in the actual working 

state is usually the superposition of them as shown 

in Figs. 7(c) and 6 with blue lines. The 

corresponding light intensities with bϕ  at the four 

modulation states are expressed as follows: 

I I 

−aϕ0 −ϕ0 ϕ0
aϕ0 ϕ(t) 

ϕs 

I0 I0 

I1 I2 I3 I4 

0−π +π

τ

2τ
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Fig. 6 Principle of the FSM in the IFOG. 
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Fig. 7 Output signals of the IFOG with the FSM: (a) rotation rate signal input, (b) gain of closed-loop detection changes, and    
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( )1 0

0

= 1 cos 1
2

1
2

s b

b

I I

I

πϕ ε ϕ

πε ϕ

   ′ + + + +      
  ≈ − +    

    (14) 

( )2 0

0

3
= 1 cos 1

2

3
1

2

s b

b

I I

I

πϕ ε ϕ

πε ϕ

   ′ + + + +      
  ≈ + +    

   (15) 

( )3 0

0

= 1 cos 1
2

1
2

s b

b

I I

I

πϕ ε ϕ

πε ϕ

   ′ + + + − +      
  ≈ + − +    

   (16) 

( )4 0

0

3
= 1 cos 1

2

3
1

2

s b

b

I I

I

πϕ ε ϕ

πε ϕ

   ′ + + + − +      
  ≈ − − +    

  (17) 
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where 0I  is the average detected signal intensity 

when the phase modulation is turned off. The output 

of the IFOG presents a ladder shape and the 

feedback gain error can be calculated as 

2 1 4 3 0= 4I I I I I I επ′ ′ ′ ′Δ − + − = .      (18) 

Then the gain error is digitally integrated and the 

feedback algorithm generates the appropriate phase 

step and compensation. It is believed that the 

performance will be better than 1 ppm by using laser 

as the light source with a frequency drift of tens of 

megahertz and introducing the FSM scheme which 

is tested in the next section. 

3.3 Experimental results 

The performance of the IFOG driven by 

broadened laser should be compared with the 

intrinsic laser and SLD simultaneously to study the 

improvement with modulation and the potential for 

laser replacing broadband light source. The IFOG 

system is placed in the room and measures the local 

component of the earth’s rotation rate. The results in 

100 minutes are shown in Fig. 8. After broadening 

the laser spectrum, the noise and drift of the IFOG 

have been significantly improved. The Allan 

variances in Fig. 8(d) show that the angular random 

walk noise is improved from 0.01 °/√h to      

0.003 8 °/√h and the drift is improved from 0.05 °/h 

to 0.017 °/h, which are 62% and 66% better, 

respectively. The noise is still relatively high 

compared with 0.001 8 °/√h of the SLD in the same 

IFOG system, but its performance could be 

promoted by using the less loss optical fiber, which 

has more influence on the laser-driven IFOG than 

the broadband light source because of coherent 

backscattering [12]. Furthermore, the results of the 

SLD are optimized by special digital signal 

processing beforehand, but the results of the 

laser-driven IFOG as shown in Fig. 8(b) are 

measured directly to avoid concealing the error, so 

its noise is expected to be reduced by several times 

hopefully with targeted treatment. On the other hand, 

the drift of the output in Fig. 8(c) is 0.014 °/h, which 

is almost the same as the test results in Fig. 8(b). 

These results mean that the polarization coupling 

has been suppressed to the level as other errors [13]. 

In this way, continuing to improve the spectral width 

will indeed improve its performance to a certain 

extent, but the effect diminishes significantly. It 

inspires the use of the light source with the relatively 

narrow spectral width instead of the SLD or SFS to 

achieve the lower cost and better scale factor 

stability for the medium and low-precision IFOG. 
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Fig. 8 Test results of the IFOG in 100 minutes with different light sources: (a) laser without modulation, (b) broadened laser,     

(c) SLD, and (d) measured Allan variances. 
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In addition, the specific scale factor stability of 

the laser-driven IFOG is measured. It is installed on 

the rotating platform setting the rotation rate to 0 °/s, 

±10 °/s, ±30 °/s, ±60 °/s, 90 °/s, and ±120 °/s 

respectively for 10 times in total. Digital outputs of 

the IFOG at different rotation rates are shown in  

Fig. 9. As the introduction of the external phase 

modulation and FSM will not change the scale 

factor greatly, digital outputs of the three conditions 

almost coincide in Fig. 9, while the tested stability is 

not the case. The scale factor is obtained by fitting 

the digital output of each group, and the stability is 

the standard deviation of the ten scale factors which 

is calculated as 1.88 ppm when directly driven by 

laser. It should be noted that this value is relatively 

conservative due to the influence of noise and drift. 

Therefore, the scale factor stability is improved to 

0.67 ppm when the laser spectrum is modulated and 

broadened without degrading its frequency stability. 

After introducing the FSM technology, it is further 

improved to 0.38 ppm, an exciting result for the 

research of the IFOG. All tests meet the 

requirements of GJB 2426A-2004. Although the 

noise, volume, and power consumption of the IFOG 

driven by broadened laser still need improvement at 

present, its stability of the scale factor has an 

overwhelming advantage compared with the 

traditional IFOG and therefore enhances its 

competitiveness with the RLG. 
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Fig. 9 Digital output of the laser-driven IFOG at different 

rotation rates. 

4. Conclusions 

The laser spectrum broadening method based on 

the external phase modulation of the GWN is 

studied. After shaping and amplifying the GWN 

signal generated from the noise source, the EOM is 

driven to broaden the spectrum and realize the 

broadening component of more than 40 GHz with a 

small residual carrier. A closed-loop IFOG with the 

FSM is established. With the broadened laser, the 

angular random walk noise is 0.003 8 °/√h and the 

drift is 0.017 °/h, which are 62% and 66% better 

than those without modulation, respectively. On the 

premise of ensuring that the stability of the scale 

factor is improved by two orders of magnitude than 

the traditional IFOG as 0.38 ppm, the drift is also the 

same as that driven by the SLD. Furthermore, the 

relatively high noise can be further improved and 

will not have a great impact on applications in the 

future. As the phase modulation technology is 

getting more and more mature which is hopeful to 

be integrated into the IFOG in the foreseeable future 

and the performance of the specially designed 

electronic equipment will also be improved, this 

paper shows that laser has a great potential as the the 

light source of the IFOG to enhance its 

competitiveness in the inertial device market. 
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