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Period-control and chaos-anti-control of a semiconductor
laser using the twisted fiber
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A novel semiconductor laser system is presented based on a twisted fiber. To study the period-control and chaos-anti-
control of the laser system, we design a type of optic path as a control setup using the combination of the twisted fiber and
the polarization controller while we present a physical dynamics model of the delayed dual-feedback laser containing the
twisted fiber effect. We give an analysis of the effect of the twisted fiber on the laser. We use the effects of the delayed
phase and the rotation angle of the twisted fiber and the characteristics of the system to achieve control of the laser. The
laser is deduced to a stable state, a double-periodic state, a period-6 state, a period-8 state, a period-9 state, a multi-period
state, beat phenomenon, and so on. The periodic laser can be anti-controlled to chaos. Some chaos-anti-control area is
found. The laser system is very useful for the study of chaos-control of the laser setup and the applications of some physics

effects.
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1. Introduction

Chaos is a kind of nonlinear phenomenon. A chaotic sys-
tem is sensitive to the initial conditions and shows some ran-
dom behaviors, different starting conditions result in many dif-
ferent kinds of dynamic orbits. It is very difficult to predict the
chaotic long-term behavior.['-3! However, characteristics and
laws behind chaos are gradually discovered.!*-8! In the 1990s,
the “OGY” chaos-control method was presented,[!! the study

6-11 the param-

of chaos-control has been rapidly developed;!
eter chaos control, the adaptive chaos control, the fuzzy chaos
control, and so on have been presented.

Nonlinear devices, e.g., semiconductor lasers, are eas-
ily subjected to external feedback and can be destabilized to
chaotic oscillation.>-®! For applications requiring stable oper-
ation, the chaos control is very important. On the other hand,
in the last two decades, some applications of chaos have been
proposed and developed, such as optical chaos communica-
tion, chaotic radar, chaotic OTDR, and physical random num-
ber generation.!>15] Therefore, the generation of chaos laser,
i.e., chaos-anti-control of laser, becomes equally important.
We can use some techniques to suppress chaos laser or guide

6111 Many chaos-control methods are

laser into some states. |
proposed to suppress or stabilize chaotic laser. There are the
current perturbation method, the delay feedback method, the
injection period signal method, the phase modulation method,
the double split feedback method, the injection chaotic signal
method, and so on.[6-11.16-18]

A twisted fiber has the birefringence property. The po-
larization light passed through the twisted fiber results in a

delayed phase, an optical rotation, or an optical axis deflec-
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tion. Using the characteristic of the twisted fiber, we present
a novel semiconductor laser system with a twisted fiber as the
optical delayed feedback path. It is a novel idea to introduce
some physics effects to guide the laser behavior or chaos-anti-
control of the laser. It will be a new research area of chaos-
control or laser techniques by using physics characteristics and
especial effects. We focus on the chaos-anti-control and dy-
namics in the laser by introducing the physics effects of the
twisted fiber. The laser system is very helpful to study other
laser systems and chaos-control.[1”]

2. Physical model

The delay negative feedback semiconductor laser with an
external cavity is a nonlinear optical system, which has been
widely studied in theory and experiment. As a result of the op-
tical re-injection of the delayed feedback, the laser has some
stable or unstable nonlinear phenomena, such as a period, a
multi-period and bifurcation or chaos.!%"1%! In order to struc-
ture a new laser system with delayed dual-feedback character-
istic and study the control or anti-control laser, we design first
a controllable ring path using a twisted fiber to structure a new
combination of the delayed feedback and ring laser system.
Figure 1 shows a schematic block of the laser using a twisted
fiber. In order to simplify the theory model, the laser may be
considered as single-polarization lasing.

Here, the optical path of the laser system is designed as
follows. A beam of light after PC; is divided into two beams
by the beam splitter BS, a bunch of light is reflected by the
semireflecting mirror M; back to the laser, the optical path of
the laser and the mirror M; constitute the known external cav-
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ity delayed feedback laser. Under certain conditions, the laser
can show cycle or chaos operation. Another bunch of light
passes through the twisted fiber, and then through the polar-
ization controller PC; and re-injects to the laser via the mirror
M,, where PC, controls the polarization direction and the re-
injection level of the light because the polarization rotation of
light occurs when the light passes through the twisted fiber.
The combining of the fiber and PC; is used as a control.

Fig. 1. Schematic block of the laser using a twisted fiber. M is the semire-
flecting mirror, M is the plane mirror, BS is a beam splitter, and PC; and
PC,; are two polarization controllers.

The twisted fiber is spinning at rate £ and the fiber has
birefringence Af, the light passes through the fiber; at length
7, the phase delayed R(z), the rotation angle Q(z), and the op-

tical axis deflection angle ®(z) can be obtained as!?’!

RO — 2in- 1 o

(z) =2sin ————sinyz |, (1a)
1+p2
Q(z) =Ez+tan! —;tanyz , (1b)
V1+p2
—-Q
D)= S T 0125, (o)
2 2
with
__AB _V(@AB)+4(E-a?
p= 2WE—a) Y= 5 , a=Gg&,

where a is the photoelasticity factor and G is the coefficient.
Next, we focus on the following two cases in this work.
1) For a low twisted rate £ < A3, we obtain ®@(z) ~ 0,
namely, the optical axis cannot vary. The delayed phase and
the rotation angle are obtained as

R(z) ~ APz, (2a)
Q) =&z (2b)

The polarization rotates synchronously with the fiber length-
ening.

2) For a larger twisted rate & > Af, the delayed phase
and the polarization rotation are obtained as

AB

deé_a

sin[(& —a)z], (3a)

Q(z) =az. (3b)

Here the strong photoelasticity produced by the larger twisted
fiber suppresses the birefringence.

We consider the twisted fiber effects on the laser system,
the dynamic equations of the laser with the twisted fiber are

obtained as follows:[>~12]

dE 1{

L Lewv-m- £ e

+ %E(r 1) cos[p(t) — 0(t — 71) + @]

+ %E(r — 1) cos[Q(z)]

x cos[p(t) — ¢t — ) + 0T + R(2)], (4a)
do 1 1
= 2 [g(N_NO)_‘L'J

- T sinlp(n) - oo - ) + 0

_ k E(t — ) cos[Q(z)]

TL E(l)

xsin[¢(r) — ¢(t — 1) + 0T + R(2)], (4b)

&= E e M EO)P o)

where E, ¢, and N are the field amplitude, the phase, and the
carrier density, respectively. The third terms at the right side of
Egs. (4a) and (4b) are related to the twisted fiber ring path. The
laser parameters are introduced as follows: g is the linear gain
coefficient, Ny is the carrier density at transparency, « is the
linewidth enhancement factor, J is the drive current density, T,
is the carrier lifetime, 7, is the photon lifetime, 7| is the exter-
nal cavity round-trip time, 7, is the light trip time in the fiber,
7L = 2nl/c is the round-trip time in the laser cavity (where
[ is the internal cavity length and 7 is the refractive index of
the laser cavity), and ® can be regarded as the frequency. The
feedback factor k is written as k; = (1 — r(z))rl /ro, where rg
and ry are the amplitude reflectivities of the laser exit facet
and the external reflector, respectively. The light factor k» of
the additive optical path is written as k, = (1 —r3)r2/ro, where
ry is the amplitude reflectivity. The effect of the twisted fiber
on the laser system is illustrated by the term kpcos[£2(z)] and
the phase delayed R(z), where the term kycos[£2(z)] stands for
the re-injection level of the light controlled by the polariza-
tion analyzer and the polarization direction or the fiber length.
The twisted fiber has an obvious effect on the laser system.
The twisted fiber length or other parameters can be changed to
cause the varieties of the delayed phase, the rotation angle, the
delayed time, and the optical feedback level, while the laser
will be conduced to show other dynamics behaviors. Multi-
parameter control or anti-control of the laser can be achieved.
To the best of our knowledge, this laser system is studied here
first.
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3. Dynamics behaviors in the low twisted rate
case

In our numerical simulations, the laser parameters are
cited from Ref. [7] and other parameters are taken as rg =
0.556, r; =0.006, and 71 = 1 ns. We use the parameters of the
twisted fiber in the practical value range, in which we take & <
600 rad/m considering that the twisted fiber will be twisted
broken when the spinning rate & is higher than 27 x 10° rad/m
and AB < 160 rad/m because the modern optical fiber tech-
nology can produce A higher than 200 rad/m. The parame-
ters of the twisted fiber are taken as A = 60 rad/m, G = 0.08,
& = 6 rad/m. The refractive index is taken as 5/3 and the trans-
mission time 7, stands for the twisted fiber length as a control
parameter to shift the two parameters of the delayed phase and
the rotation angle. The factor r; related to the feedback level
and the factor 7, related to the twisted fiber length as the con-
trol parameters are adjusted. Figure 2 shows a periodic state
of the laser when the twisted fiber is not present, the laser os-
cillates periodically at 1.95 GHz after 20 ns.
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Fig. 2. The laser emits a periodic pulse after 20 ns.

When the control operation is carried out and the control
parameters are taken as , = 0.008 and 7, = 2 ns, the laser is
conduced to show a beat after 20 ns while the beat frequency
is about 0.22 GHz. A comparison of Figs. 2 and 3 illustrates
obviously the effect of the twisted fiber on the working state
of the laser; this laser shows clearly different dynamics from
a delayed feedback laser. The laser with the physics effects
of the twisted fiber will show a lot of dynamics behaviors by
adjusting the control parameters. It predicts another research
field of laser by introducing some physics effects to the laser
system.

When the control parameter is taken as 7, = 5/3 ns, the
laser is conduced to another periodic state after 60 ns, where
the original periodic behavior of the laser is affected and its os-
cillation frequency shifts to 2.1 GHz as shown in Fig. 4. When
the parameter is taken as 7, = 7/3 ns, the laser is conduced
to another periodic state after 30 ns where the laser oscilla-
tion frequency is 2.2 GHz as illustrated in Fig. 5. When we

take the parameter 7, = 55/30 ns, the laser shows a cycle-8
(Fig. 6). By taking 7 = 56/30 ns, the laser is controlled to a
cycle-9 as shown in Fig. 7.
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Fig. 3. The laser beats.
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Fig. 4. The laser oscillates periodically after 60 ns.
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Fig. 5. The laser pulses periodically after 30 ns.
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Fig. 6. A cycle-8 orbit.
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Fig. 7. A cycle-9 orbit.

When we change the parameters to & = 1 rad/m and
Tp = 5/3 ns, the laser is controlled to a stable state after 50 ns
as shown in Fig. 8. When the parameter 7, = 4/3 ns, the laser
is conduced to a double-cycle as shown in Fig. 9.

When we take the parameters A = 100 rad/m, & =
3 rad/m, and 7, = 5/3 ns, the laser is controlled to a cycle-
6 as shown in Fig. 10.
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Fig. 8. The laser will output stably after 50 ns.
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Fig. 9. A double-cycle orbit.

When we take the parameters A = 160 rad/m, & =
4 rad/m, r, = 0.02, and 7, = 45/30 ns, the laser is suppressed
to a stable state after 25 ns as illustrated in Fig. 11. When
Tp = 5 ns, the laser shows chaos. The chaotic attractor and
the enhanced spectrum width are shown in Figs. 12(a) and
12(b), respectively. It implies that the laser is anti-controlled

to chaos. When we take 7, = 5/3 ns, the laser is conduced to
a single-periodic state after 30 ns (Fig.13), and the laser oscil-
lation frequency is 1.95 GHz.
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Fig. 10. A cycle-6 orbit.
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Fig. 11. The laser is in a stable state after 25 ns.
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Fig. 12. (a) A typical chaotic attractor and (b) the spectrum.
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Fig. 13. The laser oscillates periodically after 30 ns.

We find that the laser shows many complex dynamics be-
haviors by changing the control parameters of the twisted fiber
due to a low twisted rate. We can effectively control the laser.

4. Dynamics behaviors in the large twisted rate
case

The parameters of the twisted fiber can be taken as § =
600 rad/m, AB = 60 rad/m, G = 0.08 when the large twisted
rate fiber is introduced to the system. Let r, = 0.08 and
Ty =45/30 ns, as shown in Fig. 14, the laser will be in a stable
state after 30 ns. With 7, = 5/3 ns, figure 15 shows that the
laser is a chaotic state. We find that the laser can be controlled
to a stable state or anti-controlled to chaos. With 7, = 2 ns, the
laser shows a periodic behavior (Fig. 16).

When the control parameters are taken as r, = 0.004 and
T» = 55/30 ns, the laser shows a period-15 in Fig. 17. With
T, = 3 ns, the laser shows a multi-period in Fig. 18.

We discuss the dynamics behavior changing with the con-
trol parameter 7, to show a road to chaos. Let r, = 0.012, we
find that the laser is in a period state at a frequency of 2 GHz
when 7, = 1.5 ns. When 7, = 5/3 ns, the laser will operate at a
stable state after 20 ns (Fig. 19). Increasing 7, to 55/30 ns, the
laser will be in another stable state. When 7, = 2 ns, the laser
is in another period state at a frequency of 1.9 GHz. Increas-
ing 7> to 65/30 ns, we find that the laser has a multi-period
(Fig. 20). With 7, = 1.4 ns, the laser shows a period-15 in
Fig. 21. When 1, = 8/3 ns, we find that the laser is in a period
state at a frequency of 1.8 GHz. We find that the laser can be
anti-controlled to chaos when the parameter 7, is taken from
85/30 ns to 5 ns. Figures 22(a) and 22(b) show the chaotic
behavior of the laser when 7, = 85/30 ns. The above results
describe roughly a road to chaos from a stable state after some

diverse multi-period.
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Fig. 14. The laser evolves to a stable state after 30 ns.
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Fig. 15. (a) A chaotic attractor and (b) the spectrum.
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Fig. 16. The laser oscillates periodically after 20 ns.
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Fig. 19. The laser is controlled to a stable state after 20 ns.
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Fig. 18. A multi-period belt. Fig. 20. Another multi-period belt.

Figure 23(a) gives the operating state of the system as a
delayed dual-feedback laser without considering any effects of
AB, R, and Q of the twisted fiber feedback loop, where 7 =
1 ns, r1 = 0.006, 7, = 1.1 ns, and r, = 0.008. Figure 23(b)
gives the operating state of the system considering the effects
of the twisted fiber feedback loop, where 7| = 1 ns, r; = 0.006,
7, = 1.1 ns, r, = 0.008, & = 600 rad/m, A = 60 rad/m, and
G = 0.08. A comparison of Figs. 23(a) and 23(b) indicates
that the function or effect of the twisted fiber on the behav- ok , : , ,
ior of the laser is obvious and the laser system shows clearly 1.43 1'4%\] 1.45 1.46
different dynamics from a delayed dual-feedback laser.
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Fig. 22. The laser is anti-controlled to chaos: (a) chaotic attractor and (b) spectrum.
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Fig. 23. The laser is stabilized in panel (a), while the laser is anti-controlled to chaos in panel (b).

5. Conclusion

We present a novel semiconductor laser system with a
twisted fiber. We study the dynamics behaviors, period-
control, and chaos-anti-control of the laser system. The laser
is conduced to a stable state, a single-period, a double-period,
a period-6, a period-8, a period-9, a multi-period state, beat
phenomenon, and so on. The laser can be anti-controlled to
chaos. We also give a rough road to chaos.

We find that the laser shows many complex dynamics be-
haviors by changing the twisted fiber parameters. The laser
shows complex dynamics through a road to chaos from a sta-
ble state by changing the twisted fiber parameters because the
birefringence, phase delay, and rotation of the twisted fiber
vary with the fiber length. Our numerical results also show
that the large AB obviously affects the laser behavior when
& < AP and the high & results in behavior variety of the laser
when £ > AB. By introducing some physics effects to inno-
vate on laser or control chaos, it is a new research method and
is very useful for the study of chaos-control, new laser sys-

tems, and other nonlinear systems and their applications.

References

[1]
[2]
[3]
[4]

[5]
[6]

[7]
[8]

[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]
(18]

[19]

[20]

090504-7

Ott E, Grebogi and York J A 1990 Phys. Rev. Lett. 64 1196

Levy G and Hardy A A 1998 IEEE J. Quantum Electron. 34 1

Yan S L 2015 Acta Phys. Sin. 64 240505 (in Chinese)

Liu X M, Tang X, Lu F, Ng J, Zhou X and Lu C 2005 Opt. Express 13
142

Wu L and Zhu S Q 2003 Chin. Phys. 12 300

WulJ G, WZM, Xia G Q, Tao D, Lin X D, Xi T and Fen G Y 2011
IEEE Photon. Technol. Lett. 23 1854

Murakami A and Ohtsubo J 1998 IEEE J. Quantum Electron. 34 1979
Liu M, Zhang M J, Wang A B, Wang L S, Ji Y N and Ma Z 2013 Acta
Phys. Sin. 62 064209 (in Chinese)

Yan S L 2009 J. Mod. Opt. 56 539

Yan S L 2010 Opt. Commun. 283 3305

Yan S L 2014 Chin. Phys. B 23 090503

Lin FY and Liu J M 2004 IEEE J Quantum Electron. 40 815

Wang Y, Wang B and Wang A 2008 IEEE Photon. Technol. Lett. 20
1636

Wang A B, Wang N, Yang Y B, Wang B J, Zhang M J and Wang Y C
2012 J Lightw. Technol. 30 3420

Wang A B, Li P, Zhang J G, Zhang J Z, Li L and Wang Y C 2013 Opt.
Express 21 20452

Uchida A, Heil T, Yun L, Davis P and Aida T 2003 IEEE J. Quantum
Electron. 39 1462

Wang A, Wang A and He H 2008 IEEE Photon. Technol. Lett. 20 1633
Wul G, WuZM, XiT,LiF WeiD and Xia G Q 2013 [EEE Photon.
Technol. Lett. 25 587

Wang ST, WuZ M, WulJ G, Zhou L and Xia G Q 2015 Acta Phys. Sin.
64 154205 (in Chinese)

Barlow A J, Ramskov-Hansen J J and Payne D N 1981 Appl. Opt. 20
2962


http://dx.doi.org/10.1103/PhysRevLett.64.1196
http://dx.doi.org/10.1109/3.655000
http://wulixb.iphy.ac.cn//CN/abstract/abstract66160.shtml
http://dx.doi.org/10.1364/OPEX.13.000142
http://dx.doi.org/10.1364/OPEX.13.000142
http://dx.doi.org/10.1088/1009-1963/12/3/309
http://dx.doi.org/10.1109/LPT.2011.2170212
http://dx.doi.org/10.1109/LPT.2011.2170212
http://dx.doi.org/10.1109/3.720236
http://dx.doi.org/10.7498/aps.62.064209
http://dx.doi.org/10.7498/aps.62.064209
http://dx.doi.org/10.1080/09500340802630042
http://dx.doi.org/10.1016/j.optcom.2010.03.031
http://dx.doi.org/10.1088/1674-1056/23/9/090503
http://dx.doi.org/10.1109/JQE.2004.828237
http://dx.doi.org/10.1109/LPT.2008.2002745
http://dx.doi.org/10.1109/LPT.2008.2002745
http://dx.doi.org/10.1109/JLT.2012.2220755
http://dx.doi.org/10.1364/OE.21.020452
http://dx.doi.org/10.1364/OE.21.020452
http://dx.doi.org/10.1109/JQE.2003.818281
http://dx.doi.org/10.1109/JQE.2003.818281
http://dx.doi.org/10.1109/LPT.2008.2002739
http://dx.doi.org/10.1109/LPT.2013.2246561
http://dx.doi.org/10.1109/LPT.2013.2246561
http://dx.doi.org/10.7498/aps.64.154205
http://dx.doi.org/10.7498/aps.64.154205
http://dx.doi.org/10.1364/AO.20.002962
http://dx.doi.org/10.1364/AO.20.002962

	1. Introduction
	2. Physical model
	3. Dynamics behaviors in the low twisted rate case
	4. Dynamics behaviors in the large twisted rate case
	5. Conclusion
	References

