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Abstract: Speckle-free imaging using a multimode fiber has been widely used for imaging systems.
Generally, previous work has assumed that all the propagating modes of the fiber are uniformly
excited, but the modal power distribution is actually affected by excitation conditions. Here, we
propose the utilization of a modal analysis method to study the dependence of the speckle contrast
on the modal power distribution by changing the tilt angle of the Gaussian beam and on the group
delay time difference caused by different fiber lengths. The results of numerical simulations and
experiments show that, with an increase in the tilt angle of the Gaussian beam, the modal power is
transferred to higher-order modes and the maximum delay difference between excitation modes
becomes larger. Therefore, the inter-mode interference effect is effectively weakened, and the speckle
contrast is significantly reduced. The increase in fiber length will also make the delay difference
between excitation modes larger and thus the speckle contrast is decreased. For the larger tilt angle of
the Gaussian beam, only a shorter optical fiber is required to reduce the speckle contrast significantly.
Our work further promotes the use of a multimode fiber to produce speckle-free patterns in laser
imaging systems.

Keywords: speckle-free image; multimode fiber; mode excitation

1. Introduction

Laser light is widely used for imaging systems because it offers high brightness, a
wide color gamut, high directionality, and a long lifetime [1-3]. However, when laser light
with high coherence is transmitted through or reflected an optically rough object, speckle
patterns produced by coherent waves interfering with each other are undesirable in many
imaging applications, such as digital holographic microscopy [4], projection displays [5],
optical coherence tomography [6], and synthetic aperture radar (SAR) imagery [7]. Speckles
significantly deteriorate the image quality and have to be reduced to an extremely low
value, or even speckle-free imaging is required.

Many approaches have been proposed to reduce speckle, such as a moving diffuser [8],
screen movement [9], or a rotating light pipe [10], etc. Among them, the most popular
method is to use moving diffraction optical elements (DOEs) [11,12], which enables effi-
cient reduction in speckle, but the use of active moving elements will increase the power
consumption and reduce the reliability of the systems.

Speckle reduction methods without active moving elements have also been developed.
One of the attractive methods is to use a stationary multimode fiber. When a coherent laser
is coupled into a multimode fiber, it will excite multiple modes with different propagation
paths. Speckles can be reduced by destroying the laser temporal coherence by creating a
sufficient delay difference among the fiber modes [13-15]. There are advantages of using
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multimode fibers for speckle reduction, such as their low image transmission loss, flexibility
and easiness for bending, and applicability to high-power lasers.

In previously published papers, speckle patterns at the output of a multimode fiber
have been analyzed, and the related theories for speckle contrast calculation have been
studied [16-19]. It has been found that the speckle contrast for a multimode fiber is
essentially given by the impulse response of the fiber and the power spectrum of the
source [20-22]. To reduce the speckle contrast of light emitting from a multimode fiber, one
should enhance the intermodal dispersion by increasing the length or numerical aperture
(NA) of the multimode fiber. However, the relationship between the speckle contrast at
the output of a multimode fiber and the interference among excitation modes has not been
clearly revealed in the studies mentioned above. Moreover, most of the work assumes
that all propagating modes of the fiber are uniformly excited (equal intensity), but the
modal power distribution is actually affected by excitation conditions. It is well known
that all propagating modes of a fiber are non-uniform modal distributions when a tilted
Gaussian-shaped coherent laser beam is launched into a multimode fiber. The modal power
distribution has a crucial impact on the speckle formation. Therefore, it is necessary to
study the relationship between the speckle contrast at the output of a multimode fiber and
inter-mode interference under various excitation conditions.

In this paper, firstly, the modal power distributions under different excitation condi-
tions in a weakly guided multimode fiber were theoretically investigated. Additionally,
various modal power distributions could be realized by changing the tilt angle of the
Gaussian beam. Subsequently, a modal analysis method was employed to derive general
expressions for the speckle contrast at the output of a multimode fiber, which revealed
that the speckle contrast is related to the power excitation coefficient and spatial configura-
tion of guided modes, the group delay time difference (intermodal dispersion), and the
temporal coherence of the laser source. Finally, numerical simulations and experiments
were conducted to investigate the dependence of the speckle contrast on the modal power
distribution by changing the tilt angle of the Gaussian beam and on the group delay time
difference caused by different fiber lengths.

2. Theoretical Analysis
2.1. Various Modal Power Distribution by Varying the Tilt Angle of the Gaussian

For simplicity, we consider a step-index multimode fiber with a small index difference
(A = (17 —np)/n; < 1) under a weakly guided condition [23,24], where 17 and n, are
the refractive indexes of the core and cladding, respectively. For an incident Gaussian-
shaped laser beam at the incident end of the multimode fiber (z = 0), the expression in the
cylindrical coordinate system (r, ¢, z) can be written as follows:

1 r? .
Ein(r,¢) = Eexp {_pz} exp(—ikOrcos¢) (1)

where p is the Gaussian beam radius at the waist, k = 27t/ A is the wave number in free
space, A is the wavelength, and 6 is the angle of the incident Gaussian beam relative to
the optical fiber axis. The paraxial approximation from Equation (1) is used so that the tilt
angle 6 of the Gaussian beam is only restricted to a very small range.

The incident Gaussian beam on the multimode fiber allows only the transmission
of a light field coupled into the linearly polarized (LP) modes in the fiber. Therefore, the
incident Gaussian beam is expressed as a superposition of modal fields as given below [25]:

Eiy(r,¢) = ZZ“anPmn(r/ }) )
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where m and n are the indices of the LP,;; mode and ay;, is the modal field amplitude
excitation coefficient that is given by the following;:

Oy = ./(;271 '/O+°° LP;,,(r,¢)Ein(r, ¢)rdrdp 3)

where the asterisk denotes the complex conjugate. Equation (3) can be further normalized,
and the power excitation coefficient of the LP,,, mode can be obtained as follows:

2 1) % 2
‘fo T 0+ mel’l (rr ¢>Ein(r, (P)Tdrd(])‘ o< - (4)
171’!171 = - _ , < ﬂmn <
027T | LPyn (1, @) [Prdrdep x 02” B (r, ) Prdrdg

The modal field of LPy;; at the incident end (z = 0) of the step-index multimode fiber
can be expressed as follows [26]:

<
LPyu(r,¢) = { A]m ( )COS me) r<a 5

Ko (W) Km( ar) os(me)r>a

where A is a constant, a is the core radius, and [, and K, are the Bessel and modified
Hankel functions of order m, respectively. U is the normalized transverse propagation
constant of the fiber core (r < a), and W is the normalized transverse propagation constant
of the fiber cladding (r > a), which can be expressed as follows:

N|—

U = a(k*ny? — p?)
W = a(le — k2n22)1/2 (6)
V2 =U%+ W? = a%k?*(n? — nj)
where V is the normalized frequency and B is the propagation constant along the direction

of the fiber axis. According to the boundary conditions of the modal field, it must satisfy
the following eigenvalue equation [24]:

{ W) _ KoW) g

Uup ) = WKy(W)

Jm) Kin (W)
u]m—l(u) o _WKm—1<W),m Z 1

@)

The eigenvalue equation (Equation (7)) is a transcendental equation that must be
solved numerically. The solution of the eigenvalue equation provides a set of discrete B
values, each of which corresponds to a specific modal field of linear polarization (LPy;,).
Therefore, by using Equations (1), (5) and (7) and substituting them in Equation (4), we can
obtain the modal power distributions under various excitation conditions (primarily by
varying the tilt angle 6 of the Gaussian beam).

2.2. Calculation of the Speckle Contrast at the Output of a Multimode Fiber

When a coherent light source is incident on a multimode fiber, a speckle field is formed
at the output of the multimode fiber because of the interference among many guided
modes. Subsequently, the general expression of the speckle contrast in the multimode fiber
is derived using the modal field analysis method.

The multimode fiber is assumed to be an ideal optical guide, with no geometrical
imperfections, to achieve mode guiding without attenuation and mode coupling. The
optical field that propagates through the fiber of length z under the weakly guiding
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condition can be represented as a superposition of linearly polarized modes with their
propagation constants ,(w) at an angular frequency w. This can be written as follows:

E,0,20) = DagEy(r0) [ gl@hespliwt - pylw)z] hw ®
P

where p is a simplified representation of the specific LP,,, mode with modal index pairs
(m, n); ap and E, (r, ¢) are the modal amplitude excitation coefficient and the spatial
configuration of mode p, respectively; and g(w) is the spectrum of the source field at the
frequency w. Thus, the instantaneous intensity of the light field output can be written
as follows:

EC, 0,20 =5 Lo Ep (1, 4)E; (1r,9) /+°° |7 stwlg @ )esplite
P4

—w') ] x exp[—i{Bp(w) — By (') }z]dwdw’

For the intensity of the light field output I (r, ¢, z) integrated over the eye (or camera),
resolution time longer than the period of optical beat angular frequencies (w-w'’), its
expression can be written as follows:

)

I(r,¢,2) / |E(r,¢,2,t)|dt
_ ZZaPa Ep(r,9)E; (1, ) /+°° Gw)exp[—i{By(w)  (10)
—/3q(w)} zldw

where G(w) = |g(w)|? is the spectrum density of the light source that satisfies the following
normalization condition:

+o0
/0 G(w)dw = 1 (11)

The complex degree of the temporal coherence of the source field by the Fourier
transform is given as follows:

+o00
y(t) = / G(w)exp(—iwt)dw,y(0) =1 (12)
0
The coherence time ¢, of the source is defined by the following equation [27]:

400
te= [ P (13)

The frequency-dependent propagation constant of the individual mode can be ex-
panded in two terms of a Taylor series around the central frequency wy as follows:

_ 1 1 dpyw)
Bp(w) = Bp(wo) + Vp(w —wo), v, gw o
pule) = Be) + gt —en), g = T 1
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where V), and V,; are the group velocities of the p mode and g mode, respectively. By
substituting Equation (14) in Equation (10) and using the relation of Equation (12), we can
rewrite the light field intensity expression as follows:

I(r,¢,2) ZZ“W Ep(r, @) E; (. 9) (T
(15)

=) |exp [iwo (Tp — 7) Jexp[—i{By(wo) — Bg(wo) }]
where 1, = z/V), and 7, = z/V, are the group delay times of the p mode and g mode,
respectively. With the assumption that the speckle intensity pattern evolution in time is a
random process, the phases of the different modes are realized as statistically independent

and uniformly distributed between 0 and 27t. The ensemble average of the relevant phase
terms is given by the following:

(exp[—i{Bp(wo) — Bq(wo) }z]) = dpq (16)

where d,; = 1 and dy; = 0 for p = g and p # g, respectively. The average intensity is obtained
from Equation (15) as given below:

(I(r,¢,2)) = Y |ap|*|En(r, )| (17)
14

Equation (17) can be interpreted as the direct sum of the intensities of each guided
mode. Similarly, the second moment of the light field intensity is written as follows:

(I(r,¢,2) ZZZZ%“ asaEy(r, §)E; (r, @) Es(r, @) Ef (r,9) |7 (55 — ) | Iy (5

—rﬂwﬂwap—wnwﬂwau—mJ (18)

x (exp[—i{Bp(wo) — By(wo) + Bs(wp) — IBj(WO)}ZD

The ensemble average of the relevant phase terms in Equation (18) is given by:

{exp[—i{Bp(wo) — Bg(wo) + Bs(wo) — Bj(wo) }z]) = Opgdsj + 6,0y (19)

Three cases with non-zero values can be obtained from Equation (19): (a) p=g=5=],
b)p=q,s=j(p #j),and (c)p =], 9 =5 (p # q). Thus, the expression for the second moment
of the light intensity in Equation (18) can be written as follows:

(IP(r,¢,2) ZZW‘ g [Ep(r,0) P [Eq(r, ) + 12 X |y | |ag P | En (s ) [P [ Eq (. 9) )|y (o — 1) [© - (20)

p#q

The quantitative measure of the speckle field at the output of a multimode fiber is
characterized by the speckle contrast, which is defined as the ratio of the standard deviation
of the intensity fluctuation to the mean intensity [28]. The speckle contrast (SC) can be
represented as follows:

a0 e 2 0, ¢, 2)
= g o) T, ¢, 2) -

The square of the average intensity in Equation (17) can be written as:

(1(r, ¢, 2)* = L ¥ |ap*|ag *[Ep (r, ) | Eq (1 9) (22)
P q
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The numerator term of Equation (21) by using the Equations (20) and (22) can be
expressed as follows:

a= /U, ¢, 22 — (U(r, ¢, 2))

23
= X 5oyl E3tr: )| Ea) Pl (5 ) =
P#4q

By substituting Equations (17) and (23) in Equation (21), the expression of the speckle
contrast at the output of a multimode fiber can be obtained:

sC— VE Spglay g 1By ()P B, 0) Pl (7 — 1) [
ZP|“P|2’EP<r/4’)’2

Equation (24) shows that speckle contrast is related to the following quantities: the

(24)

power excitation coefficient (‘zxp }2 and |D(q ‘2), the modal spatial configuration (E, (r, ¢) and
E4 (r, ¢)), the group delay time difference between mode p and mode g (t,—71,), and the
complex degree of temporal coherence of the source field 7y(t). The physical meaning of
the complex degree of temporal coherence 7(t) in Equation (24) can be described as the
temporal coherence properties of an excited laser source. The coherence time ¢, of the laser
source has been given in Equation (13): f, = O+°° Iy ()|?dt.

For a Gaussian-shaped laser source, the complex degree of temporal coherence can be

written as follows: )
7Tt .
v(t) = exv(—zﬁ)exp(—zwot) (25)

Using Equation (25), the complex degree term of the temporal coherence in Equation (24)

w(tp-1)°

o ] . If the group delay time difference

can be expressed as |v(1, — 1) |2 = exp [—

(Tp — T4) is greater than the coherence time f., then |y (1, — 1) |2 ~ 0. Therefore, we can
choose an appropriate fiber length L to ensure that the group delay difference between any
two modes is greater than the coherence time, that the inter-mode interference does not
exist, and that the speckle pattern does not appear.

3. Simulation Results and Discussion
3.1. Various Modal Power Distribution by Varying the Tilt Angle of the Gaussian Beam

To evaluate the modal power distribution under different excitation conditions, we
altered the tilt angle 6 of the Gaussian beam to obtain the normalized power excitation
coefficient #,,, of each LP,,;; mode using Equations (1)—(7).

In the simulation, we first use the MATLAB software (7.9.0 (R2009b), MathWorks,
Natick, MA 01760-2098, USA) to numerically solve the eigenvalue equation of Equation
(7), and the normalized transverse propagation constants U and W of each modal field
of linear polarization (LP,,,) can be calculated. Then, the U and W values of each modal
field are substituted into Equation (5); we can obtain the expression of each LP;,; modal
field. Finally, the expressions of the LP,;, modal field and the incident field of the Gaussian
beam (see Equation (1)) are simultaneously substituted into Equation (4) to solve the power
excitation coefficient of the LP,,,, mode.

The following parameters were used in the numerical simulation: n; = 1.483, ny = 1.436,
a =100 pm, A =1, A = 0.53 pm, waist radius of the Gaussian beam p = 65 um, numer-

ical aperture of the multimode fiber NA = |/n? — n3 = 0.37, and normalized frequency

V= %\ﬂN A =438.4. Figure 1 shows the modal power distribution under different excitation
conditions (by varying the tilt angle 8 of the Gaussian beam).

The excitation modes are very sensitive to the tilt angle of the Gaussian beam. As
shown in Figure 1a, when the Gaussian beam is at normal incidence, a substantial amount
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of the excitation power of the multimode fiber is in LPy; mode (1791 = 0.926). As the tilt angle
6 of the Gaussian beam is increased to 0.2° (as shown in Figure 1b), the excitation modes
are concentrated in LPH(T]H = 0259), LPOZ(?]OZ = 0211), LP12(1712 = 0161), LP21(1721 = 0148),
and LPg; (1701 = 0.087). As the tilt angle of the Gaussian beam continues to be increased, the
modal power is transferred to higher-order modes (as shown in Figure 1c,d).

However, the tilt angle of the Gaussian beam cannot be very large because the paraxial
approximation is adopted in Equation (1). Meanwhile, as the tilt angle is increased, there
will be a certain amount of energy loss when the Gaussian beam is coupled into the
multimode fiber. Therefore, a maximum tilt angle of 1° is used in the simulation. The
excitation modes and power excitation coefficients are listed in Table 1 (these fiber modes
contain a large portion of the laser power).

o
®

o
@
DD
R o

o o
= )
o
)

o
[X)

Power excitation coefficient(n)
o

Power excitation coefficient(n)

o

Power excitation coefficient(n)

Power excitation coefficient(n)

(d)

Figure 1. The modal power distributions under various excitation conditions (by varying the tilt
angle 6 of the Gaussian beam): (a) 6 = 0°; (b) 8 = 0.2°; (c) 8 = 0.5°; (d) 0 = 1°.

It can be seen from Table 1 that, with an increase in the tilt angle of the Gaussian
beam, the excitation modes are transferred to higher-order modes and the modal power
distribution will be changed. All the propagating modes of the fiber are not uniformly
excited, and the modal power distribution is affected by excitation conditions. When the
tilt angle of the Gaussian beam is coupled into a multimode fiber, several dominant modes
of a multimode fiber are selectively excited and then propagate along the fiber.
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Table 1. Excitation modes and power excitation coefficients by varying the tilt angle 6 of the Gaussian

beam.

Tilt Angle of e e Power Excitation

the Gaussi%m Beam Excitation Modes Coefficient

0=0° LPy; no1 = 0.926

LPyy 711 = 0.259

LP02 No2 = 0.211

0 =0.2° LP12 N12 = 0.161

LP21 21 = 0.148

LPp 1701 = 0.087

LP23 123 = 0.148

LP13 M3 = 0.139

LP42 Mg = 0.091

0=05° LP04 Noa = 0.085

LP3; 1732 = 0.081

LP14 N4 = 0.081

LP33 1733 = 0.076

LP3 1726 = 0.090

LP36 N36 = 0.078

LP45 N5 = 0.074

o LP55 155 = 0.070

9=1 LPy; 117 = 0.068

LP84 Nga = 0.067

LP64 Nea = 0.056

LPy7 1707 = 0.052

3.2. Speckle-Free Imaging under the Various Modal Power Distributions

It was shown in reference [22] that the presence of the speckle field at the output of the
multimode fiber is related to the fiber length L. By changing the tilt angle of the Gaussian
beam, various modal power distributions were obtained, as shown in Section 3.1. In this
section, we calculate the required fiber length L under various modal power distributions
to ensure that the group delay difference between any two modes is greater than the
coherence time so that there is no interference, and speckle-free imaging can be achieved
by using a sufficiently long multimode fiber.

The group delay time of the guide mode with the index values (1, n) to travel the
length L of the multimode fiber is approximately given by the following expression [24]:

L _ Ldﬁmn(w) B L{d(nzk) nzAd(Vb)}

av

(26)
- (l{/l)z <1 - 2Km—1("\1§)%1>(<v}2n+1(w))] }

where c is the light velocity in a vacuum, and b is a normalized propagation constant, which
is proportional to B and is defined by the following:

T = dw o\ dk

—+ leA

c| dk

_L{dmﬁ)

B—n
2
bzfﬁ:ﬁ (27)

The first and second parts of Equation (26) represent the material and waveguide
dispersions, respectively. In a multimode fiber, the waveguide dispersion is generally
dominant when compared to the material dispersion, and hence, the material dispersion
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can be ignored. Therefore, the group delay time of the guide mode with the index values
(m, n) can be approximated as follows:

- (v) 2<1 e %)m(vv)ﬂ )

According to reference [22], the maximum group delay time difference between the

lowest order mode and the highest order mode supported by the fiber can be expressed as:

2
Trmax = L(;Zi) . For a step-index multimode fiber, the refractive index of the core n; = 1.483,

the numerical aperture of the multimode fiber NA = 0.37, the speed of light in vacuum
c=3.0 x 108 (m/s), thus Tmax(s) = 153.85 x 10712 L. However, when the tilt angle of the
Gaussian beam is coupled into a multimode fiber, only several fiber modes are selectively
excited and then propagate along the fiber. The excitation dominant modes at different tilt
angles of the Gaussian beam have been listed in Table 1.

The normalized propagation constant b varies with the group delay time of excitation
modes per unit length of fiber by using Equations (27) and (28) for the tilt angle 6 = 0.2°
and 0.5° of the Gaussian beams, as shown in Figure 2. It is obvious that the normalized
propagation constant b of the low-order modes is larger than that of the higher-order modes.
In addition, with an increase in the tilt angle of the Gaussian beam, the maximum delay
difference between excitation modes becomes larger, which contributes to the reduction in
speckle contrast.

Li’le

Tmn =~ X

1.0000 . LPo = tilt angle of the Gaussian beam #=0.2"
| = .LPEP e tilt angle of the Gaussian beam #=0.5"

= 0.9999 =

= |

E LPOZ LPIZ

w 0.999§ 4 | |

=

= 4

L*)

= 0.9997

S ]

= LP3:2

& 0.9996

g 0-9996 | * _LPis

=2, 0.9995 P

E 7 e LP2s

N 0.9994 - L

E 09903 E LPos

s ] LPss

Zz 1 *
0.9992 _| 1P

I I I I I I
156.66 156.68 156.70 156.72 156.74 156.76 156.78 156.80
The group delay time of excitation modes per unit length of fiber (ps-m™1)

Figure 2. The normalized propagation constant b varies with the group delay time of excitation
modes per unit length of fiber for the tilt angle # = 0.2° and 0.5 of the Gaussian beams.

The group delay time of excitation modes for a tilt angle 6 = 0.2° of the Gaussian
beams in Table 1 can be calculated using Equation (28) as given below:

LPpq: U =3.2129, W = 438.3882, T11(s) = 156.675 x 10~ 2(s-m~1) x L(m);
LPg: U =4.7652, W = 438.3741, Toy(s) = 156.685 x 107 12(s-m~1) x L(m);
LP1p: U = 6.2146, W = 438.3559, T15(s) = 156.698 x 10~ 12(s-m~1) x L(m); (29)
LPy: U = 4.4569, W = 438.3773, T51(s) = 156.683 x 10~ 2(s-m~!) x L(m);
LPy;: U =1.8893, W = 438.3959, T¢1(s) = 156.670 x 10~ 12(s-m~1) x L(m).
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Then, the group delay time difference between any two modes can be calculated as
follows:

Ti=1t11 — T2l =1.0 x 107 4(sm™) x L(m); To = | 717 — 7121 =2.3 x 107 ¥(s:m~1) x L(m);
Ts= 1711 — 7211 =0.8 x 107 ¥(s:m™1) x L(m); Ty = | 791 — 701! =0.5 x 107 ¥(s-m~1) x L(m);
Ts= 11 — T12] =13 x 107 ¥(s:m™1) x L(m); Tg = | Tgp — To1 | =0.2 x 10~ ¥(s:m~1) x L(m); (30)
T7=1700 — 1| =1.5 % 10_14(s~m_1) X Lm); Tg= 1710 — 7911 =1.5 % 10_14(s~m_1) x L(m);
To= 1T — To1 | =2.8 x 107 ¥(s:-m~1) x L(m); Tip = | To1 — To1 | =1.3 x 10~ ¥(s-m~1) x L(m).

Thus, the maximum delay difference and the minimum delay difference from Equation (30)
are expressed as follows:

Tmax(s) = Tg = 2.8 x 107 4(s-m™1) x L(m),
Tenin(s) = T = 0.2 x 10~ %(s-m~1) x L(m). (1)

Consider that the coherence time . for a laser source with a spectral width Av is 1/Av;
a green semiconductor laser (A = 0.53 um) is used with a spectrum width of AA =2 nm,
and the coherence time t, = A2/(cA)) = 46.82 x 10714 (s). Comparisons of the coherence
time t. of the laser source with the maximum and minimum delay differences (Tmax and
Tmin) lead to the following three conditions:

1. Tmax < tc: Interference occurs among all modes, and hence, the speckle contrast at the
output of a multimode fiber is not significantly reduced. The optical fiber length L
must be within 16.7 m.

2. Tmax > tc > Tmin: Interference occurs among some modes, and hence, the speckle
contrast at the output of a multimode fiber is significantly reduced. The optical fiber
length L must be in the following range: 16.7 m < L < 234.1 m.

3. Tmin >t Interference among all modes ceases, and hence, the speckle contrast at
the output of a multimode fiber is equal to 0. The optical fiber length L must exceed
234.1 m.

To obtain speckle-free imaging, the length of the multimode fiber must exceed 234.1 m
for the tilt angle 6 = 0.2° of the Gaussian beams. In a similar way, the group delay time of
excitation modes and the required length of the multimode fiber are calculated as shown
in Table 2 when the tilt angle is = 0.5° and 6 = 1°.

Table 2. The group delay time of excitation modes and the required length of the multimode fiber when the tilt angle of the
Gaussian beam is § = 0.5° and 6 = 1°, respectively.

Tilt Angle of
the Gaussian Beam

Group Delay Time (s) of the

Maximum Delay Difference
T'max (s) and Minimum
Delay Difference Ty, (S)

The Degree of Speckle Reduction
Corresponds to the Required Length

Excitation Modes of Multimode Fiber

6 =0.5°

Ty = 156.760 x 107121
Ti3 = 156.736 x 107121
Ty =156.751 x 107121
Tos = 156.762 x 10712
Tap = 156.731 x 107121
T14 = 156.790 x 10121,
Taz = 156.785 x 107121

Tmax = 5.9 x 107141
Tmin = 0.2 x 107141

No significant reduction in speckle

contrast: L<7.9m

Significant reduction in speckle
contrast: 79 m <L <2341m

Speckle-free imaging:
L>2341m

Tog = 156.993 x 10712
Tag = 157.042 x 107121
Tg5 = 156.984 x 10~ 121
Ts5 = 157.030 x 10121,
T17 = 157.048 x 10~ 12L
Tgy = 157.057 x 10~ 12L
Tes = 156.969 x 10~12L,
Toy = 156.995 x 107121

Tmax = 8.8 x 107 14L
Tpmin = 0.2 x 107141

No significant reduction in speckle

contrast: L <5.3 m

Significant reduction in speckle
contrast: 5.3 m< L <234.1m

Speckle-free imaging:
L>2341m
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It can be seen from Table 2 that, with an increase in the tilt angle of the Gaussian beam,
the modal power is transferred to higher-order modes and the maximum delay difference
between excitation modes becomes larger. Therefore, the inter-mode interference effect is
effectively weakened, and the speckle contrast is significantly reduced. The increase in
fiber length will also make the delay difference between excitation modes larger and thus
the speckle contrast is decreased. For the larger tilt angle of the Gaussian beam, only a
shorter optical fiber is required to reduce the speckle contrast significantly.

4. Experimental Results and Discussion

To verify the theoretical results shown above, an experimental setup based on the
speckle contrast at the output of a multimode fiber under various excitation conditions
(by varying the tilt angle of the Gaussian beam to 6 = 0.2°, 0.5°, and 1°) was created, as
illustrated in Figure 3. Multimode fibers of total length L =2, 4, 7, 10, 15 and 20 m with a
core diameter 2a = 200 pm and NA = 0.37 were used. A collimated green laser (A = 0.53 um)
was incident on aperture D = 1.3 mm, followed by a laser beam into the multimode fiber.
One end of the fiber was mounted on a rotational stage so that the incident beam has a tilt
angle 0 relative to the optical fiber axis, and the other end was clamped by the optical fiber
holder to ensure parallel output relative to the fiber axis. Subsequently, the output light of
the multimode fiber was imaged on a screen through an objective lens with an aperture of
D, = 50 mm and was finally captured by a Charge-coupled Device (CCD) camera.

Aperture
Screen
S2

Multimode

D1 Camera

Figure 3. The experimental setup based on the speckle contrast at the output of a multimode fiber under various excitation

conditions (by varying the tilt angle of the Gaussian beam to § = 0.2°, 0.5°, and 1°). Here, D; = 1.3 mm, S; = 60 mm,
D, =50 mm, S; = 1800 mm, D3 =1 mm, S3 = 1000 mm, and S4 = 25 mm.

Figure 4 shows the speckle patterns and their one-dimensional (1D) intensity distri-
butions when the incident angles of the Gaussian beam 6 = 0.5° and 1° with a multimode
fiber of length L =7 m. As illustrated in Figure 4, as the tilt angle of the Gaussian beam
was increased from 6 = 0.5° to 6 = 1°, the speckle contrast was reduced significantly and
the speckle grain size became smaller. It can be clearly seen from the significant reduction
in 1D intensity fluctuations that were extracted from the yellow line of the speckle patterns.
This can be explained by the fact that, as the tilt angle of the Gaussian beam is increased,
the modal power is transferred to higher-order modes and the maximum delay difference
between excitation modes becomes larger. At this point, the inter-mode interference effect
is effectively weakened. Therefore, the speckle contrast at the output of the multimode
fiber is significantly reduced.

Figure 5 shows the relationship between the speckle contrast of the image captured
by a CCD camera and the variation in the incident angle of the Gaussian beam under
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multimode fibers with total length of L =2, 4,7, 10, 15, and 20 m. The comparison between
experimental and theoretical results are given below.

According to the theoretical simulation and calculation, when the tilt angle of Gaussian
beams is 0.2°, 0.5° and 1°, the required length for significant speckle reduction is L = 16.7 m,
7.9 m and 5.3 m, respectively. As illustrated in Figure 5, for the tilt angle of Gaussian
beams is 0.2°, 0.5° and 1°, significant reduction in speckle contrast (steep curves segment)
corresponding to the position range of fiber lengths are within 15 m—20 m, 7 m-10 m and
4 m-7 m. It can be concluded that for the larger tilt angle of the Gaussian beam, only a
shorter optical fiber is required to reduce the speckle contrast significantly.

When fiber length L is less than the required length for significant speckle reduction
(black curve segment with fiber length L < 15 m, red curve segment with fiber length
L <7 m, and blue curve segment with fiber length L < 4 m), the curves of speckle contrast
decreased slowly. It can be theoretically explained that the group delay time difference
between any excitation modes is less than the coherence time of the laser source, and the
interference effect is not effectively weakened.

When fiber length L is great than the required length for significant speckle reduction
(black curve segment with fiber length L > 15 m, red curve segment with fiber length
L >7 m, and blue curve segment with fiber length L > 4 m), the curves of speckle contrast
decrease monotonically with fiber length L. Reference [22] shows the speckle contrast is
inversely with L/2, which is consistent with our experimental results.

200
180
160
140
120
100

GrayValue

20

0 20 40 60 80 100 120 140
Distance(pixels)

(b)

200+
180
1604
1404
1204
1004
804
60+
40
204
0-
-20

GrayValue

0 20 40 60 80 100 120 140
Distance(pixels)

(c) (d)

Figure 4. The speckle patterns and their 1D intensity distributions are shown when the incident angles of the Gaussian
beam 6 = 0.5° and 1° with a multimode fiber of length L = 7 m. (a) Speckle patterns under the condition of § = 0.5° and
L =7m,SC=0.17; (b) 1D intensity distribution corresponding to (a); (c) speckle patterns under the condition of # = 1° and
L =7m, SC =0.13; (d) 1D intensity distribution corresponding to (c). The 1D intensity distribution is extracted from the

yellow line.
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Figure 5. The speckle contrast from the image on the screen as a function of the incident angle 6 = 0.2°,
0.5°, and 1° of the Gaussian beams with multimode fibers of total length L = 2, 4, 7, 10, 15, 20 m.

As can be seen from the asymptotic trend of the curves in Figure 5, the longer the fiber
length is, the lower the speckle contrast can be, and eventually, speckle-free imaging can be
obtained. However, in practical situations where a long multimode fiber is used, the fiber
is generally coiled in a compact optical system. A small bending radius of optical fiber
will lead to mode leakage and loss of light intensity, which will have an impact on speckle
reduction. Reference [29] shows that if the distorted fundamental mode experiences sudden
transition from straight fiber segment to bend fiber segment, the excitation of higher order
modes could be ignored when the bend radius is larger than 200 mm. Meanwhile, when
the bending radius/core radius (a = 100 um) > 103, that is, the bending radius is greater
than 100 mm, and the loss of light intensity due to bending is negligible. Therefore, the
coiling radius of the multimode fiber is approximately 300 mm used in the experiment.

As focal ratio degeneration caused by the bending of the fiber, we can distinguish be-
tween higher order modes excited at the beginning of the fiber and during coiling /bending
of the fiber by comparing whether the output focal ratio and the input focal ratio are equal.
If the two are equal, it means that the higher order modes are excited at the beginning of
the fiber. If the two are not equal, it means that the higher order modes are excited during
coiling/bending of the fiber.

In order to avoid the influence of coiling/bending caused by using a long fiber, the
compound speckle reduction scheme combining two or more speckle reduction approaches
to achieve a better reduction effect has been proposed. According to Goodman’s speckle
theory [28], each speckle reduction effect from the compound speckle reduction method
may be viewed as introducing a certain number of degrees of freedom. If we have r
independent mechanisms for introducing new degrees of freedom, then the total number R
of degrees of freedom is simply R = [TX_; R,, and the total contrast of the resulting speckle
is as follows: SC = 1/+/R. For example, in our previous publications [14,15], the use of
short multimode fibers with other static optical elements such as a two-dimensional Barker
code diffractive optical element (DOE) could be a technical solution in speckle-free laser
imaging systems.

In the fabrication process of the fiber, we should consider the existence of some
defects, such as irregular boundaries of core-cladding interface, random fluctuation of
refractive index, and random bending of optical fiber axis, which will also affect our
experimental results.

Mode coupling takes place in an imperfect fiber waveguide. The variation in the
power of the mth mode can be expressed as: AP, = 22421 Wyun (P — Py), where Pr, and Py,
represent the initial power of the mth and nth modes, respectively. M is the total number
of guided modes, and hy;,;, is the coupling coefficient between modes m and n. The higher
order modes generated by mode coupling will play a positive role in averaging the speckle
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patterns. In other words, the speckle contrast at the output end of the multimode fiber is
decreased when the mode coupling occurs.

5. Conclusions

Speckle reduction using a multimode fiber has an important advantage in laser imag-
ing systems because it is a passive method that does not increase power consumption
or complicate the system. However, when a highly coherent laser is coupled with the
multimode fiber, the modal power distribution is actually affected by the excitation condi-
tions, which will have a crucial impact on speckle formation. Therefore, this article mainly
investigated the relationship between the speckle contrast at the output of a multimode
fiber and inter-mode interference under various excitation conditions. The modal field
analysis method was employed to derive a general expression for the speckle contrast at the
output of a multimode fiber under different excitation conditions by varying the tilt angle
of the Gaussian beam. Moreover, numerical simulations were carried out to investigate the
dependence of the speckle contrast on the modal power distribution by changing the tilt
angle of the Gaussian beam and on the group delay time difference caused by different
fiber lengths. The theoretical results obtained were confirmed by the experimental results.
The results show that, with an increase in the tilt angle of the Gaussian beam, the modal
power is transferred to higher-order modes and the maximum delay difference between
excitation modes becomes larger. Therefore, the inter-mode interference effect is effectively
weakened, and the speckle contrast is significantly reduced. The increase in fiber length
will also make the delay difference between excitation modes larger and thus the speckle
contrast is decreased. For the larger tilt angle of the Gaussian beam, only a shorter op-
tical fiber is required to reduce the speckle contrast significantly. We anticipate that our
work will facilitate the use of multimode fibers to produce speckle-free patterns in laser
imaging systems.
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