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Laser diodes (LDs) are widely used in optical wireless communication (OWC) and optical networks, and proper theoretical
models are needed to precisely describe the complicated beam field of LDs. A novel mathematical model is proposed to describe
the vectorial field of nonparaxial LD beams. Laser beam propagation is studied using the vector Rayleigh diffraction integrals, and
the stationary phase method is used to find the asymptotic expansion of diffraction integral. The far-field distribution of the LD
beam in the plane parallel and perpendicular to the junction is considered in detail, and the computed intensity distributions of the
theory are compared with the corresponding measurements. This model is precise for single transverse model beam of LDs and

can be applied to describe the LD beams in OWC and optical networks.

1. Introduction

Considering that laser diodes (LDs) are the efficient light source
and easy to integrate, LD-enabled optical wireless communi-
cation (OWC) is an emerging technology for realizing high-
confidentiality and high-speed point-to-point (PtP), vehicle-to-
vehicle, and white-lighting data access links in free-space
communication [1-6], indoor communication [7, 8], under-
water communication [9-11], and optical networks [12-16].

However, the output beam quality of LDs is relatively
poor, such as astigmatism, high beam asymmetry, and large
beam divergence [17-19], in many applications, and proper
theoretical models are needed to precisely describe the
optical field distribution of LDs.

The problem of laser propagation is mainly dealt through
paraxial approximation. However, the output facet of LDs is
extremely small, and their beams are divergent and asym-
metrical. The rigid optical field distributions cannot be cal-
culated from the paraxial approximation, and the longitudinal
component in beam propagation direction should be con-
sidered. Thus, the vector theory for nonparaxial beams should
be used to precisely describe beam fields of LDs. Several
models, such as exponential Gaussian function [20-22],
Hermite-Gaussian model [23], nonparaxial diffraction of

vectorial Gaussian wave [24, 25], plane waves with a small
aperture [26], propagation of LD beams in the optical system
[27-29], and polarization of LD beams [30], are used to
describe the beam field of LDs. However, no theoretical model
is used for all cases because of the complicated beam field of
LDs. Thus, a novel model should be developed to precisely
describe the output field of LDs, which is the aim of this paper.

2. Vectorial Electric Field of LD Beam

Considering that transverse electric modes are usually ex-
cited in LD, E(x, y) is identified with the component
E, (x, y) of the electric field vector, and a source beam is
linearly polarized at the plane z=0:

E,(x0, ¥0) = 0, (1)

(3/2)
E, (0> ¥0) = Eo eXP(‘Plxol - ‘D’é)) (2)

where p and g are related to the waveguide structure of LDs,
(1/p) = 1.22(X,/d,) x 107 and (1/q) = 1.22(X,/d ) x 1073,
in which A, is the beam wavelength in the active layer of LDs,
d, is the waveguide width in the x direction, and d,, is the
waveguide width in the y direction, and E, is a constant.
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Beam propagation is governed by the vector Rayleigh
diffraction integrals that provide the field expression in the
entire half-space z > 0. When the boundary condition at the
plane z= 0 is given, the field takes the following form [24, 26]:
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where ry = x,i + y,j (r, is the vector in beam output plane),
r = xi+ yj + zk (r is the beam propagation vector), i, j, k are
the unit vectors in the x-, y-, and z-directions, respectively, and

exp(ik|r - r0|)

1 G (1, 1)) G(r,ry) = , (4)
E (r) = 3 _[E" (ry) 3% 9/ gs, |r - r0|
1 3G (r,1,) in which k is the wavenumber related to wavelength A by
E,(r) = “om JEy (1) az’ ©2ds, (3) k= 2n/). Substituting equation (4) into equation (3) yields
[24, 26]
1 0G(r, 1) 0G(r,1y)
E,(r) = I H:Ex (r0) p +E, (ro) 2 ds,
1 [ [(*® iklr —ry[ -1 )
E,(x,y,2) = —— I I E, (xo,yo)Z%exp(’kh— ro| )dxod o,
27 ) -00 ) -0 |r - r0|
1 [t [*o ikle—r| -1
E,(x,y,2) = —— J J E, (xo,yo)z%exp(zkir - r0|)dx0dy0,
27 ) -00 ) -0 |r - rol
+00 [+00 kl | 1 (%)
1 iklr —ry| — .
E,(x,y,2) = — J J- E,. (%0, yo) (x = %) 703exp(zk|r - 1)
21 )0 J -00 |r - r0|
iklr —ry| - 1 .
+E, (%0 ¥0) (¥ = ¥o) % exp(zk|r - r0|)]dx0dy0.
- I
We expand exp (ik|r — r|) into a series, keeping the first-
, second-, and third-order series expansions [31]:
2L 2),2 24 22)2 _ 2
exp(ikfr - ry]) = exp) ikr — k0T YV0 g (P H )5+ (7 + )y~ 2xy %oy | (6)
r 2r3
where r = 1/x? + y? + 22, replace exp (ik|r — r;|) in equation
(5) by equation (6), and replace |r — r,| in equation (5) by r:
Ex(x:y)z) =0,
1 ikr-1 . +oo [+eo
E,(x,y,2) = 573 exp (ikr) J,m Jioo E, (%0, ¥o)
Coxxgtyy o (P +22)xg + (0 + 22) g - 2xyx0 9,
X exp[ ik " +ik 53 dx,dy,, )
1 ikr—1

+
E,(x,9,2) = — ik
L (%, 9,2) Y exp (ikr) .

[ oo 0) =500+ B, ) (= 30)]

X exp

For large k (10*mm™ "), exp [—ik ((xxo + yy,)/7) + ik (((y*
+x)x3 + (x* + 22)y3 - 2xyx4y,)/2r*)]  rapidly oscillates,
and such rapid oscillations over the range of integration indicate
that the integrand averages to approximately zero, except near

[t O P 2
r

]dxodyo.

2r3

the stationary phase. Thus, the stationary phase method is used
to find the asymptotic expansion of the diffraction integral.

The corresponding diffraction integral is approximated
by [32]
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UG 3v2) = || F G yo)esplikg (o yo)ldsadyy = e f (s 3 )explikg (5 7,)) ®

J (x0: yo) = E, (¢, o) for E,, (x, y,2), and f (xy, y,) =

E, (%0, y0) (x = x0) + E, (%0, ¥0) (¥ = yo)  for  E_(x.),
z).where
2 2 2 2
n-29%9 (99 \ 9)
0x 0y5  \9x(0y
1, (ifH<0),
, , #g
o= L <1fH>O’Bx§ stJ’s>0>’ (10)

i, (ifH> 0,29

’ Bxé

XS’)/S < 0)’

where x, and y, are the stationary phase points, and we have

_ X%t VYo | (y? +28)xg + (x* + 2%) 5 - 2’CJ”COLVO.

9(x0’)’0) =

r 2r3
(11)
Letting
0
9 _,
0x,
(12)
99 _
9y
E, (x,y,2) =0,

ikr —1 G 2\ LT X2ty
E,(x,y,2) = —i o Eo.exp<—p;|x| —aq\ 7 X exp lkz_zz 7

we find the stationary phase points

,
X = ;x,
(13)
2
Vs = ;y’
-r
9(xoy) =5 (¥ +7), (14)

and (8°g/0x3) = ((y? + 22)Ir3), (8°gloy?) = (x* + 2)Ir?),
and (3%g/0x,0y,) = (xy/r?).

Thus,
2 42 2 o
oo a_!z a_g B J'g _ Z_’ (15)
ax3 0y; \0xedy,) r*
and H > 0) (azg/ax(z)”xs:ys > 0’
=1 (16)

Substituting equations (13)-(16) into equation (7) yields

2 2

]exp(ikr), a”)

dkr =1 y [(x* + y? G 2\ [ AN )
E,(x,y,2) =1 -—( E, - exp —p;lxl —4q\ 2 xexp[zkz—zz(x +y )]exp(zkr).

kr =z z2

Equation (17) represents the expression of vector theory

for nonparaxial LD beam.

Ix(x)y)z) = 0)

1+ k% r2 2\
I,(x,9,2) = —5 5—E; - exp <—2p Sl - 2q<zz y) )

z? z?

The intensity profiles can be given by

(18)

1+ k22 2 (%2 + 92\’ r? 2\
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FIGUre 1: Facet of a LD chip and the related coordinate system.

TABLE 1: Parameter of LDs.

LDs

Wave model

Operating current (mA)

Wavelength (nm)  Parameter p  Parameter g

USHIO HL63391DC Single transverse model 225 639 1.55x10° 2.20x10*
TOSHIBA TOLD9441MC  Single transverse model 50 650 335 3.05x10*
USHIO HL63290HD Multitransverse model 24 638 256 1.55x10*
X
Beam __-=~ Pinhole
LDs ///,/’ Photodiode
( @ \\\\\\ z
\\\‘\\ Attenuator

FIGURE 2: Experimental setup.

and the total intensity can be expressed as

I(x,y,2) = Ix(x,y,z)+Iy(x,y,z)+IZ(x,y,z)

1+ k*r? y* [ x*+ y? 2
TR 1+§ z2

2
CErexp| -2 r—2|x|(3/2) -2 r
o €Xp pz2 q zzy .

The intensity of LD beams can be investigated in two
vertical planes. In the plane perpendicular to the junction
(i.e., y=0), as shown in Figure 1, the substitution of y = 0 into

equation (19) yields
X+ 22|x| (3/2))
z? ’

(20)

(19)

1+Kk*(x* +2°%)

I(x,0.2) = k2 (x2 + z2)

Eé exp(—Zp

In the plane parallel to the junction (i.e., x=0), as shown
in Figure 1, the total intensity can be expressed as follows:

1+ K (y* +22) el I »+z2 \
I(0>yaz)*m 1+§ Eoexp —Zq 2 y .

(21)

3. Experimental Procedure

The experiments were performed to examine the theoretical
results using three high-power LDs (USHIO HL63391DC,
TOSHIBA TOLD9441MC, and USHIO HL63290HD). The
parameters are shown in Table 1.

As shown in Figure 2, the intensity profiles of laser beam
were measured through a pinhole scan (radius is 100 ym)
and a photodiode (LSGSPD-ULO0.25, 0.25 mm visible light
PIN photodiode, wavelength 500-880 nm, and 0.25mm
active diameter) behind the hole. The photodiode moved
along the straight lines parallel to the output facet of the LDs’
chip in the x-z and y-z planes, where z=50 mm. The un-
certainty of measurements is less than 1%.

Figure 3 shows the measurements and theoretical beam
profiles of HL63391DC, and the intensity curve of the theory
agrees with the experimental data in most portions. Figure 4
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FIGURE 3: Measured and theoretical beam intensity profiles of HL63391DC. (a) x-z plane. (b) y-z plane.
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FIGURE 4: Measured and theoretical beam intensity profiles of TOLD9441MC. (a) x-z plane. (b) y-z plane.

shows the light intensity profiles of TOLD9441MC. The
calculated profiles agree well with the experimental data in
most portions, except for the discrepancies in the low-intensity
value regions in the x-z plane. The theoretical curve agrees well
with the experimental data in the y-z plane. Figure 5 shows the
light intensity profiles of HL63290HD, and the discrepancies of
theory and measurement of this LD are greater than those of
HL63391DC and TOLD9441MC because only single transverse
mode exists in HL63391DC and TOLD9441MC, whereas
multitransverse modes exist in HL63290HD. Thus, the output
light field of the latter is more complicated, the shape intensity
of two lobes appears in the y-z plane, and the theoretical curve
does not fit the measurement.

Compared with the previous models of LD beam,
including Hermite-Gaussian model [23], Gaussian
model [25, 27, 28], elliptical Gaussian model [24, 29], and
negative exponential Gaussian model [22, 30], the novel
output model E, (x,y,) = E, exp (—plxol¥? - gy2) in
this article is more precise for single transverse model
beam. For the calculation of the vector Rayleigh dif-
fraction integrals, we expand exp (ik|r — ry|) into a series
by keeping the first, second, and third series expansions.
The calculations make the diffraction integral of beam
distribution with large divergence more reliable
compared with the first two expansions in the article
[24, 26].
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FIGURE 5: Measured and theoretical beam intensity profiles of HL63290HD. (a) x-z plane. (b) y-z plane.

4. Conclusion

A novel theoretical model for the nonparaxial vectorial field
of high-power LDs was proposed, and the beam parameters
were related to the structure of LDs’” waveguide. High-order
approximations of the diffraction integral were calculated on
the basis of the vector Rayleigh diffraction integrals, the
fields parallel and perpendicular to beam propagation di-
rection were considered, and the beam intensities of three
high-power LDs beam were measured. The mathematical
model provided a good fit to the experimental data of single
transverse model beam of LDs. This mathematical model can
be used to describe the beam propagation and shape of LDs
in OWC and optical networks.
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