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A digital micromirror device (DMD) is a kind of widely used spatial light modulator. We apply DMD as
wavelength selector in tunable fiber lasers. Based on the two-dimensional diffraction theory, the diffrac-
tion of DMD and its effect on properties of fiber laser parameters are analyzed in detail. The theoretical
results show that the diffraction efficiency is strongly dependent upon the angle of incident light and the
pixel spacing of DMD. Compared with the other models of DMDs, the 0.55 in. DMD grating is an ap-
proximate blazed state in our configuration, which makes most of the diffracted radiation concentrated
into one order. It is therefore a better choice to improve the stability and reliability of tunable fiber laser

systems. © 2012 Optical Society of America
OCIS codes:  050.1950, 060.3510.

1. Introduction

Digital light processing (DLP) technology is well
known for powering office and classroom projectors,
digital cinema solutions, and high-definition televi-
sions. At the heart of DLP technology is the digital
micromirror device (DMD), a semiconductor-based
array of thousands of individually addressable, tilta-
ble, mirror pixels. These microscopic mirrors are
arranged in a rectangular array, which can be indi-
vidually rotated +12° along the diagonal line, corre-
sponding to an “on” or “off” state during the display
[1]. With success of DMDs as the core components
used in optical microelectronic mechanical systems
and spatial light modulators, a myriad of nonprojec-
tor applications are now being enabled by general-
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use DMDs, including volumetric display, holographic
data storage, lithography, scientific instrumentation,
and medical imaging [2—6].

Compared with widely used liquid crystal devices
(LCDs), DMDs have the advantage in the speed, pre-
cision, polarization insensitivity, and broadband cap-
ability. Therefore, a new application of DMDs has
been attempted to be applied in tunable fiber lasers
as wavelength selectors [7]. We have also achieved
the use of DMDs to select wavelength and thus con-
struct a DMD-based tunable fiber laser system [8].
The structure is shown in Fig. 1, which mainly con-
sists of an erbium-doped fiber amplifier (EDFA), a
90/10 optical coupler, a polarization controller, a
dual fiber collimator, a blazed grating, two lenses,
and a DMD. The 90% broadband amplified sponta-
neous emission (ASE) noise from the EDFA is routed
to the DMD through the dual fiber collimator.
The ASE is dispersed by the blazed grating with
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Fig. 1. (Color online) Schematic diagram of the DMD-based
tunable fiber laser.

1200/mm in different directions and then illumi-
nates linearly along the active window of the DMD
by the lens 2. By driving the appropriate mirror-pixel
block to tilt as illustrated in Fig. 1(b), most of the dif-
fracted radiation from the DMD grating is concen-
trated in a certain order that reflects nearly along
the incident path into the collimator, while the others
are dropped out with dramatic attenuation. The se-
lected wavebands are amplified by the EDFA, lead-
ing, after several recirculations, to high-quality
single-mode laser generation. Hence, the fiber laser
can be tuned by simply driving the various pixels of
the DMD.

Figure 2 is the measured curve of ASE gain noise
from an EDFA. The EDFA used in the laser system is
a C-band amplifier, having signal gain of 20 dBm and
a flatness degree of +3.5 dB. The EDFA’s pump laser
is driven by a current of 500 mA. The inset is the
measured curve of an arbitrary wavelength selected
by the DMD when the optical loop is open. The total
insertion loss of the bulk optic component from the
input and output ports of a dual fiber collimator
was around 11.6 dB, which was mainly due to
(1) the lens reflection loss, (2) the blazed grating loss,
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Fig. 2. Measured ASE gain spectrum of a C-band EDFA. The
inset is an example of an arbitrary wavelength selected by
DMD (optical loop is open).

and (3) diffraction loss and insertion loss of the DMD.
Among them, the DMD diffraction loss is the major
cause to deteriorate laser signals. As we know, the
DMD is actually a two-dimensional “blazed” grating,
for which the diffractive behavior in near-infrared
wavelengths is evident. For the standard 0.7 in. ex-
tended graphics array DMD with pixel pitch
13.68 pm [9], several discrete well-resolved diffrac-
tive peaks are observed over a sufficiently large solid
angle, which are challenging to couple into the fiber.
Therefore, how to maximize the diffraction efficiency
and concentrate most of the diffracted energy to the
desired order routed into the fiber collimator is im-
portant for the stability of the laser output. In the
following section, we will analyze the diffractive is-
sue of the DMD and reveal the dependence of diffrac-
tion efficiency and pattern on the pixel spacing and
the incident angle, so as to reduce the free-space loss
and improve the stability of the whole system.

2. Pixel Coding of a DMD

Consider the DMD composed of (2M + 1) x (2N + 1)
square mirrors with side length §y. All mirrors are
made to individually rotate +£12° tilt angle along
their diagonals once a voltage pulse is applied to
the address electrodes under the mirrors. A coordi-
nate system (xyz) is established on the active window
of the DMD with the origin at the center of a mirror
right in the middle as shown in Fig. 3(a). All mirror
pixels are encoded by the location of their center.
Meanwhile, a local coordinate system (&) illu-
strated in Fig. 3(b) is introduced in a mirror P,,,.
Due to the fill factor of the mirror-pixel area up to
90% for a standard DMD [9] (the fill factor is the ratio
of the active reflecting area to the total area of the
array of mirrors), the area of a single pixel is approxi-
mately equal to the mirror size 52.

Suppose a monochromatic plane wave illuminat-
ing the DMD working region, under the Fraunhofer
condition; the diffraction field from differential seg-
ment ds = dédn (Q) in the mnth pixel [see Fig. 3(b)]
is then

dApy = Ag exp{-ik[An,(x.y) + A'CE )l (1)

where A, is the initial amplitude of the wave, A},
(x,y) is the optical path difference (OPD) between
the rays from the center P,,, to the origin O, and
A'(&,7) is that from the point @ to P,,,, within a pixel.
Hence, integration of Eq. (1) yields the total electric
amplitude A contributed by all pixels in a DMD;
that is

A= / da,,, = ZAOe—ikAi’nn(x-y) / e kA Endedy, (2)

op

where the sum is independent of the integral in the
calculation.
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Fig. 3. (a) Coordinate system (xyz) established on DMD and the pixel coding. (b) Local coordinate system (£5¢) introduced in a mirror
pixel.

3. Optical Path Difference

A monochromatic plane wave, represented by a pair
of rays 1 and 2 inclined at the same angle, arrives at
points A and R on a pixel (see Fig. 4). The path dif-
ference between the two rays is then

AAR _,AR . C_I), (3)

where 7,5 is the vector from a point A to R and @ is
the unit vector of incidence.

A. Optical Path Difference A’ Within a Pixel

In Fig. 5, the unit vector of an incident ray a and
the corresponding diffraction ray & are defined as fol-
lows:

a=(a,b,c)
Ry @

Select an arbitrary point Q(&, 7, {) on a mirror, and
the path difference between the rays along a and o' at
points P and @ can be determined by dropping two
perpendicular lines from @ onto @ and @ at G and
G, respectively (see Fig. 5). This path difference is
given by
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Fig. 4. Diagram of the OPD.
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A’ = (m,) + (ﬁ) = (5’ n, C) : a + (_‘fv -, _Z:) . a
= (En.O@ —a) =& -a) +n -b) +{(c -o).
(5)

The plane equation of a tilting mirror by rotating y
angle along its diagonal is

_tany

NG

& +n). (6)

Substituting Eq. (6) into Eq. (5), thus

r ! - tan l// !/ -
A = éj[(a a) + NG (c c)]
. tany 3
+ n[(b b) + 7 (c c)}. (7
o
Q&1
g
P(0,0,0) '3

Fig. 5. OPD between the rays along @ and &@ at points P and @
in a pixel.



B. Optical Path Difference Ap,, from the mnth Pixel

Center P, to the Origin O
The position of the mnth mirror is

P, = 6y(m,n,0), (8)

wherem =-M,-M +1,---M;n=-N,-N+1,---N.
Referring to Eq. (5), the path difference A}, between
the rays along @ and & at P,,, and the origin O is then

ALy = (Mg, 18, 0) - (@ - a)
= §[m(a’ —a) + n(d' - b)]. 9

Substituting Egs. (7) and (9) into Eq. (2), the de-
pendence of the diffraction pattern on @ can be deter-
mined if the incident wave a is given.

4. Single-Pixel Diffraction

The DMD is actually a two-dimensional ordered re-
flection phase grating. The diffraction contribution of
a mirror pixel is similar to that of a slit in the one-
dimensional multiple-slit diffraction grating. When
we integrate Eq. (2), we neglect the effect of small
tilting angle on the domain of integration and ap-
proximately obtain the single-pixel diffraction of a
DMD, that is

A / e [m"“”“?a”“’-”]gdg

~50/2
N /‘60/2 e—ik[(b’—b)-&-ta;é"’(c’—c)]ndn
~50/2
= &% smc{ |:(a— )+tfi/§l//( —C):|}
X s1nc{ |:(b’ b) + ti/.w( - c)j|} (10)

To simplify the appearance of things, let

u = ”T‘s‘)[(a’ -a) + taln"’(c’ —c)]

11
u”:ﬂTﬁo[(b'-b)#“W(c o] (n

Therefore, the corresponding flux-density distribu-
tion is given by neglecting the constants.
I' =|A'12 =53sinc®u - sinc?u’. (12)

To analyze the diffraction pattern, it is convenient
to transfer a rectangular coordinate into a polar co-

ordinate system. Thus, the component of incident
light is rewritten to be

a =sin @, cos ¢y,b =sin 6, sinzﬁo,c:cosﬁo} (13)
a’'=sinfcos¢,b'=sinfsing,c’ =cosd |’

where 0, and ¢, are the angles between a with ¢ and &

axis, respectively. 8 and ¢ are those between & with ¢

and ¢ axis, respectively. Then substituting Eq. (13)

into Eq. (11) leads to

[(sm 6 cos ¢ — sin 6, cos ¢g) + 2 "’ (cos 0 — cos 00)]

_0
' (14)
u" = % [(sm 6 sin ¢ — sin 6, sin ¢g) + mf/‘i"’ (cos @ — cos 90)]
5. Multiple-Pixel Interference
Substituting Eq. (9) into Eq. (2), the sum of the diffraction contribution from all mirrors is
— —Lkﬁo[m(a -a)+n(b'-b)] — e—lk5om a'-a) e—zk(SOn (b'-b)
=- =-N m= n=-N
sin [% M) (o' - a)i| sin [% (2N)(b' - b)}
— i l@-a)+(¥'-b)] (15)
sin [% (@ - a):| sin [% - b)}
So the flux-density distribution is
Iu — |Arr|2 — Sin2[(2M)V,]Sin2[(2N)l/,] (16)
sin? V/ sin? ' '
20 October 2012 / Vol. 51, No. 30 / APPLIED OPTICS 7217



where

_ "%

! 50 ! n
vV=—(@a-a), v
@-a) ;

: @ -b). A7)

In the polar coordinate, Eq. (17) is rewritten in the
form

)
v = % (sin 0 cos ¢ — sin Gy cos ¢y),

V' = ”760 (sin @ sin ¢ — sin G, sin ¢). (18)

According to the grating equation, the irradiance
maximum should satisfy the following condition;
that is

”T’Sﬂ (sin @ cos ¢ — sin 6, cos ¢g) = px

v =
v = ”T‘s‘)(sin 0 sin ¢ —sin O, sin ¢g) = qn

} (19)

with p, ¢ =0,+1,£2,---. The (p,g)th-order irradi-
ance maximum is labeled as Iy, in short.

We define two parameters g, (0. ¢o), hq(6o. ¢o) as
follows:

sin 6 cos ¢ = ‘;—j + sin 6 cos ¢y = g,(6o. $o) (20)
sin 0 sin ¢ = % + sin 90 sin ¢0 = hq(g(), (b())

or the equivalent form is

_ hy(6o,0) _ qA/5y + sin 6, sin ¢,
8p(00. o) PA/So + sin 6 cos ¢

tan ¢ (21)

According to Egs. (20) and (21), if the incidence
(6o, o) is provided, the resultant diffraction (6, ¢),,
of I}, can be determined.

_ ~1| hq(0o.¢0)
¢pq(90’ o) = tan |:g§(90~(/’o)i|

(Go-$0) 22
. g, 0.
gpq (607 ¢0) = sin ! {m}

6. Discussion

Based on the theory above, we take two standard
DMDs as an example to analyze the diffraction issue.
The incident wavelength is 1550 nm used in the
calculation.

(1) A 0.7 in. DMD composed of (1024 x 768) pixels
with the mirror pitch §, = 13.68 um.

For simplicity, suppose the wave is incident verti-
cally upon the tilting mirror in the angle-bisecting
plane in the first octant, namely 6, = 168°, ¢y = 45°.
Figure 6 is shown the resultant diffraction dis-
tribution. Two sharp irradiance-maximum peaks are
observed at 0 = 6.5° and 15.8°, with the multiple-

7218 APPLIED OPTICS / Vol. 51, No. 30 / 20 October 2012
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Fig. 6. Diffraction distribution of light radiating on a 0.7" DMD
with the wave incident vertically upon the tilting mirror in the
angle-bisecting plane in the first octant (red curve for single-pixel
diffraction, blue curve for multiple-pixel interference).

pixel interference peaks modulated by the single-
pixel diffraction.

Furthermore, in the tunable fiber laser shown in
Fig. 1, the irradiance maximum of diffraction should
be confined within the aperture of the lens 1; thus it
is possibly coupled into the fiber ring cavity to form
the laser. Therefore, the constraint condition is ex-
pressed as follows:

dy 4 + (=a) > cos(A0), (23)

where @ is the unit vector of incidence and a,, is
that of (p, g)-order diffraction irradiance maximum.
A6 = tan"1(12.7/75) = 9.7° (12.7 and 75 mm are
the aperture radius and focal length of the lens 1,
respectively).

Table 1 gives the entire irradiance maxima over a
sufficiently large solid angle and the corresponding
diffraction angle (9/¢) and relative intensity 1(9, ¢)
of each (p/q)-order irradiance maximum. The results
show that there are only four irradiance maxima left,
which satisfy both the constraint condition and in-
tensity requirement. They all distribute in symmetry
of the bisection plane. Those peaks in intensity less
than 0.03 or those that do not satisfy the constraint
condition are neglected. Furthermore, in order to
prove the validity of the theoretical model, we use
an infrared fluorescence card to detect the diffraction

Table 1. Irradiance Maxima of Light in 1550 nm Radiating
on a 0.7 DMD Over a Large Solid Angle

p/q -4 -3 -2 -1
-4 — 21.2/212.2  18.4/194.6 —
— (0.022) (0.015) —
-3 21.2/237.8 15.8/225 12.0/202.4 11.3/170.1
(0.022) 0.279 0.148 (0.021)
-2 18.4/255.4  12.0/247.6 6.5/225 —
(0.015) 0.148 0.055 —
-1 — -11.3/99.9 — —
— (0.021) — —
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Fig. 7. Diffractive distribution of light radiating on a 0.55"DMD
on the bisecting plane.
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Fig.8. Optimal experimental configuration of light radiating on a
DMD system.

irradiance maxima by illuminating a 0.7"DMD with
light in 1550 nm wavelength. There are really four
discrete well-resolved diffractive peaks observed
over a large solid angle, which is quite in agreement
of the theory. However, in the fiber laser system, only
the brightest order of diffractive light I _3_s) ~ 0.279
is adjusted to reflect nearly along the incident path,
while the other peaks with about 70% energy are
dropped out. Hence, a 0.7"DMD as a component used
in the fiber laser system deteriorates the stability of
the system.

(2) A 0.55" DMD composed of (1024 x 768) pixels
with the mirror pitch §, = 10.8 pm. The wave with
wavelength 1550 nm is also incident at the position
0y = 168°, ¢, = 45°.

For a 0.55” DMD, there is only one peak of the ir-
radiance maximum within the envelope curve of sin-
gle-pixel diffraction, as illustrated in Fig. 7. Due to
the peak of multiple-pixel interference close to the
single-pixel maximum, that is, approximately the
blazed grating condition, most of the diffracted radia-
tion is concentrated in one order, so that the relative
intensity I_, _s) is about 0.98, approaching 1. In the
experiment, if the light is incident at the angle
0y = 168°, as shown in Fig. 8, the diffractive peak
from the tilting mirror is proved to reflect nearly
along the incident path. Meanwhile, the light re-
flected from the flat mirror cannot be coupled into the

bl A s
o o (=] o o
sl o 1 o 1 o 1 . I

Intensity (dBm)
a5
=
1

-50 4

-60

1525 1530 1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

Fig. 9. Measured output intensities of the DMD-based fiber laser
with the wavelength tuning over C-band.

ring cavity. Thus, by driving some block of mirrors to
tile, we can select the wavelength reflected from the
corresponding tilting mirrors into the fiber ring, so
that these selected wavebands are amplified by
the EDFA, leading, after several recirculations, to
high-quality single-mode laser generation. Figure 9
shows the experimental results of laser output based
on a 0.55” DMD. The laser tuning range is 1530—
1560 nm with the tuning resolution 0.08 nm. The
FWHM of a lasing line is about 20 pm, and the side
mode suppression ratio (SMSR) is greater than
50 dB. Therefore, a 0.55” DMD is proved to be a good
choice to improve the stability and reliability of the
laser system.

7. Concluding Remarks

DMD as a spatial light modulator has been widely
used in many areas. Compared with LCD, DMD
has the advantage in the speed, precision, polariza-
tion insensitivity, and broadband capability. We
successfully employed DMD as a wavelength selector
in tunable fiber lasers and studied the dependence
of diffraction properties of this kind of a two-
dimensional DMD grating on the incident angle
and pixel spacing. The diffraction orders and inten-
sity distribution of DMDs in 0.7 and 0.55 in. size with
different pixel spacing are discussed in detail. The
diffraction of a 0.7” DMD is a little far away from
the blazed grating condition as the energy is dis-
tributed in four diffractive peaks, resulting in low
efficiency. For a 0.55” DMD, however, most of the dif-
fracted radiation is concentrated into one order in
the approximate blazed state, which is therefore a
better choice as a wavelength tuner to improve the
stability and reliability of the laser system.
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(11204387), the Key Project of Science and Technol-
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