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Abstract. We present a study on analytical solutions of coupled-mode equations for microring
resonators with an emphasis on occurrence of all-optical EIT phenomenon, obtained by using a
cofactor. As concrete examples, analytical solutions for a 3 x 3 linearly distributed coupler and a
circularly distributed coupler are obtained. The former corresponds to a non-degenerate eigenvalue
problem and the latter corresponds to a degenerate eigenvalue problem. For comparison and without
loss of generality, analytical solution for a 4 x 4 linearly distributed coupler is also obtained. This
paper may be of interest to optical physics and integrated photonics communities.
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1. Introduction

As we know, in optical waveguide theory it is important to solve coupled-mode equations
for optical fibre multiwaveguide systems. The coupled-mode theory is used to study the
performance of single- and double-microring resonators [1-4]. Many atomic coherent
effects can be realized using all-optical method, such as electromagnetic induction trans-
parency (EIT), a multilevel atomic quantum interference phenomenon, and slow light,
no inversion of laser, nonlinear optics and quantum information processing and so on.
During the coupling-mode theoretical study of double microrings [5,6], we noticed that
the interaction between double microring was ignored. Zheng et al first observed light
EIT-like phenomenon in a controlled double microring coupling system [7]. Xiao et al
realized the tunnelling-induced transparency effect in the chaotic optical microcavity [8].
The interaction between the microrings must be considered. Meng et al [9] evaluated
coupled-mode equations for linearly distributed and circularly distributed multiwaveguide
systems with the same coupled coefficients. We find that the 2 x 2 coupled system is
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equivalent to waveguide and single microring coupled system. The 3 x 3 coupled system
is equivalent to waveguide and double microring coupled system. In this paper, we
adopt a novel approach for obtaining coupled-mode equations for linearly distributed and
circularly distributed multiwaveguide systems with different coupled coefficients. Fur-
thermore, we investigate the transmission characteristics of asymmetric double microring
coupled systems.

The cofactor is a very useful mathematical tool. To our knowledge, it is seldom applied
in asymmetric double microrings analysis. In this paper, we adopt the cofactor to evalu-
ate general solutions for asymmetric double microring systems in two kinds of coupling
structures. The results obtained are compared with those of the previous studies to verify
the method’s effectiveness. The paper is organized as follows: Section 2 focusses on the
3 x 3 linearly distributed structure and 3 x 3 circularly distributed structure and the main
conclusions are outlined. Section 3 focusses on the 4 x 4 linearly distributed structure.
The main conclusions are outlined in §3.

2. The 3 x 3 asymmetric coupled resonators

As shown in figure 1, when the light circuits in counterclockwise direction in microring
2, we have ay = Byb, = e /%b,. When the light circuits in clockwise direction in
microring 3, we have as = B3b; = r;e/%b3. Here, 8 = wL /c is the phase shift. r», r3 are
the loss of microring 2, 3, respectively.

In this paper, we investigate how the coupling coefficient between optical fibres is dif-
ferent. a;(x;) is the mode field in the ith waveguide, where x; = /K, i = 1-3, B is
the mode propagation constant. K /2 denotes the coupling coefficient between adjacent
waveguides. The coupling equation of the 3 x 3 asymmetric coupler is described in [9].
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Figure 1. Schematic diagram of the 3 x 3 asymmetric coupler
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We take A; = —2x;, i = 1-3, the eigenfunction eq. (1) is

rAé g
Ern| =X —E*+ P+ +26nc =24+ pr+g=0. 2)
s naA

When (p/3)* + (g/2)? < 0, we assume A = ncos[u],u = n/3 +e¢, n = /—4p/3, and
we have cos[3u] = 4 cos®[u] — 3 cos[u] = —(g/2)(—p/3)~3/>. The eigenvalues A; are

Ai=ncoslul=ny;, Ay =ncos[u+2m/3|=nx,, Ay=ncoslu+4r/3|=nys,
where
1 3 1 3
X1=x= cos[u], Xz:—yc—%«l—xz, x3=—§x+§\/l—x2.
3

Setting da; /37 = —Aa;, i = 1-3, we have a; (x,,) = ¢; (xm)e’?* = @i (xn)e/ . If the
eigenvalue yx; is given, the corresponding eigenvector ¢; (x;), i = 1-3 can be given out by
the cofactor A;;, i, j = 1-3 (see Appendix A).

n2x? — i
N;

ng —néyx; En —ngy,
—, o)) =,
N;

. () = N,

o1(xi) =

Ni =\ (ng —ng )P + G —nex? + 2} — PR, i=13 @)

and satisfy the orthogonal relation @1 (x1)@1(x2) + @2 (x1)@2(x2) +@3(x1)@3(x2) = 0. As
the eigenvalues yx; are different from one another, we can use the eigensolution a; (x;) to
construct a solution matrix

er(XDE™T 1()e™T pi(x3)e™t
x(@) = | 0™ @:(x2)e™" ga(x3)e™" |, ®)
P3(x1)e™" @3(x2)e™" @3(x3)e™"

When v — 0, corresponding to the starting point of the coupling zone,

o1(x1) @20x1) @3(x1)

x'O) = ¢1) 2(x) ¢(x2) |. (6)
where 01(x3) ¢2(x3) 93(x3)

5 ) = (n*snxz + 1€ xix3 +nn*§) (i — x3)

p3(X2) = NINSA )

51 ra) — (n*snxs +n*Exix + nn*§) (e — x1)

©3(X3) = NI N,A s

o1(x1) e1(x2) ©1(x3)
A= |p(x1) v(x2) ¢2(x3) |,
03(x1) 93(x2) ©3(x3)
nnE? — sH (X — x2)

o1(x1) = NoNaA ,
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(n*Enx1 + s xox3 + nn*s) (X2 — x3)

©2(x1) = NaNaA
51 (o) = nn(E*> = M1 — x3)
P1{X2 NiNsA s
5r00) = (n*nx2 + 1’ sxixs +nn*)(xz — x1)
2(X2 N1N3A 5
1) = € —sHOe — x1)
1(x3 NiNoA ,
rxs) = (n*nxs + 1’ sxix2 +nn* ) — x2)
23 NN A '
53 = (m*snx1 +n°E xoxs + nn’€) (63 — x2) )
A NaN3A ‘
The transform matrix
o 1) 125
RO =x0x "0 =] « a2 p |,
v § o3

where

a1 =1 (x)P (XD ™" + 01 (x2) @1 (X2 + 01 (x3) @1 (x3)e’™7,

jxlr sz'[ jX3'L’

K =@(x)e1(x) e + (2 @1 (x2)e’" + @2 (x3) @1 (x3)e’7",
V=03 ) e+ 03 (1) @1 )T+ 03 06) @1 (x3)e’,
8=¢1 ()@ (x) T + 01 (x2) @2 (X2’ + 01 (x3) P2 (X3)e"™,
0= (E0 e + @ ()P (0™ + 02(x3) ¢ (xa)e™,
(=)@ () ™M+ 93002) @2 (x2)e’T 4+ @3 (x3) G2 (x3)e’ T,
w=o(x) @)™ + o1 (x2) @ (2™ + @1 (x3) @3 (x3)e”™,
p=w00@00) M + 000 @ ()e™ + ¢2(x3) @3 (x3)e™,

a3 = @3 () @3 (x1) €7 + 03 (x2) @3 (x2)e™T + 3 (x3) @3 (x3)e/ 7. (8)

The output field (b, by, b3) is related to the input field (a;, a,, az) by the transform matrix
form

by a ap § @ aj
by | =R@)|a|=| « oo p Boby | . 9
bs a3 v ¢ oo Bsb;

We can easily find that the 3 x 3 coupler is equivalent to the coupled double-ring resonator.
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2.1 Linearly distributed

Settingé = 1, =1, ¢ =0and £2+n> =2, wehave p = —2,¢9 = 0, n = 2/2//3.
Substituting it into eq. (3), the eigenvalues are

x1=0, xm=1/vV2, x3=—1/42 (10)
and the transform matrix

(VDT (1/2)e"  (1/2)ehr

R(t) = 0 (1/v/2)e™ = (1/3/2)e/T
—(1//2)e™7 (1/2)e2T  (1/2)e/5
1/V2 0 —1/42
x 172 142 172 |. (11)

12 —1/v/2 172

Equation (11) is the same as eq. (22) in ref. [9]. Here ¢ = cos[r/ﬁ].
Eliminating by, bs from eq. (9), the transmission assumes a simplified form

o) — 3By — oy By + ByB; |

T = (12)
1—oyBy —a3Bs +a1ByB3
1=
0.95
- 0.9
Qe
B 0.85
0.8
0.75
3 2 1 0
(2)
1
0.8
!
80 |
= ‘
0.4
0.2
0
-3 -2 -1 0 1 2 3
©) o

Figure 2. The transmission spectrum of double microring coupled system. For exam-
ple we take o] = ror3, a3 = a2+ 1—ay. (a) r = 0.80, r3 = 0.99, rp, = 0.85 (solid line),
ro = 0.95 (dashed line), (b) t = 0.80, rp, = 0.85, r3 = 0.96 (solid line), r3 = 1.0
(dashed line), (¢) r» = 0.85, r3 = 0.99, r = 0.80 (solid line), 3 = 0.90 (dashed line).
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We investigate how the transmission factor ¢, the coupling factors r, and r3 influence
the transmission spectrum (figure 2). The smaller the coupling factor r, and transmis-
sion factor #, and bigger the coupling factor r3, the better will be EIT-like transmission
spectrum.

2.2 Circularly distributed

Ifwetake £ =5 = ¢ = 1,wehaveq = 2, = 1 —3¢/+/2, n = 14 3g/+/2. Substituting
these into eq. (3), the eigenvalues are x; = 1, x, = — 1/2, x3 = —1/2, which are two-
fold degenerate. They are the same as eq. (25) in ref. [9]. In this paper, we shall take
E=1-3¢/v/2,n=14+3e//2, ¢ =1,wehave p=—3,q =2 — (3¢)%, n = 2, where
¢ is a non-degenerate factor. Substituting it into eq. (3), the eigenvalues are

x1=—(1-+38)/2, xy=—(=24¢)/2, x3= —(1++3e)/2. (13)

When ¢ — 0, the matrix element oy = ay = a3 = /M7 + &/27/2 =y, § =
W=£Kk=p=v=2=_=(—eN74e/7%)/3 =y, and the transfer matrix becomes
Vi V2 2
Ro)=|»nnrnrl|.
22 N

and this is eq. (29) in ref. [9]. An application of 3 x 3 circularly directional coupler
in a wavelength-division, de-multiplexer based on a 2 x 3 or 3 x 3 Mach—Zehnder
interferometer [9].

When e # 0, the transfer matrix is

ejxlr ejxgr ej)qr
N3 R
Roy = | YO e (ot et
- N3 Ny
(=2 4+ /6)e/xiT  glnrt (2 + V6)eiT
N1 ﬁ N2
NiB+2V6) NGB+VE N
6+/6 6/6 6
x 1/v/3 1/v/3 1/v/3 |,
NGB -2v6) MB-V6 M
66 6/6 6
where
Ni =6y3 =6, N»=+6/3+6. (14)
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T(8)

Figure 3. The transmission spectrum of the coupled double-ring resonator for fre-
quencies 6 (in GHz) with r, = 0.85, r3 = 0.99, t = 0.80, ¢ = 0 (solid line), ¢ = 1
(the dashed line).

The transmission

SB By + [8(0% — - B B; |’
T a1+K 1+ puBs +[8(p° — Kka3) + u(kpu — ap)] BBz . as)
l—o1By — o3B3 + (103 — pp) B1 B3

We take the same parameters as in figure 2 and the transmission spectrum is shown in
figure 3.

We find that the coupling factors r; and r3, and the transmission factor ¢ have nothing to
do with the shape of transmission spectrum. The transmission spectrum remains Lorentz
profile. We can see that the non-degenerate factor ¢ significantly influences transmission
profile as shown in figure 3.

3. The 4 x 4 linearly distributed coupler

As shown in figure 4, a,, by is waveguide 1. When the light circuits in clockwise direction
in microring 1 (by — a4 — b,), we have ay = Byb, = r3e/?b,. When the light circuits in
counterclockwise direction in microring 2 (b, — a» — a3 — bz — by), we have a, =
T1re %by = 1 Byb, and a3 = 1,b3, where 1 is the transmission through ring 1.

a bi u
& by
a:i e bz a3 b3
ay b«
/

as Q

Figure 4. Schematic diagram of the 4 x 4 asymmetric coupler.
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Without loss of generality, considering mode coupling between non-adjacent wave-
guides, the coupled-mode equation of linearly distributed 4 x 4 asymmetric coupler can
be described by [9]

8a1

3z

da; 0 J(K/2)E 0 0 a

oz || jk/2E 0 J(K/2)n 0 @ |
day |~ 0 J(K/2)n 0 J K/ |l as |

0z 0 0 J(K/2)¢ 0 ay

%

0z

The eigenfunction eq. (16) is
A Jj(K/2)& 0 0
JK/DE A jK2n 0 | 4 KP 5 5, K'Y,
0 jKDn o jE/2e T T ETEeO s =0.
0 0 Jj(K/2)¢ A
(17)

Setting A; = jKx;,i = 1-4, p = —(£% + n*> + ¢?), the eigenvalues x; are

2x, = /—g +,/(—§)2 —£262 = 2,
2x3=\/—§—,/<—§)2—g2 2= _2x,. (18)

The corresponding eigenvector ¢; (x;) are

p1(x) = @1(x2) = Ni&, @2(x1) = —2(x2) = N1 (2xy),
03(x3) = —@3(x4) = N3(2x3), @4(x3) = @a(x4) = N3¢

Nin(2x))? N3n(2x3)?

@3(x1) = @3(x2) = 50 92(x3) = 2(xy) =

@)’ —¢ (2x3)? — &’
Pa(x1) = —palx2) = M
(2x1)? = ¢
N3ng (2x3)
¢1(53) = —g1(xg) = m (19)

Interms of Y7_, @>(x1) = 1, Y7, ¢?(x3) = 1, we can deduce N, and N3, respectively.
To construct a solution matrix

Pr(x)eMT @ (x)e M @ (x3)el T @y (xg)e T
©2(x)eMT @ (x2)e TN @ (x3)eT @p(xg)e T
P3(x1)e’MT @p3(x2)e M 3(x3)el BT p3(xg)e /T
Qa(x1)e/MT a(x2)eMT a(x3)e/0T py(xg)eT /T

x(1) = (20)
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When 7 — 0, the inverse of eq. (20) is

$1(x1)  Pa(x1)  P3(x1) Palx1)
¢1(x2)  Pa(x2) P3(x2)  Pa(x2) . @1
$1(x3)  P2(x3)  P3(x3)  Palx3)
G1(xa)  P2(x4) P3(xs)  Palxs)

x'0) =

When ¢ — 0, x| = 1/«/5 = —x, x3 = x4 = 0, the 4 x 4 linearly directional coupler is
composed of one 3 x 3 linearly directional coupler and one fibre waveguide [10].

(£2/2) cos[TN214+n2/2  j(E/N2) sin[t/v/2] (En/2) cos[t/n/2]—(En/2) O

R(t)= J(EN2) sin[t/v/2] cos[t/v/2] jmA2)sin[t/2] 0
(n/2) cos[t/v/2]1—(En/2) j(/N2)sin[t/v/2] (£2/2) cos[t//2]+7%/2 0

0 0 0 1
(22)

When n — 0, the 4 x 4 linearly directional coupler consists of two 2 x 2 linearly
directional couplers.

cos[xyt]  jsin[x;t] 0 0
| jsin[x;T] cos[x;T] 0 0
R(r) = 0 0 cos[x3t] jsin[x3T] (23)
0 0 jsin[xzt] cos[x3T]

When n # 0, the transfer matrix is

o 8 u
p v

) (0%)

R(r) = x()x~'(0) = o

v 2.5
0.8 I
i
;A
| )
0.6 !
- . —~
) e
< 0.4 BHos
J
0.2 1
0 — T |
-2 -1 0 1 2 S0.6-0.4-0.2 0 0.2 0.4 0.6
(@) o (b) o

Figure 5. Absorption and transmission spectra of the coupled double-ring resonator
for frequencies 6 (in GHz) with & = 1, ¢ = 0.001, n = 0 (solid line), n = 0.5 (dashed
line), r3 = 0.9999, r, = 0.995. (a) r, = 0.88, 13 = ror3 = 0.879912, (b) r, = 1.07,
t3 = 0.94.
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where

ap = @r(x) e 4 @l (x2)e T + 7 (x3) e/ + @f (xg) e T,

@ = @3 (x1) e/ 4 @3 (x2)e T 4 3 (x3) /T + @3 (xg) e,

a3 = @3(x1) &M 4+ 3 (x2)e T 4 p3(x3) e T + @F (xa)e N7,

as = @(x) e + @F(0)e T + @F(x3) e + ¢f (xg) eI,

8 =1 (x) @2 (x1) &7 4 @1 (x2) 2 (x2) €7 + @y (x3) @2 (x3)e ™"
+ @1 (x3) @2 (xg)e ™77,

p= g1 (x1) @3 (x) ™7 + @1 (x2) @3 (x2)e
+ @1 (x4) @3 (xg)e /07,

K = @1 (X)) @ (x1) €7 + @1 (x2) @4 (x2)e M7 + @y (x3) s (x3)e/ ™7
+ @1 (x4) 4 (xa)e™7 57,

P =@ (x1) @3 (x1) ™ + 0y (x2) @3 (x2)e T + 1 (x3) @3 (x3)e/ 7
+ @2 (x4) @3 (xg)e 07,

V=2 (x1) @4 (x1) €M7 + 03 (x2) 4 (x2)e”
+ 92 (xX4) @4 (x4)e™ 77,

¢ =@3(xD)@s(x1) &7 4 @3(x2) g4 (x2)e + @3 (x3) @4 (x3)e’ ™"
+ @3 (x4) 4 (x4)e 757, (24)

—jxT Jjx3T

+ @1 (x3) @3 (x3)e

Jjxit jx3t

+ @2 (x3) @4 (x3)€

—jxiT

We can describe the interaction by the matrix relation

by o § U K ap
b2 ) oy p vV szgl’l
= . 25
b3 nop ooz g b3t 2
b4 K Vv é' (o7} B4b4
The transmission
b by |?
T(0) = |o; + (8By + uB3)T — + kBy— | |
aq a
where
by 8(1 —ouBy) +KkVvBy
ar (1 =Bty — pBst)(1 —ayBy) —vB4(vBy + { B3)1y
by _ k(1 — Byt — pB3t) +8(vBy + ¢ B3)1) 26)
ar (1 =Bty — pBsty)(1 — ayBy) — vB4(vBy + { B3)T)
The transmission of the first ring t; = (¢; — B4)/(1 — t;B4) has nothing to do with

parameters of the second ring [1] (figure 5).

By increasing the value of 1, the absorption spectrum changes from a typical all-optical
ElIT-like profile to Lorentz profile. The peak value of absorption spectrum increases.
The transmission spectrum remains ElT-like, the peak value of transmission spectrum
declines. For n = 0, the solid curve is in agreement with figure 2 and figure 4 in ref. [6],
respectively.
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Appendix A
Comparing
x§g¢ ®1
§xn | =0
gnx @3
with
ap ap ap Ap
ax| axp axn Ay | =0,
asy azp a3 Az
we have
x &¢ ap ap ap
Exn|=1aranan |, @o1=An, @ =Ay, @3=A3.
gnx asy dzp asj
(A1)
and
ap ap ap
ax| ax axy | = ajAy +ands +aizAsg,
as) asz asjz
where
ajy azs ax) azs az) ax
Aqy , Ay =-— , Az = . (A.2)
as ass as; ass asy; as
References

[1] D D Smith, H Chang, K A Fuller, A T Rosenberger and R W Boyd, Phys. Rev. A 69, 063804
(2004)

[2] M Fleischhauer, A Imamoglu and J P Marangos, Rev. Mod. Phys. 77, 633 (2005)

[3] K Totsuka, N Kobayashi and M Tomita, Phys. Rev. Lett. 98, 213904 (2007)

[4] J K Poon, L Zhu, G A DeRose and A Yariv, Opt. Lett. 31, 456 (2006)

[5] D D Smith and H Chang, J. Mod. Opt. 51, 2503 (2004)

[6] X Liu, M Kong and H Feng, J. Opt. Soc. Am. B 29, 68 (2012)

[7] C Zheng, X Jiang, S Hua, L Chang, G Li, H Fan and M Xiao, Opt. Exp. 20, 18319 (2012)

[8] Y F Xiao, X F Jiang, Q F Yang, L Wang, K B Shi, Y Li and Q H Gong, Laser Photon. Rev. 7,
L51(2013)

[9] Y C Meng, Q Z Guo, W H Tan and Z M Huang, J. Opt. Soc. Am. A 21, 1518 (2004)

[10] CY Zhao and W H Tan, J. Mod. Opt. 62, 313 (2015)

Pramana - J. Phys., Vol. 86, No. 6, June 2016 1353




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


