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The polarization-spectral structure of the modulated
light by means of modulator with two ADP crystals and a
half-wave plate
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An analysis of the polarization dynamics of the light modulated by means of the transverse electrooptic effect in a modulator
with two ADP crystals and a half-wave plate placed between them is performed in the Jones matrix formalism and in terms
of coherence matrix , for an arbitrary bias voltage applied to the ADP crystals. Two important cases for applications, no bias

voltage and quarter-wave plate bias voltage applied to the ADP crystals, are particularized.
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Three-dimensional vectorial diagram of the modulated light

1. Introduction

The light can be electrooptic modulated by Pockels or
Kerr effects, the first being most used. The Pockels effect
is used both in longitudinal and transverse mode. The
advantage of using the transverse electrooptic effect is that
the half-wave voltage may be much lower [1, 2]. The
applications of the transverse modulators include
broadband optical communication, display and printing
systems, fast image and signal recorders [3].

For the transverse Pockels electrooptic effect the light
does not propagate along the optical axis of the crystal,
thus, there is a natural birefringence which depend on
temperature. The elimination of the natural birefringence
may be realized by mounting of the two crystals, between
them being placed a half-wave plate [2, 4], as in the figure
1. The ordinary ray in the first crystal becomes
extraordinary ray in the second crystal, and vice versa.

The description of the state of polarizition of the
light and the interaction between the polarized light and
the time-varying polarization devices can be realized in the
Jones or Stokes matrix formalisms [5-10] or in a pure
operatorial one [11].

In this work we performed an analysis, in Jones and
coherence matrix formalisms, of the polarization-spectral
structure of the modulated light by means of modulator
with two ADP crystals and a half-wave plate placed
between them. It also presents spectral structure of the
modulated light by the three-dimension vectorial
diagrams.
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Fig. 1. The half -wave plate compensates the natural
birefrigence of the ADP crystals

2. The matrix of the modulator

The modulator consists of two ADP crystals that
exhibit transverse electrooptic Pockels effect and a half-
wave plate placed between the crystals. The ADP crystals
are identical, with parallel electrodes, the modulating
voltage is applied perpendicular on the direction of
propagation of the light. The scheme of the modulator is
presented in Fig. 2.

In order to determine the Jones matrix of the
modulator we use the OXYZ coordinate system. The
neutral lines of the half-wave plate are parallel with the
axes of the OXYZ coordinate system (fast axis of the half-
wave plate is parallel with OX axis). The light propagates
in the Z direction, polarized at 45° to the X axis.
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If it is applied a voltage to ADP crystals, with a d.c. U, U,
component Up, as well as a harmonically-varying one, Oy=r—— I'=x
UnsinQt¢, as in Fig. 2, the phase shift between linearly U% U%
polarized components along the principal axes X and Y is U ' ‘
12-147: J
[ ] where %2
@ =2(®, +T'sin€x) 1) is the half-wave voltage of the crystal.
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Fig. 2. The setup of two ADP crystals in tandem with a half-wave plate between them.
The Jones matrices of the ADP crystals are 1 0
identical, they are diagonal matrices [15]: M, = ?3)
%o 1
The matrix of the modulator is [17]:
e’ 0
M, =M, = o 0
0 e M=M,M, M
22,
2 (4)

The half-wave plate have Jones matrix [16]:
By replacing the corresponding matrices M,, M,

and M’V’ we obtain the modulator matrix
2

2id 0 ei(ZCDOJrZFSith) O

0 _g 2@ - 0 _e—i(2q>0+2rsingt)
®)
Thus, the electrooptic modulator behaves as a time cosd sind
varying phase shift plate. where, R(0) = ( .
The Jones matrix of the modulator, M’ in the —sin@ cosé
OX'Y'Z" coordinate system  is determinate in  rotation, and @ the angle of rotation of the OX'Y'Z"

accordance with the Jones matrix, M, in the OXYZ coordinate system relative to the OXYZ coordinate
coordinate system, by the formula [18]: system.

J, is Jones matrix of

In our case, @ =45°, we obtain for M ' Jones matrix
the following expression:

M ' = R(-)MR(6) 6)

isin2® cos2d
cos2® isin2d

[isin 2(®,+TsinQt)  cos2(dP,+Isin Qt)j

cos2(P, +I'sinQt) isin2(d, +I'sinQt) @
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3. The electric field intensity spectrum of
the modulated light

The incident light on modulator is characterized, in
the OX'Y'Z' coordinate system, by J'. ~ Jones
vector. It has the formula [7, 17]:

I = @e% ®)

Thus, the J',, Jones vector of the modulated light, in the
OX'Y'Z" coordinate system, is [17]:

isin2®) (isin2(®, +T'sinQx)) (E,.(t)

J'M:I\/I'J_: =

" | cos2d

The J'), vector is a periodically time-varying Jones

vector, it represents a periodically time-varying state of
polarization. Thus, the state of polarization of the light
emerging from modulator is temporally modulated. Jones

vector components, J',,, according to OX'Y'Z'

reference system , are the intensities of the electric field of the
modulated light along the @X' and V' axes, Ey (£} and
Eyr(t),

In order to determinate the electric field intensity
vector spectra of the modulated light given above, are used
decomposed formulas [19]:

E.(t))
E.(t))

N=—00

N=—00

From spectral development (11) we see that both
components of the electric field intensity are linearly
polarized along the ©X' and #¥'axes, containing the
optical carrier, g, and all harmonics of even and odd
order, situated on the both sides of the optical carrier, at
whole multiplies of the modulation frequency.

An intuitive graphical representation of the spectral
development (11) is given by the three-dimension
vectorial diagrams, one for each component of the light
electric field [12,15]. Those diagrams describe the
amplitude, frequency, phase and the state of polarization
of every harmonics.

cos2(d, +I'sinQt)

E,.(t
0 o

cos(27'sinQr) = J,(2I) + ZiJ2n (2I")cos(2nx)

n=1
sin(277sin Q) = ZiJZrFl (2r)sin[(2n-1)€x |
n=1
(10)

in relation (9). Hence, we obtained the following
expression for intensity vector of the electric field:

isin 2@, i 3,0 (20) 2"V + cos 2, i Ty o (21 Jeter* @001

N=—o0

C0s 2D, i Jo0 (20) 20V 4 isin 200, i Ty g (20 )0 G0N

N=—o0

(11

The modification of the harmonics phase linearly
polarized is given by the vector rotation corresponding
around the o axis. The vectorial diagram it is a graphical
representation of the optical signal structure at a given
moment, so it indicate the momentary phase of every
harmonics. In fig. 3 it is represented the harmonic structure

of the components Ex: and By at the particular moment of
t=0.
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Fig. 3 Three-dimensional vectorial diagram of modulated light for an arbitrary bias voltage.

The modulator emergent light is, generally,
elliptically polarized, because in this structure the

components Ey, and By coexist. From (11) we observe
that every harmonics of even order from the spectral

development of the component Ex: it is advanced with
T
2
spectral development of the component EYf, for odd

T

harmonics, the corresponding phase difference itis 2.
Thus, the spectral components of even order of the
modulator emergent light are elliptically polarized and
the odd order ones are, also, elliptically polarized, but in
reverse way.

The intensity vector spectral structure of the electric
field of modulated light depends of the bias voltage
applied to the modulating crystals, thenceforth we
analyze this dependence in two particularly cases:

in phase toward to same order harmonics from the

a)
U,

Without bias voltage applied to ADP crystals:
=0 ¢,=0

From (11) we obtain:

i \J2n_1 (Zr)ei[a)o+(2n—l)§2]t

(Ex'(t)j | &=
EY‘(t) i ‘]Zn (Zr)ei(mo+2ng)t

(12)

All the spectral components of the modulated light are
linear polarized. The even order components are
perpendicularly polarized with respect to the polarization
direction of incident light, and odd order components are
parallel polarized toward the incident light polarization
direction. Through the linear polarizer placed after
modulator, of whom transmittance axis is parallel with one
of those directions, would be selected optical carrier and the
odd, respectively, even harmonics. Three-dimensional
vectorial diagram, which correspond to the relation (12), it is
represented in Fig. 4.
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Fig. 4 Three-dimensional vectorial diagram of modulated light, bias voltage Uy = 0

b) Bias voltage of quarterwave plate applied to the ® )
i Z J (2]")6'(“’0+2"Q)t
T 2n
U =U 2(1)0 = Ex(t) _ n=—o0
modulator: 0 A4 2 From the (11) we E..(t) I _
obtain: Y i Z JZn_l(Zp)el[wo+(2n—1)Q]t
n=—o
(13)
Three-dimension vectorial diagram corresponding to
the relation (13) is represented in the Fig. 5.
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Fig. 5 Three-dimension vectorial diagram of modulated light, bias voltage
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In this case, for even ordered components, the
modulator doesn’t change the light state of polarization,
those components being parallel polarized towards the
polarization direction of the incident light, and for the
odd order components, the modulator act like a half-
wave plate which rotate the direction of the polarized
incident light with 90°, hence the even order components
are perpendicularly polarized in respect with the
polarization direction of the incident light

4. Spectral expansion of the coherence matrix

The Jones vector describe the totally polarized light
using simple algebraically notions. This vector isn’t a
measurable entity. The algebraically structures which
contains measurable entities are Stokes vector and
coherence matrix [10]. Further, we will determinate and
develop in Fourier series the coherence matrix, M, of
the emergent light from the modulator, in the

OX'Y'Z" coordinate system.
The coherence matrix is found according to the

Jones vector components I, Ex(t) and Ev'(t) py
formula [7]:

_ (Ep()E, () Ex(Es {t})

Me = (Eﬁ: OE® EOE®) g4

By substituting the electric field intensities expressions,

Ey(t) and Ev' (ﬂ, from the expression (9) to equation
(14), we obtain for the coherence matrix M the following
expression:

sin®20(1)

i = ( isin2® (Hcos20(t)
© 7 \oism20 (Heos20 (1)

cos*20(t) ) (15)
So, the coherence matrix Mc is a matrix with variation
in time, thereby give the temporal modulation of the light
polarization state.
If we develop sinus and cosine functions from the
expression (15) according to the  argument
(20=20y+2I'sint), we obtain:

1 o0y, 1/—cos4®, isin40, . 17 sindd, fcosdd, .
Me = 2 1) E(—:‘s[u*l-ll)n cos4D )ms (41"5m|1(1ﬂ * EE (—:'I:I:us b, — s[r1=1-¢',:,:] sin(4[ sin[0£)] (16)
By using the formulae (10), we obtain the next
spectral development for the coherence matrix M¢ with
variation in time of the modulated light:
11 0) 1 —c0s4d, isin4d © —c0s4d, isin4d
c== +=3,¢en)| Sl (2r)) ® |cos(2nQt) +
20 1) 2 —-isin4d, cos4d, | = —isind®d, cos4d,
© sin4® icos4d
+> Ja(20) 0 0 lsin[(2n 1)< |
—ry —icos4d, —sindd, (17)
Coherence matrix elements oscillate at even and odd From (17) we identify two representative coherence
multiplies of the modulation frequency. matrices:
(—cos4q>0 isin 4CDOJ ( sin4®, icos4®0J
L= s c2 —| .
—1sin4® 4D —i1cos4d, -—sindd
S , C0S4d, and cos4d, -s 0 18)
First matrix, Mc1, characterize the type of the state of M. = -1 0 M. = 0 i
polarization of the even components, respectively, Mcz, “ 0 1 and 140 (19)

determine the type of the state of polarization of the odd
components of modulated light. Representative coherence
matrices depend of the bias voltage applied on the ADP
crystals:

a) Without bias voltage on the ADP crystals: U= 0,
®, = 0° Coherence matrices have the following
expressions:

b) Bias voltage of quarterwave plate applied to the
™

2, == .
modulator: 2Ug = Uy, o 2 Representative

coherence matrices are:

M _[1 0} " _(0 —i]
Cl1— Cc2 | -
0 -1 g b0 (20)
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Modulated light can be analyzed by coherence matrix
in temporal domain using (15) or frequency domain using
@an.

5. Conclusions

In this paper we studied the temporal modulation of
the state of polarization of the emergent light from a
modulator with two ADP crystals and a half-wave plate
placed between them, in Jones matrix and coherence
matrix formalism. The emergent polarized light has the
following features: the spectral structure of the intensity
of the electric field of the modulating light depends of the
bias voltage applied to the modulator crystals; both
components of the electric field intensity are linearly
polarized along the &X' and OF' axes, they contain the
optical carrier, o, and all even and odd order harmonics,
situated on the both sides of the optical carrier, at whole
multiplies of the modulation frequency; the three-
dimension vectorial diagrams of the light electric field is
an intuitive graphical representation of the spectral
development of the light electric field; the coherence
matrix is a matrix with variation in time, thereby give the
temporal modulation of the state of polarization of the
light; coherence matrix elements oscillate at even and odd
multiplies of the modulation frequency; representative
coherence matrices depend of the bias voltage applied on
the ADP crystals; modulated light can be analyzed by
coherence matrix in temporal domain or frequency
domain.
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