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Abstract: Heterodyne efficiency is referred as a measure of the quality for the coherent laser
communication. The heterodyne efficiency not only reflects the matching of phase and
amplitude between the received signal and the local oscillator, but also reveals the
polarization matching between the two beams. Different from the common heterodyne
efficiency, a revised heterodyne efficiency is proposed by considering the polarization
aberrations of optical system. Based on the Polar and Pauli-Zernike decomposition
algorithms, the effects of polarization aberrations on the output polarization states are
analyzed and shown graphically. The variations of the heterodyne efficiency are investigated
by including the separate component of polarization aberrations in mixing of two perfectly
matched Gaussian beams. Depending on the modified heterodyne efficiency, an off-axis
optical system with a periscopic scanner is modeled and used to discuss the variations of the
heterodyne efficiency. A further investigation for three different coatings is accomplished to
verify the effects the varied polarization aberrations have on the heterodyne efficiency. The
analysis indicates that the modified heterodyne efficiency not only can provide a
comprehensive description of the coherent detection system, but also can be used to evaluate
and minimize the polarization aberrations of optical system.
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1. Introduction

Incoherent detection, or direct detection, has poor noise rejection properties especially for the
detection of weak signals or when the detector has low sensitivity. On the other hand,
heterodyne detection is a more powerful detection technique that has been used in different
applications owing to its noise-reduction capabilities especially in the free space laser
communication systems [1,2]. Heterodyne detection is well recognized as a method of
obtaining quantum-limited reception in spectral range where direct detection cannot be made
quantum-limited. Heterodyne detection can be performed by mixing the received optical
signal with a locally generated signal on a photo-detector surface and measuring the electrical
output of the detector. The heterodyne efficiency is a measure of the ability of the heterodyne
detection system to evaluate the performance of the coherent optical systems. For efficient
coherent mixing at the detector plane, the locally generated signal parameters should match
the received signal parameters and the heterodyne efficiency reflects this matching. However,
the optical signal is received by the optical antenna, which means that the aberrations of
optical system will impair the heterodyne detection and lower the heterodyne efficiency if the
aberrations are not carefully controlled. The aberrations of optical system change the
amplitude, phase and polarization states of optical signal and degrade the matching of
received signal and local oscillator (LO) signal.

The heterodyne efficiency of coherent signals has been studied for a long time. For
example, Fink [3] derived expressions for the signal-to-noise ratio (SNR) and the heterodyne
efficiency in a coherent detection system of deterministic fields. Takenaka and Tanaka
discussed the SNR for Gaussian fields [4], and Tanaka and Ohta studied the effect of the tilt
and the offset of the received signal on the heterodyne efficiency of Gaussian beams [5].
Furthermore, Tanaka and Saga derived the optimal conditions for maximum heterodyne
efficiency in coherent systems in the presence of background radiation [6]. These studies are
mainly focused on the electric field distributions of signals and oscillators and their effects on
the heterodyne efficiency. Then, Cohen [7] studied the effects of signal wavefront
misalignment for various combinations of received signals and local oscillators. Chambers [8]
presented a model for the heterodyne efficiency in the presence of wavefront distortion due to
aberration in optical systems, and later Delautre et al. [9] studied these experimentally, using
spatial light modulators. These references are mainly aimed at studying the wavefront
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aberrations of optical systems and their effects on the heterodyne efficiency. However, all the
references mentioned above have a common assumption that the polarization states of the
received signals and the local oscillators are uniform and identical across the detector.

The aberrations of optical system mainly contain wavefront aberration, apodization, and
polarization aberration [10]. The distributions of the amplitude, phase, and polarization states
of received signals are influenced by the aberrations of optical system. In coherent detection
technique, the polarization changes induced by polarization-mode dispersion (PMD) and
polarization-dependent loss (PDL) in fiber systems are discussed in references [11,12]. The
effects of coherence and polarization changes on heterodyne detection in free space are
discussed in reference [13], yet the detailed analysis of polarization aberrations of optical
systems and their effects on heterodyne detection are not particularly performed. For this
reason, the principal purpose of the present work is to give a comprehensive description of the
heterodyne efficiency when the polarization aberrations are included in the coherent detection
system. By introducing the polarization aberrations of the optical system, we incorporate the
aberrations into the calculations of the modified heterodyne efficiency. Furthermore, we use
the modified heterodyne efficiency to evaluate and minimize the polarization aberrations, and
to improve the performance of the coherent laser communication system.

In this paper, we propose a modified heterodyne efficiency by including the polarization
aberrations, and perform the related analysis. The paper is structured as follows. Section 2
describes the specific model for coherent detection and proposes the modified heterodyne
efficiency with polarization aberrations. Section 3 introduces the representations of
polarization aberrations of optical systems. In Section 4, examples of specific aberration in
mixing of deterministic signal and LO fields will be shown to illustrate the effects of
polarization aberrations on the heterodyne efficiency. In Section 5, an off-axis afocal optical
system will be used to illustrate the extension of the modified heterodyne efficiency to the
coherent laser communication systems. Section 6 gives the concluding remarks.

2. Modified formulation for heterodyne efficiency with polarization aberrations
Heterodyne efficiency is the ratio of average effective coherent power to total incoherent

power in the system. Following the procedure in reference 2, the signal
E, =¢ SU, (r)exp(—im,t) is the electric field at the detector plane, where &, is a unit vector

in the direction of polarization of E, , S is the maximum amplitude, U, (r) is the

normalized complex field function (including phase), and @, is the signal photon angular
frequency. Similarly, let E,, é, L, U,(r), and @, be the corresponding quantities for the

LO. The quantum efficiency is uniform over the area of the detector. Therefore, based on the
assumption that the signal and LO have the same polarization states across the detector plane,
the SNR is written as [3]:

(5190, == s feosoaa) ([
if.

U1|sin¢dA)2}/(L|Us|2 dA[ |U,[ da).
M

where P, is the signal power available for detection, 77 is the quantum efficiency of the
detector, i is Planck’s constant, v is the photon frequency, B, , is the bandwidth of the
intermediate frequency (i.f.), and ¢ is the phase difference between the signal and LO

complex fields. The integrals are the area of the detector, A. The corresponding heterodyne
efficiency 7, , is described as
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[(UUS U,|cosgdd) +(] U, U1|sin¢dA)2}

Yir. = ( _UUS

It is evident from Eq. (2) that the heterodyne efficiency is associated with the beam’s
parameters except the polarization states. In order to establish the relations between the
polarization states and the heterodyne efficiency, we redefine some parameters in Eq. (1) and
rewrite the heterodyne efficiency. It should be noted that in Eq. (1), P, refers to the projected

2

“aaf Juf dA)

power of the received signal onto the direction of the LO polarization. If the polarization
states of the signals and LOs are orthogonal to each other, the projected power is zero. Hence,
the parameter P relates the polarization matching between the signals and LOs, and

represents the signal power that is available for coherent detection.

In order to estimate the polarization change of the received signal and the corresponding
degradation of the heterodyne efficiency, we present a specific model to show those effects in
heterodyne detection. The model is shown in Fig. 1. The polarization states of the received
signals are transformed by the polarization aberrations of the optical antenna (OA). The
polarization properties of the optical antenna can be expressed as the Jones matrix J__. A

s
polarizer P which is not contained in real coherent detection system, is used in this model to
ensure the polarization states of the signals and LOs are parallel to each other. Then, the
linearly polarized signal and LO enter the optical hybrid (OH) which combines the two
beams. The detailed explanations of the optical hybrid are described in reference [14].

OA

P OH

é, RS N & /
eS
J, R Detector
e
vA x  Global to | LO
Coordinate
Z system

Fig. 1. Schematic diagram of the coherent detection system, OA represents the optical antenna;

RS represents the received signal; P represents the polarizer; OH represents the optical hybrid;
LO represents the local oscillator.

Jm

Due to the polarization aberration of optical antenna, the polarizations of the received
signals are no longer uniform across the exit pupil. In order to realize the combination of the
signal and LO, the polarization state of the two beams must be parallel to each other, which is
achieved by the polarizer P. In this model, the LO is 45deg polarized, and the polarizer’s
transmission axis is 45deg in the x-y plane. The Jones matrix of an ideal polarizer P at 45deg

is expressed as
g - 111 3)
Pl 1)
the Jones matrix of the optical system is expressed as J,

gy =t “)
P

x y



Research Article Vol. 25, No. 7 | 3 Apr 2017 | OPTICS EXPRESS 7571

Optics EXPRESS

and the Jones vector of the incident signal is expressed as é, . As shown in Fig. 1, after

passing through the optical system, ¢, is the polarization state of the received signal and és' is
the polarization state of the signal after polarizer P. Therefore the Jones vectors are

és = Js_vs éin ’ (5)

’

8 =J,6. 6)

s

Let P be the received signal power that passing through the optical antenna, P, the power
that is available for optical hybrid in Eq. (1). The parameter E_ in Eq. (1) is defined as the
electric field distribution of the received signal and E’ is the signal distribution after passing

through the linear polarizer P. The polarizer P only affects the polarization states of the
received signal and keeps the other parameters remain unchanged. In order to analyze the
degeneration of the heterodyne efficiency induced by polarization aberrations, we introduce
7, as the polarization efficiency of the polarization projection of signal to LO. y,, is

defined as the ratio of the power of E, to E_, and the parameter P in Eq. (1) is rewritten as

K

P.v =P.7/pol’ (7)
11 R
Z—O‘[ERe(ES “E")dA

Yo = ®)
ZggRe(ES ‘E. )dA

E, =¢SU, (r)exp(=iwy¢) and E; =&SU, (r)exp(~it) , z, is the characteristic

impedance of the medium surrounding the detector and the integrals in Eq. (8) are the area of
the detector. If the optical system has small polarization aberrations, the incident polarization
state ¢, remains unchanged and the polarization efficiency y,, is 100% for 45deg linear

polarized and 50% for circular polarized. Then the available power P, is equal to the received

power P or half of the received signal power P . Hence, the polarization efficiency 7,

2

,, and
P, are related to the polarization aberrations of optical system. By substituting £, 7, into

Eq. (1), the SNR including the polarization variations of signals is rewritten as

. P ;[Re(E; ‘E")dA [(L|US||U/|cos¢dA)2+(L|US

U,|sin¢dA)2]
= . X 2 2
B, [Re(E,-E,)d ([ v aaf Ju.[* aa)
A

B

©)
and the modified heterodyne efficiency ¥ is rewritten as

[Re(E, -E!")da [(L|US||UI|COS¢dA)2+(L

_ 4

V= }/po/ yt/ - J.RC(ES .ES*)dA * (J‘
J o

US

U,|sin ¢dA)2}

US

“af o dA)

(10)

The modified heterodyne efficiency is related to the amplitude, phase, and polarization of the
signal and LO, and will give a comprehensive evaluation of the coherent detection system.
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Different amplitude distributions of signal and LO are described in references [3—5] and the
corresponding heterodyne efficiency 7, , are calculated and illustrated. In this paper, the

different distributions of polarization aberrations are considered and the polarization
efficiency is calculated further to clarify the significance of the modified formula.

3. Polarization aberrations and the decompositions of Jones matrix

The Jones matrix J__ characterizes the polarization aberrations of optical system. Chipman

sy
proposed an analytical decomposition method in his dissertation [15]. Ruoff and Totzeck
introduced a new concept of orientation of Zernike polynomials, which constitutes a base
function representation of retardation and diattenuation of optical system [16]. Mclntyre
described a comparison of various representations of polarization aberrations [17].
Yamamoto, Kye, and Levinson described the Pauli-Zernike representation of polarization
aberration [18]. Geh et al. presented a method to decompose the Jones pupils into quantities
that represented a clear physical interpretation [19]. In this paper, we will combine the
methods in references 18,19 and give an intuitive description of the polarization aberrations.
The Jones matrices can be defined in terms of the physical properties [19]. Polar
decomposition theory, which employs a singular value decomposition of the complex Jones
matrix, shows that any Jones matrix can be expressed as the order-independent product of a
homogenous partial polarizer (J ), a homogeneous pure retarder (J,, ), a homogeneous

pol et

rotator (J,,, ), and a scalar component (J, ). Homogenous in this paper refers to an element

with orthogonal eigenpolarizations. The physical meanings of these elements are listed in
Table 1. It is noted that, strictly speaking, the rotator is not a basic polarization element,
because it can be realized by a suitable combination of linear retarders.

rot

Table 1. Physical meanings of the decompositions of Jones matrix

Elements Physical meanings

J An element where the transmission depends on the orientation of
pol the polarization state of the incident light

J An element that assigns a polarization dependent phase to the
ret transmitted light

Jmt An element that simply rotates a given polarization state

J s Scalar wavefront and scalar transmission

Therefore, the Jones matrix J,, can be written as [19]:

J. J,
JS,V-V :|:J J}:|:JS.Jpol (d’l//pﬂap).']rat(;).‘]ret (¢7l//r’5r)’ (11)
yx »

where Jg =Texp(i®), T is the transmittance and @ is the scalar phase, these two

parameters correspond to the apodization and wavefront aberration. In this paper, these two
aberrations are ignored and we only analyze the polarization aberrations. The polarization
aberration J,, represents the diattenuation and J,, represents the retardance. The

J ,and J

pol > “ret > rot

matrices J are expressed as [17]:

l+dcos2y, dsin2y e
"]p()l (d’l//p’§p)= ! g (12)

. i5,
dsin2y e l—dcos2y,
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cos @ —isin@cos 2y, —sin@sin 2y, (sind, +icosd,
Jret (¢’l//r’5i):|: ( ) ’

sin ¢sin 2y, (sin d, —icosd, ) cos@+isingcos2y,
(13)

(14)

7 (&) :{cosé’ —sin{}.

sind  cos{
d represents the relative amplitude difference between the orthogonal eigenpolarizations.
The relationship between diattenuation D,, and d is givenby D, =

)

ret

2
1+d
is equal to 2¢. v, and y, represent the bright axis direction and fast axis direction of

——— . The retardance

diattenuation and retardance, respectively; J, and J, represent the ellipticities of the
diattenuation and retardance. The rotation angle ¢ is related to the rotations of the coordinate
system. If the optical system has no rotation device, the angle { is zero and the rotation
matrix J,, reduces to the identity matrix. In Section 3, the angle ¢ is set to zero.

The matrices J,, and J,, correspond to the polarizer and retarder oriented at ¥/, and

¥, . By decomposing J,, and J,, into Pauli-spin basis, the Jones matrices can be written as:

r
J o =d,0,+d,0, +d,0, +d,0;, (15)
Jyu =10, + 1,0, +1,0, + 1,0, (16)

the coefficients in Egs. (15) and (16) are

d, =1
d, =dcos2y, an
d,=dsin2y, cosd,,
d,=dsin2y, sind,
r, =Cos ¢
r, =—isingcos2y, (18)

r, =—isin@sin 2y, cosd,

1, =—isin@sin 2y, sinJ..

It is noted that the coefficients of a partial polarizer (d,,d,, d,) are purely real and those of a

retarder (7, r,, 7, ) are purely imaginary. The physical interpretations of the Pauli coefficients
in Egs. (17) and (18) are listed in Table 2.
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Table 2. Physical meanings of the Pauli coefficients

Pauli Physical meanings
coefficients Y g
d | Linear diattenuation along the coordinate axes
d Linear diattenuation along the bisectors (45 and 135 deg) to the
2 coordinate axes
d 3 Circular diattenuation
i Linear retardance along the coordinate axes
’ Linear retardance along the bisectors (45 and 135 deg) to the
2 coordinate axes
n Circular retardance

The Jones matrices calculated across the pupil of the optical system construct the Jones
pupil. The Jones matrix at each location of the Jones pupil describes the polarization of a
single ray path through the entire optical elements. This Jones matrix is unique for a particular
field and pupil position. For the coherent laser communication system, the field of the system
is rather limited that we only analyze the central field.

After the decompositions of the Jones matrix, the diattenuation and retardance can be
considered independently. Additionally, the Pauli coefficients can be further decomposed into
the scalar Zernike polynomials, resulting in a compact pupil specification of only a series of
Zernike coefficients. In this paper, the first 9 scalar Zernike coefficients are used to describe
the polarization aberrations. Therefore, the coefficients can be written as

9

d,(p.0)=2.d,Z,(p.0)

i
\OO

d,(p.60)=2.d,Z,(p.0) (19)

5 (0.0)=-1{ 22,(0.0) (20)

where d., d?, d’, r], r}, r] are the expansion coefficients, n are positive integers, and
Z, (p,0) is the Zernike fringe polynomials. (p,8) is the polar coordinates of a pupil point in
the plane of the exit pupil. For optical system, the ellipticities of diattenuation J, and
retardance &, are reportedly very small and can be safely neglected [16-19]. Therefore, the
Pauli coefficients d, and 7, are ignored and the expansions of these two parameters are

removed in Egs. (19) and (20). Based on the Polar and Pauli-Zernike decompositions,
analytical representations of the polarization aberrations of optical system are obtained and
can be utilized to investigate their effects on the heterodyne efficiency.
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4. Heterodyne efficiency with polarization aberrations

For the purpose of illustrating the effects of polarization aberrations have on heterodyne
efficiency, we consider mixing two ideal Gaussian beams which are initially matched in both
amplitude and phase. Assuming that the signal and local oscillator fields have the same
polarization and are normally incident on the detector at their beam waists, the heterodyne
efficiency maintains the maximum value 100% when the local oscillator has the same spot
size as the signal [3,4]. With a large detector collecting all the energy from the signal and LO,
and the heterodyne efficiency 7, , is 100%, the modified heterodyne efficiency in Eq. (10) is

simplified as
y:ypu/ 7/1/ :7/[)01‘ (21)
The calculation of polarization efficiency y,, is associated with the polarization states of

the received signal, which is shown in Eq. (8). In this section, the incident signals ¢, are

assumed to be 45deg polarized and right-handed circular polarized, and the corresponding
polarization efficiency is analyzed separately.

4.1 Incident signals are 45deg polarized

If the incident signals are 45deg polarized, the Jones vector is expressed as &, = 1/ V2 [1 l]T .
By substituting ¢, into Eqs. (5) and (6) and Eq. (8), the polarization efficiency y,, is written

as

[[7ot g+ 4, [ ULT da

}/pol = n 2 2 5 . (22)
2 (7 + o[ # ) Uf aa
A

The Jones matrices of the optical system are obtained by the methods described in Section
3. The angle ¢ is zero and the rotation matrix J,, is the identity matrix. To understand the

contributions of each term in the polarization aberration expansions, the polarization effects
of the first 9 scalar Zernike terms are studied. Figures 2—5 show the effects of diattenuation
and retardance on the output polarization states. The plots of the line segments and ellipses
indicate the magnitudes and orientations of the output polarizations. The line segments of the
polarization state shown in each panel correspond to different pupil positions. Different
polarization states in each panel means that the polarization aberrations constituted by the
Zernike coefficients vary with the pupil positions.

Each figure contains nine separate maps, which corresponds to the first 9 scalar Zernike
polynomials. The input values for this study have been chosen to be large enough to make the
effects of the aberration plainly visible. The separate scalar Zernike expansion coefficients of
d, and d, are set to 0.5. The output polarization states with x/y and 45/135deg linear

diattenuation are shown in Figs. 2 and 3. For phase and retardance, the separate Zernike
expansion coefficients of 7 and r, are also set to 0.5. The output polarization states with x/y
and 45/135deg linear retardance are shown in Figs. 4 and 5. In Figs. 2-5, all maps have
coefficients d, and 7, set to 1.0. These two parameters are the uniform identity matrices and

represent the ideal nonpolarizing optical system. The units for phase and retardance are
radians.
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Fig. 2. Output polarization states with x/y linear diattenuation, the coefficients of each scalar

Zernike polynomials are 0.5. dl > (0 represents the x-axis diattenuation, dl < 0 represents

the y-axis diattenuation. The positive diattenuation corresponds to the clockwise rotation and

the negative diattenuation corresponds to the counter-clock rotation.
A
AAA
AAAAAAAAA
AAAAAXAA A
AAAARAAAA
AAAAAAAAAA S
AAAAA
AAAAAAAAS
AAAAAAAAA
g AAAAA A
1 V4
e nAA A A A A A A A
CeTAAAASAS AAAAAAAAA )/;ﬂttxx//
ST XA AAAASA AAXAAAAAA AxTT Tt
CTXTA A AN AAXAXA AL A A AAACCCECTSA
AT AAAASLS AAAAAAAAAAA | | fA AT axAtS
e AAAAS AA XA A AA PEEEREE )
XA A A AT AT AAAC TS
AT AR ASAA S CTTTTCTTICT AAAX AN
TAAAAAS Trrvvvwy HAAAAS
Z rs Z . Z v
2 3 4
» Ll ” A A
PR IREETSS A A L2 ST 4 TR

AAXCT TS TREEE SIS »t/x,drrx/ AAC AL FRERE R RS

AAX A A AA N AAARASTA AAAA AT A A AACC <A ACAAAS A A
AR A ASAA CAXAAAA RS AALAAA A ARACT TS ACAASA AT

AAAAA XA AN AXXAAAAA AR BAAAAAACAAS | | A A A A A AT A AR | | A A A A A A 11

AR A ARA AAAXA AL AAAA At RAALAA LKA XCAA A A T

AAAA A AAAA FAAA At A CAAA AT AL CAAAAAA S 7 AT AAA ST A

AXXC A A AAA KA PAAAAXAA CAAAAAA % Axttttan

Z:wvvvr: Z A A xn CAXAAA ZArrAAAT /xxxvx

. N ” » z, x s * o~

Fig. 3. Output polarization states with 45/135deg linear diattenuation, the coefficients of each

scalar Zernike polynomials are 0.5. d2 >0 represents the 45deg diattenuation, d2 <0

represents the 135deg diattenuation. The output polarization states maintain 45deg polarized,
and the lengths of the line segments are related to the magnitudes of 135deg diattenuation.
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Fig. 4. Output polarization states with x/y linear retardance, the coefficients of each scalar
Zernike polynomials are 0.5. 7, > O represents right-handed polarized, r < 0 represents

left-hand polarized. The ellipticity of each ellipse on the map represents the magnitude of the
phase retardance. The ellipticities and orientation angles of these ellipses are related to the
magnitudes and signs of the retardance.
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Fig. 5. Output polarization states with 45/135deg linear retardance, the coefficients of each
scalar Zernike polynomials are 0.5. The output polarization states maintain 45deg polarized,
and the lengths of the line segments are related to the magnitudes of the retardance.

By substituting the Jones matrices J,, and Jones vectors ¢, into Eq. (5), the orientation

angles and ellipticities of the output polarization states are calculated by the output Jones
vectors ¢, . These coefficients in Figs. 2—5 are orders of magnitude larger than typical

diattenuation and retardance in lens and mirrors, but allow the nature of the polarization
aberration to be readily interpreted. The diattenuation and retardance not only have the
magnitudes, but also have their own directions. It is noted that the orientation of diattenuation
corresponds to the orientation of the polarization state with the maximum transmission, and
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the orientation of retardance corresponds to the polarization state with the smaller phase shift
[10,15,20]. In Fig. 2, the Pauli coefficient d, represents the diattenuation along the coordinate
axes, and d, >0 represents the x-axis diattenuation and d, <0 represents the y-axis
diattenuation. The positive diattenuation corresponds to the clockwise rotation and the
negative diattenuation corresponds to the counter-clock rotation. In Fig. 3, the coefficient d,
corresponds to the linear diattenuation along 45/135deg directions, and d, > 0 represents the
45deg diattenuation and d, <0 represents the 135deg diattenuation. Since the orientation of
the incident polarization is parallel or orthogonal to the 45/135deg transmission axis, the
output polarization states maintain 45deg polarized, and the amplitudes are related to the
magnitudes of 135deg diattenuation. In Fig. 4, r >0 indicates that the phase of y-axis
advances before x-axis, which produces the right-handed polarization. Similarly, 7 <0

corresponds to the left-hand polarization. In Fig. 5, the incident 45deg polarization is
perpendicular to the directions of the 135deg retardance. The retardance only changes the
amplitude of the output polarization states. The output polarization states maintain 45deg
polarized.

In Figs. 2-5, the polarization states of the received signal é, are calculated and plotted
graphically. It is noted that the polarization states shown in Figs. 2-5 are the signals before

the polarizer P. The polarization states of signal és' are obtained by substituting é, into Eq.
(6). The polarization efficiency y,, is defined as the ratio of the power of E'v to E_.
According to the calculation of y,, depicted in Eq. (8), the polarization efficiency is

calculated by varying the magnitudes of each scalar Zernike coefficient in Egs. (19) and (20).
Figure 6 illustrates the reduction of heterodyne efficiency with the increment of the
diattenuation and retardance.
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Fig. 6. Reduction of the polarization efficiency with the increment of the diattenuation and
retardance. (a) linear diattenuation along the coordinate axes; (b) linear retardance along the
coordinate axes; (c) linear diattenuation along the bisectors (45/135deg) to the coordinate axes;
(d) linear retardance along the bisectors (45/135deg) to the coordinate axes.
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In Figs. 6(a) and 6(b), the polarization efficiency y,, decreases as the increment of the

ol
diattenuation and retardance along the coordinate axes. In Figs. 6(c) and 6(d), the polarization
efficiency maintains 100%. The reason for this phenomenon is that, when the incident signals
are 45deg polarized, the diattenuation and retardance along the coordinate axes will
significantly alter the polarization states and lead to great energy loss. The diattenuation and
retardance along 45/135deg directions keep the output polarization states 45deg polarized.
These distributions of signal polarizations will have no energy loss after passing through the
45deg polarizer.

By decomposing d, and r into the scalar Zernike polynomials and calculating the
corresponding polarization efficiency, Fig. 6 shows that Z; has the greatest effect on
polarization efficiency. Z,, Z;, Z, and Z, have the similar effects on the polarization
efficiency and the effects are much less than Z;. The other components, from Zs to Zg, have
the smallest effects out of the 9 terms. According to the analysis of the polarization efficiency
in Fig. 6, if the incident signals are 45deg polarized, it is evident that the linear diattenuation
and retardance along the coordinate axes have more effects than the other aberrations on the
heterodyne efficiency. The further investigation shows that the Z; components of the x/y
linear diattenuation and retardance have the greatest effects on the coherent detection system.

4.2 Incident signals are right-handed circular polarized

If the incident signals are right-handed circular polarized, the Jones vector is expressed
asé, =1/\2[1 i]". By substituting ¢, into Egs. (5) and (6) and Eq. (8), the polarization

efficiency y,, is written as

a4

[[7o+ T +i(y+0,)
A

7,,,,, = 2 2

+

J a4

xx

J

xy

U

s

+

R 2 IR AT A A S A |

ey »x

J,v

x

2{(
(23)

The calculations of the polarization efficiency for right-handed circular polarized signals
resemble the calculations for 45deg polarized signals. Figures 7-10 show the effects of
diattenuation and retardance on the output polarization states when the incident signals are
right-handed circular polarized. These line segments and ellipses indicate the magnitudes and
orientations of the output polarizations. The separate scalar Zernike expansion coefficients are
also set to 0.5.
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Fig. 7. Output polarization states with x/y linear diattenuation, the coefficients of each scalar
Zernike polynomials are 0.5. dl > (0 represents the x-axis diattenuation, dl < 0 represents

the y-axis diattenuation. The orientations of the ellipses are parallel to the coordinate axes. The
ellipticities of the ellipses are related to the magnitudes of the diattenuation. The larger
diattenuation corresponds to the smaller ellipticity.
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Fig. 8. Output polarization states with 45/135deg linear diattenuation, the coefficients of each
scalar Zernike polynomials are 0.5. d2 > 0 represents the 45deg diattenuation, d2 <0

represents the 135deg diattenuation. The orientations of the elliptical polarization are parallel
to the 45/135deg diattenuation. The ellipticities of the elliptical polarization are related to the
magnitudes of the diattenuation. The larger diattenuation corresponds to the smaller ellipticity.
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Fig. 9. Output polarization states with x/y linear retardance, the coefficients of each scalar
Zernike polynomials are 0.5. 7; > 0 corresponds to 135deg elliptical polarization, < 0

corresponds to 45deg elliptical polarization. The ellipticity of each ellipse on the map is related
to the magnitude of the retardance. The larger retardance corresponds to the smaller ellipticity.
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Fig. 10. Output polarization states with 45/135deg linear retardance, the coefficients of each

scalar Zernike polynomials are 0.5. 7, > 0 corresponds to x-axis elliptical polarization,

r, < 0 corresponds to y-axis elliptical polarization. The ellipticity of each ellipse on the map

is related to the magnitude of the retardance. The larger retardance corresponds to the smaller
ellipticity.

By substituting the Jones matrices J,, and Jones vectors ¢, into Eq. (5), the orientation

angles and ellipticities of the elliptical polarization states are obtained. In Fig. 7, when the
incident signals are right-handed circular polarized, the transmission of one axis converts the
circular polarization into elliptical polarization, and the corresponding orientation of the
elliptical polarization is parallel to the transmission axis. The ellipticity of the elliptical
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polarization is related to the magnitude of the diattenuation. The larger diattenuation
corresponds to the smaller ellipticity. In Fig. 8, the orientation angles of the elliptical
polarization are 45deg or 135deg, and the larger diattenuation results in the smaller ellipticity.
In Fig. 9, r, >0 indicates that the phase of y-axis advances before x-axis, and produces the

135deg elliptical polarization. # <0 produces to the 45deg elliptical polarization. The
ellipticity of each ellipse on the map is related to the magnitude of the retardance. The larger
retardance corresponds to the smaller ellipticity. In Fig. 10, », >0 corresponds to the x-axis
elliptical polarization, and r, <0 corresponds to the y-axis elliptical polarization. The larger

magnitude of retardance corresponds to the smaller ellipticity.

When the incident signals are right-handed circular polarized, the polarization efficiency
is analyzed by varying the magnitudes of each scalar Zernike coefficient in Eqs. (19) and
(20). Figure 11 illustrates the reduction of polarization efficiency with the increment of the
diattenuation and retardance.
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Fig. 11. Reduction of the polarization efficiency with the increment of the diattenuation and
retardance. (a) linear diattenuation along the coordinate axes; (b) linear retardance along the
coordinate axes; (c) linear diattenuation along the bisectors (45/135deg) to the coordinate axes;
(d) linear retardance along the bisectors (45/135deg) to the coordinate axes.

In Figs. 11(a) and 11(d), the polarization efficiency y,, maintains 50% with the

increment of the diattenuation and retardance. The orientation angles of the major axis of the
elliptical polarization shown in Figs. 7 and 10 are Odeg and 90deg, and the projection
polarizations of the elliptical polarization to the 45deg polarizer are always 50%. Hence, the
diattenuation and retardance alter the ellipticities of the output polarization states, but the
polarization efficiency is always 50%.

In Figs. 11(b) and 11(c), the polarization efficiency y,, varies with the increment of the

diattenuation and retardance. The increase and decrease of the polarization efficiency are
related to the scalar Zernike coefficients and their corresponding magnitudes. In Figs. 8 and 9,
the orientation angles of the major axis of the elliptical polarization are 45deg and 135deg. If
the orientation angle is 45deg and parallel to the 45deg polarizer, the major axis of the
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elliptical polarization can pass through the 45deg polarizer. Under this circumstance, the
smaller ellipticity leads to the smaller energy loss. However, if the orientation angle is
135deg, the minor axis of the elliptical polarization can pass through the polarizer, and the
smaller ellipticity leads to the greater energy loss. Some of the elliptical polarizations are
converted into linear polarizations shown in Figs. 8 and 9, if the orientation angles are
135deg, the power of the signal after passing through the 45deg polarizer is zero.

By decomposing 5 and d, into the scalar Zernike polynomials and calculating the

corresponding polarization efficiency, Figs. 11(b) and 11(c) show that Z, has the greatest
effect on heterodyne efficiency. Z,, Z;, Z4 and Z have the similar effects on the polarization
efficiency and the effects are much less than Z,. Compared with Z,, Zy has the opposite
effects on the polarization efficiency. The other components, Zs, Z; and Zg, have the smallest
effects out of the 9 terms.

From the analysis made above, we can conclude that the polarization efficiency y,, in

Egs. (8), (22) and (23) can provide an evaluation of the polarization matching in coherent
detection system. The effects of the polarization aberrations on the heterodyne efficiency
mainly depend on the polarization states of the incident signals. For the real coherent laser
communication system, the heterodyne efficiency that considering the polarization
aberrations of optical system is not performed yet. Hence, in the next section, the heterodyne
efficiency for the real coherent laser communication system is analyzed. The heterodyne
efficiency is further used to minimize the polarization aberrations of optical system.

5. Heterodyne efficiency analysis of a coherent laser communication System

In this section, a coherent laser communication system is modeled, and the polarization
aberration and heterodyne efficiency are analyzed by using the method described in Sections
2-4. The optical system is used for the space laser communication. The system consists of
four mirrors and two rotation axes, which are named as planar mirror M1, planar mirror M2,
rotation axis 1, rotation axis 2, primary mirror (PM) and secondary mirror (SM). M1, M2 and
two perpendicular rotation axes constitute the periscopic scanner. The rotation of the two axes
will deflect the laser beam along the global sphere system and the detailed description is
presented in reference [21]. In this paper, the criterion to describe rotations is defined as
follows: the rotation axis 1, left-handed about the y axis, only controls the rotation of mirror
MI1. The corresponding rotation angle is referred to as the elevation angle £ . The rotation

axis 2, left-handed about the z axis, controls the total rotation of the combination of M1 and
M2. The corresponding rotation angle is referred to as the azimuth angle o« . The PM and SM
are both off-axis parabolic mirrors with off-axis values 220 mm and 22 mm, respectively. The
off-axis value means the offset of the mirror center decentered from the optical axis. The
300mm diameter PM is the aperture stop of the system. The magnification of the optical
system is 0.1. Table 3 shows the detailed optical prescription of the coherent detection
system. The operating wavelength is 1550 nm. The layout of the optical system is depicted in
Fig. 12.
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Fig. 12. Schematic view of the optical system, together with the global coordinate system O;
the layout in the red box is the simplified periscopic scanner.

Table 3. The optical prescription of the example system

Surface Conic Radius (mm) Thickness (mm)
Ml flat —600
M2 flat 1000
PM -1 —1280 -704
SM -1 128 400

The analysis of the optical systems is mainly focused on the center field. The four mirrors
are coated with the bare gold films. In reference [21], it is noted that the diattenuation and
retardance of the periscopic scanner vary continuously and periodically with the rotation
angles o and . In Fig. 12, the polarization aberrations of the optical system are generated
by the periscopic scanner and the two parabolic mirrors. Therefore, the polarization
aberrations of the combined system also vary continuously and periodically with the rotation
angles. The rotations in ¢ change the orientations of diattenuation and retardance and keep
their magnitudes constant. The rotations in £ not only change the magnitudes, but also
change the orientations of the polarization aberrations.

Assuming that the signal and local oscillator fields are Gaussian beams which are initially
matched in both amplitude and phase. The signal and local oscillator beams are complete
polarized light in this paper. As assumed in Section 4, the heterodyne efficiency y, , is equal

to 100%. The modified heterodyne efficiency y is equal to the polarization efficiency 7, .

The polarization properties of the optical system are analyzed by performing the polarization
ray-tracings [22,23]. The polarization ray-tracing calculus is built and performed by the
optical design software Code V. The algorithm codes are compiled by using the macro
languages in Code V. The polarization transformation matrices J,, are obtained and

decomposed by the Polar and Pauli-Zernike decomposition algorithms. By substituting é,,
and J_ into Egs. (5)—(8), the polarization efficiency is calculated and analyzed with the
rotations of the two axes. By varying the rotations & and £ in the range [0°, 360°] with
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steps of 5°the polarization efficiencies of this coherent laser communication system are
calculated. Figure 13 illustrates the variations of the polarization efficiency when the incident
signals are 45deg polarized, and Fig. 14 illustrates the variations of the polarization efficiency
when the incident signals are right-handed circular polarized.

Tpol 0.6 0.6

225 e
180

azimuth angle a /° elevation angle f /°

Fig. 13. The polarization efficiency of the Au-coated optical system; the incident signals are
45deg polarized. When o+ #=0°,180°,360° , the polarization efficiencies reach the

maximum values, and the maximums are close to 100%; when &+ £ =90°,270", the

polarization efficiencies reach the minimum values, and the minimums are close to zero.
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Fig. 14. The polarization efficiency of the Au-coated optical system; the incident signals are
right-handed circular polarized. The maximum polarization efficiencies are close to 0.66, and

the maximums occur at ,B =0°,180°,360° . The minimum polarization efficiencies are
close to 0.49, and the minimums occur at # =90°,270° .
Figures 13 and 14 show the polarization efficiency varies continuously and periodically
with & and f . The polarization efficiency y,, becomes functions of the scan angles
(o, ). In Fig. 13, the maximum polarization efficiencies are close to 100% and the

maximum values occur at o+ £ =0",180°,360° . The minimum polarization efficiencies are
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close to zero, and the minimums occur at o+ f=90°,270° . In Fig. 14, the maximum

polarization efficiencies are close to 0.66, and the maximums occur at £ =0°,180",360°. The
minimum polarization efficiencies are close to 0.49, and the minimums occur at
£ =90°,270° . Moreover, the maximums and minimums vary continuously and periodically

with the rotations of the azimuth angle & when £ =0",90",180°,270°,360°. In Table 1, the

diattenuation and retardance of the optical system change the orientation angles and
ellipticities of the output polarization states. The rotator J,, rotates the output polarization

states. The combinations of these effects induce the variations of the polarization efficiencies.
In Fig. 13, the maximum polarization efficiencies are close to 100% and the minimums are
zero. However, in Fig. 14, the maximum polarization efficiencies are close to 0.66 and the
minimums are close to 0.49. Comparing these two peak-to-valley values, when the incident
signals are right-handed circular polarized, this system will obtain moderate and stable
polarization efficiency. If the incident signals are 45deg polarized, the polarization variations
may be changed by adjusting the polarization of the transmitted signals or the LO beam at the
receiver. However, for the space laser communication link, the orientation angles of the
signals are complicated and unpredictable, which make it difficult to adjust the polarization
states of the transmitted signals or the LOs at the receiver. For the coherent laser
communication link, the severe variations of the polarization efficiency will degrade the
quality of communication; even will result in the interruption of the communication. Hence,
the moderate polarization efficiency ensures good communication quality without
interruption. Therefore, for the coherent laser communication, the circular polarized signals
are much better than the linear polarized signals. In references 2,24, the signals are circular
polarized in the space laser communication terminals. Another benefit for circular
polarization is that the received weak laser beam can be isolated form the transmitted
powerful laser beam with orthogonal polarization by using a quarter wave-plate in front of the
internal optics [1,2,24].

The fluctuations in the polarization efficiency can cause the fluctuations in the
communication link, which in turn affects the communication quality. When the incident
signals are right-handed circular polarized, if the optical system is an ideal nonpolarizing
system, the polarization efficiency remains unchanged with the rotations of the periscopic
scanner. The fluctuations of the polarization efficiency in Fig. 14 indicate that the optical
system has polarization aberrations. Hence, the gold-coated optical system is not a good
choice for the coherent laser communication. To evaluate the polarization aberrations of the
four mirrors, we choose three groups of rotation angles (¢« , ) and perform the polarization

ray-tracings. The Jones matrices J are decomposed by the Polar and Pauli-Zernike
decomposition algorithms. The Pauli and scalar Zernike coefficients are calculated and shown
in Figs. 15-17. The ellipticities of the total diattenuation and retardance are calculated, and
the Pauli coefficients d, and 7, are plotted graphically. These three groups of rotation angles
(o, B) are (0°, 0°), (0°, 90°), (45°, 45°). The calculations of the scalar Zernike coefficients

are performed by the least square algorithm.
All the diattenuation and retardance shown in Figs. 15-17 are viewed from the exit pupil,
so all the maps are compared directly in the same pupil. The maximum diattenuation and

retardance are obtained when the elevation angle =0 and the minimum values are
obtained when £ =90" [20,21]. The scalar Zernike coefficients for diattenuation in Figs. 15—
17 are in the order of 107, and have small effects on the polarization states. The Pauli
coefficients d, and 7, in Figs. 15-17 are also in the order of 107, and can be ignored safely.

Hence, the retardance is the major factor that affects the output polarization state. The optical
system in Fig. 12 consists of two rotating axes. Therefore, when performing the Polar



Vol. 25, No. 7 | 3 Apr 2017 | OPTICS EXPRESS 7587

Optics EXPRESS

decompositions of the Jones matrix J, , the rotation angle ¢ of J,, in Eq. (11) is no longer
zZero.
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Fig. 15. The Pauli-Zernike decomposition of the diattenuation (a) and retardance (b) when the
rotation angles ( & , ﬂ ) = (0° 0°); (c) is the ellipticities of the total diattenuation and

retardance. The rotation angle ; is Odeg.
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Fig. 17. The Pauli-Zernike decomposition of the diattenuation (a) and retardance (a) when the
rotation angles ( & , ﬂ ) = (45°, 45°); (c) is the ellipticities of total diattenuation and

retardance. The rotation angle g is 90deg

The two mirrors of the periscopic scanner are perfectly flat with no deformation occurring
while rotating. Hence, the polarization aberrations induced by the scanner are the Z;
components of the scalar Zernike coefficients shown in Figs. 15-17. The off-axis parabolic
mirrors mainly induce the rest components of the scalar Zernike coefficients. The results in
Section 4 indicate that the Pauli coefficient 7 affects the heterodyne efficiency and 7, has no

effect on the heterodyne efficiency. In Fig. 11(b), the Z, component of # has the greatest
effect on heterodyne efficiency. When (o, 8) = (0°, 0°), the Z; component of the Pauli
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coefficients 7 is —0.143. When (o, S ) = (0°, 90°), the corresponding value is 0.008.

Comparing the magnitudes of the Z; components, the Z; component of the retardance is
mainly induced by the periscopic scanner. The magnitudes of the rest components of the
scalar Zernike coefficients in Figs. 15—17 are much smaller than the Z; component. Hence,
the polarization efficiency is mainly affected by the retardance of the periscopic scanner. In
Fig. 17, when (o, B ) = (45°, 45°), the Z, components of 7 is 0.078. The rotations of ¢ and

B change the Z; component of the Pauli coefficient 7 . The retardance converts the circular

polarization into the elliptical polarization and the rotator J,, rotates the orientation angle of

the elliptical polarization to different angle. The combinations of these two effects result in
the variations of the polarization efficiency, which are shown in Fig. 14.

Based on the modified heterodyne efficiency and the decompositions of the polarization
aberration, the analysis indicates that the fluctuations of the polarization efficiency are mainly
affected by the polarization aberrations of the periscopic scanner. In reference [21], the results
show that aluminum film is more appropriate than gold film for the polarization maintaining
periscopic scanner. Two different coatings are used to verify the effects the varied
polarization aberrations have on the heterodyne efficiency. Figure 18 shows the variations of
the polarization efficiency. These two different coatings are aluminum film and polarization-
maintaining (PM) film. The aluminum film is the bare metallic film. The polarization-
maintaining film is designed by the software Code V. The polarization-maintaining film is
optimized at the specific conditions that the wavelength is 1550 nm and the incident angle is
45deg. The diattenuation and retardance of the film are well controlled. The polarization-
maintaining film is used to demonstrate the stability of the polarization efficiency when the
polarization aberrations are carefully controlled. The incident signals are right-handed circular
polarized.
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Fig. 18. The polarization efficiency of the Al-coated (a) and PM-coated (b) optical system; the
incident signals are right-handed circular polarized. The maximum polarization efficiencies in
figure (a) are close to 0.60, and the minimum values are close to 0.5. The maximums occur at

ﬂ=0°,180°,360° , and the minimums occur at IB=90°,270° . In figure (b), the

maximum polarization efficiencies are 0.51, and the minimum values are 0.49.

The calculations of the polarization efficiency for aluminum and polarization-maintaining
coatings resemble the calculations for gold coatings. In Fig. 18(a), the maximum polarization
efficiencies are close to 0.60, and the minimum values are close to 0.5. The maximum

polarization efficiencies occur at £=0°,180°,360" , and the minimums occur at

£ =90°,270° . The variations of the polarization efficiency for aluminum coating are similar

to the variations shown in Fig. 14. In Fig. 14, the maximum and minimum polarization
efficiencies for gold coating are 0.66 and 0.49. However, in Fig. 18(b), the maximum
polarization efficiencies are close to 0.51, and the minimum values are close to 0.49.
Comparing these three different peak-to-valley values, the polarization-maintaining coating
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induces the smallest variations of the polarization efficiency. According to the variations of
heterodyne efficiency, the polarization-maintaining coating can provide a stable heterodyne
detection. When the periscopic scanner is coated with the PM coating, it is noted that the
slight fluctuations of the polarization efficiency are mainly affected by the residual
polarization aberrations of the periscopic scanner and the off-axis mirrors.

The analysis of the polarization efficiency for the optical system is used to illustrate the
significance of the modified heterodyne efficiency. The modified heterodyne efficiency
provides a method to evaluate the effects of the polarization aberrations on the coherent
detection, and in turn can be used to evaluate the magnitudes of polarization aberrations. The
Polar and Pauli-Zernike decompositions provide an analytical method to analyze the
polarization aberrations of optical system. The combination of these two methods can be used
to minimize the polarization aberrations and further to improve the performance of the
coherent laser communication system.

6. Conclusion

Heterodyne efficiency is an important indicator of the performance of the coherent laser
communication. A modified heterodyne efficiency of mixing signal and local oscillator beams
has been derived by considering the polarization aberrations of optical system. Based on the
Polar and Pauli-Zernike decompositions of Jones matrix, we derive the analytical expressions
for the polarization aberrations of optical system, and incorporate them into the calculations
of heterodyne efficiency. By introducing the different distributions of polarization
aberrations, the modified heterodyne efficiencies are calculated and compared for different
input signals. When the incident signals are 45deg polarized and right-handed circular
polarized, the heterodyne efficiencies are analyzed separately by considering the separate first
9 scalar Zernike polynomials. The results show that when the incident signals are 45deg
polarized, the Z; components of the linear diattenuation and retardance along the x/y axis
have the greatest effects on the heterodyne efficiency. However, if the incident signals are
right-handed circular polarized, the heterodyne efficiency is mainly affected by the Z,
component of the retardance along x/y axis or the Z; component of the diattenuation along
45/135deg direction. Based on the detailed analysis, it is concluded that the effects of the
polarization aberrations on the heterodyne efficiency are related to the polarization states of
the input signals, and the modified heterodyne efficiency can provide a comprehensive
description of the heterodyne efficiency.

Based on the modified heterodyne efficiency formula, a specific coherent laser
communication system is modeled and analyzed. When the incident signals are 45deg and
right-handed circular polarized, the heterodyne efficiencies of the system are analyzed by
considering all possible scan angles. The comparisons of the heterodyne efficiencies show
that the right-handed circular signals are more suitable for the coherent laser communication
than the linear polarized signals. By using the Polar and Pauli-Zernike decompositions of the
polarization aberrations, the results show that the heterodyne efficiencies are mainly affected
by the retardance of the periscopic scanner. According to this conclusion, three different
coatings are used to minimize the polarization aberrations of the optical system, and the
corresponding heterodyne efficiencies are investigated separately. The analysis shows that the
modified heterodyne efficiency not only can provide a complete evaluation of the heterodyne
efficiency, but also can be used to evaluate and minimize the polarization aberrations of
optical system, and to further improve the performance of the coherent laser communication.
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