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Insertion Loss and Crosstalk Analysis of a Fiber
Switch Based on a Pixelized Phase Modulator

David Sinefeld and Dan M. Marom, Senior Member, IEEE

Abstract—We analyze the performance of a spatial fiber
switching system when using a pixelized mirror, such as a LCoS
or MEMS spatial light modulator, in place of a large tilting mi-
cromirror. Our findings demonstrate the dependence of insertion
losses on tilt angles or fiber counts, and the dependence of the
crosstalk in the number of phase quantization levels and random
phase errors. The former effects can be minimized by satisfying a
relationship between the tilt angle to a fiber, the pitch of the array,
and the optical wavelength.

Index Terms—Microelectromechanical devices, multiplexers,
optical fiber communication, optical switches, spatial light modu-
lators (SLMs).

I. INTRODUCTION

O PTICAL switching between a single input fiber and multiple
output fibers is often implemented with a free-space arrange-

ment using a single tilting mirror that performs the task of beam
steering [1] [see Fig. 1(Top)]. A diffraction grating may be inserted
into the optical path to construct a wavelength-selective switch version
[2] [see Fig. 1(Bottom)], in which case a 1-D array of tilting micromir-
rors is required, one for every wavelength channel. Both the single
tilting mirror and the micromirror array are usually implemented using
microelectromechanical system (MEMS) technology, which is based
on processing of silicon to construct moving structures. However,
some system vendors are averse to using MEMS tilting micromirrors
in telecom components and subsystems, due to concerns of stability,
repeatability, fatigue, and aging. While it has been shown that by
proper design such concerns can be laid to rest [3], there is still intense
interest in alternative beam-steering solutions [4].

Recent technological advances in large, 2-D array, spatial light mod-
ulators (SLMs)—which were originally developed for high-resolution
image projection application—can also be utilized for beam steering.
The SLM has to be configured to modulate phase instead of ampli-
tude, and beam steering is achieved by prescribing a linear phase ramp.
Modern SLM panels are often based on a liquid--crystal on silicon
(LCoS) device, which utilizes a silicon chip for defining and electri-
cally addressing the individual pixels of the array, with no moving parts
[5]. MEMS-based panels are also available, where pixel modulation is
achieved with piston motion pixels [6].
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Fig. 1. Switches based on beam-steering architecture. Top: Switching from
an input fiber to any output fiber, as determined by the mirror tilt angle.
Bottom: Fiber switching on a wavelength-basis, as determined by the
mirror tilt angle in the mirror array, where each mirror is assigned for each
wavelength.

In this paper, we offer a rigorous analysis of the performance asso-
ciated with beam scanning switches, when the mirror is implemented
with a phase SLM instead of a tilting mirror. We analytically calculate
the fiber coupling integral to the desired fiber to which the optical signal
is routed, as well as to the other fibers giving rise to crosstalk. We take
into account the effects of pixel size and phase level quantization. We
find that the insertion loss to the desired fiber increases as the number
of pixels spanning the full �� phase period decreases. Additionally,
we find that the crosstalk to the other fibers increases as the number
of discrete phase levels that can be prescribed decreases. A statistical
analysis of random phase errors was also performed, showing the im-
pact of phase errors on the crosstalk. Hence, the ideal SLM should
have infinitesimally-small pixels and continuous, as opposed to dis-
crete, gray level representation, hence approaching the performance of
a bulk tilting mirror.

Due to the generality of the discussion, we avoid including effects
that are typical to a specific SLM type. LCOS SLM suffer mostly from
the fringe-field effect between pixels [7] , whereas MEMS modulators
have a lower fill factor, which reduces the diffraction efficiency; both
effects were omitted from our analysis.

The paper is structured as follows: in Section II, we describe the
system model and our method of calculation, in Section III, the per-
formance (e.g., fiber coupling and crosstalk) of a simple system with
a continuous mirror as the phase deflector is discussed, in Section IV,
the mirror is replaced with a phase SLM where the pixelization effect is
being taken into account. Finally in Section V, the addition of random
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Fig. 2. Schematic of pixelized switch: A Fourier lens disposed between fiber
plane and pixelated SLM plane is collimating the light from the fiber on a pix-
elized SLM with pixel size p. � is the beam waist at the end of the fiber, and
� is the beam waist at the SLM plane. The fibers are aligned in a row along
the � axis with the input fiber at the center.

phase noise is discussed where we calculate both the average and stan-
dard deviation of the power coupling integral.

II. SYSTEM ANALYSIS MODEL

Our analytic calculations are based on the optical switching system,
as shown in Fig. 2. An input signal, coming from the central fiber is
collimated by a Fourier lens (with a focal length � ) onto a pixelized
SLM plane. A linear phase ramp is then added to the beam in order to
deflect the light to the chosen output fiber. Our calculations were made
for a 1-D 1 � 10 fiber switch, where all the fiber ports are aligned in
a row along the � axis, with the input fiber at the center. The reflected
beam can be directed upwardsor downward to outer fiber positions,
using beam steering to select the desired output fiber. The fiber ports
are separated by distance �� , which satisfies a 40 dB isolation criterion
between fibers as will be shown in detail in the following.

All the beams coming from the fiber ports are modeled as Gaussian,
which provides satisfactory fiber coupling results, whether the output
port is coming directly from the fiber end or from a collimator. In order
to simplify the calculations, the analysis was done by solving the fiber
coupling integral at the device (Fourier) plane in one dimension only.

Starting with ��

� as the Gaussian beam radius at the center fiber
output, the spot size on the phase SLM (which is Gaussian as well) is
given by �� � ������

�. The Gaussian field distribution on the SLM
plane is therefore:
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where� is the wavelength, � is the Fourier lens focal length, and� is the
spatial coordinate along the SLM plane. The field in (1) is normalized
such that the coupling integral is unity
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We can image the output fiber wavefront backward onto the SLM plane.
The result is a combination of the same lateral Gaussian distribution,
with an additional linear phase that depends on fiber output position ��

according to
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Hence, for every output fiber position ��, the corresponding field at the
SLM plane is: ���	��� � ������ ������
��� �
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, where
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Redirecting the input beam to a specific output fiber port requires a
linear phase ramp at the SLM plane
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This phase ramp will redirect the beam to the output fiber positioned at
distance � from the optical axis.
We should note here that �� (primed) and � (not primed) are different in
essence: � denotes the position that the beam is reflected to by the tilting
device, whereas �� denotes any position on the output plane where we
want to calculate the coupling. This notation allows us to calculate both
the coupling to the chosen output fiber (when � � ��) and the crosstalk
in the other output fibers (when � �� ��). The coupling integral at the
SLM plane is given by
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In the following, we will calculate the coupling value � in several
cases: continuous tilting mirror, pixelated phase deflector, pixelated
modulator with phase quantization, and the same modulator with
random phase errors. Our model does not include diffraction from the
space between pixels (e.g., we assume 100% fill factor), or any inter-
action between two adjoined pixels (as in LC-based phase modulator,
where the fringe field affects the sharpness of phase transitions). We
also assume infinite SLM extent (no truncation of the beam).

All the reported results of our analysis are analytical expressions,
making them more useful as a design tool. We have confirmed these
analytical expressions with numerical simulations, which matched per-
fectly. Since no new information is generated in these simulations, we
do not show the simulation results in our figures.

III. CONTINUOUS PHASE/MIRROR

We start with the assumption that the tilted wavefront is achieved
with a continuous, infinitely long tilting mirror. The wavefront coming
from the fiber on axis is tilted toward a position at distance � from
the optical axis with the phase function in (2). The coupling integral
between the output wavefront at ��, and the tilting angle toward � is
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Hence, the power coupling efficiency is

� � ���� � ��� �
�� � �

��

�

�

(6)

which states that the coupling is dependent on the relative distance be-
tween the output and the examined ports. This expected result is shown
in Fig. 3. It can be easily seen that for the chosen output fiber � � ��

the overlap integral is unity, as one would expect. To ensure crosstalk
level less than 40 dB, the distance between two nearby fibers should
satisfy the condition: � � �� � �� � �
�����

�. Fig. 3 shows the fiber
coupling efficiency when switching with the mirror to fiber ports ��,
2, and 5.
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Fig. 3. Fiber coupling efficiency of the switch, set to three different end ports
(��, 2, and 5), in the case of an infinitely long tilting mirror (no pixelization).
The distance between fibers is chosen to satisfy 40 dB isolation.

Fig. 4. Graphical depiction of continuous phase (blue) and the sampled phase
(green), for � � ���.

IV. PIXELIZATION EFFECT

Replacing the continuous tilting mirror with a pixelated (diffractive),
one results in a staircase approximation to the tilted wavefront. The
expression for the phase added to the original wavefront in order to
deflect it toward the fiber positioned at � is therefore
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where �� � �� is the central position of the �

 pixel of the pixelized
SLM (� is running from �� to �), � is the pixel pitch, and the
summation is performed over all the pixels. The pixelized phase SLM
operates in modulo �� mode, as shown in Fig. 4. In order to estimate
the quality of the staircase approximation for the tilted wavefront, we
introduce the dimensionless parameter �, which is equal to the number
of pixels in one “saw tooth” period of the applied phase ramp. Since
the phase slope is ��
 , as in (3), the number of pixels with pitch size �
that will fit in a �� phase ramp is

� �
	


��
� (8)

As can be seen in Fig. 4, this value of � is not necessarily an integer,
but in order to achieve proper deflection, it must be larger than 2, i.e.,
� � � (Nyquist sampling criterion).

The diffraction efficiency with the pixelated SLM is
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Fig. 5. Top: Fiber coupling efficiency of the switch in the pixelated case
�� �� � �����, set to three different end ports (��, 2, and 5). Each deflection
angle corresponds to a different value of �. The continuous plot is the complete
solution ( (10)), the “	” and the “x” plot marks the approximations in (11)–
(12). Deflection to the fifth port to the right results in residual coupling on the
left side since � is approaching the limit of � � 
. Bottom: Coupling to the
selected fiber as a function of ���. Large angle tilts imply a decrease in the
number of pixels per “saw tooth” and therefore on greater coupling losses.

Rearranging the integration and summation, we find
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This expression is fully analytic and can be evaluated for any fiber po-
sition ��. The value of the error function for a complex argument can
be calculated with an algorithm offered in [8].

A reasonable approximation to (10) assumes a relatively small pixel
size �, compared to the Gaussian mode ��. In this case, the Gaussian
amplitude is simply sampled at �� � ��, and (9) can be expressed as
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where we used the definition: ���	��� � ����������.
Equation (11) can be simplified further in the case of a very small
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pixel size compared to ��. In that case, the sum can be treated as inte-
gral and the coupling equation becomes
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Fig. 5 shows a comparison between the three results given by (10)--
(12), where ��	� � �
��, and low values of � (addressing fiber port
positions��, 2, and 5). It can be seen that there is almost no difference
in the results as long as the phase is sampled with more than 2 pixels
per “saw tooth” period, i.e., � � � .

This simple approximation is especially powerful in showing the
dependence of the coupling to the desired fiber as a function of the �

parameter. Since for � � ��, it becomes
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This result, as shown in the lower part of Fig. 5, is similar to previous
work regarding the diffraction efficiency of a blazing grade [9], [10].
From the earlier results, we can deduce that reducing the number of
pixels per period, effects mostly on the coupling to the desired output
fiber, but has no effect on the crosstalk to the other fibers. In other
words, crosstalk is not caused by the pixelization of the phase. As will
be seen in the next sections, this conclusion changes when phase quan-
tization or phase errors are considered.

For notational brevity, the general solution (10) for the coupling in-
tegral can be written as
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where
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And for the approximated solution (11), we use
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In the following, we will regard the solutions we just developed in this
compact manner.

V. PHASE QUANTIZATION EFFECT

In real, digitally controlled pixelated phase SLM, the actual phase
that can be applied is limited by the number of phase levels q. Instead
of applying phase of 
	�� �
 for the ��� pixel, the applied phase values
are quantized to discrete levels. Hence, each pixel value is replaced by

Fig. 6. Graphical depiction of continuous phase (blue), sampled phase (green),
and four-level quantized phase (red), for two different� values. Larger� values
represent more samples per phase wrap period.

a quantized phase �
	�� �� �
, which is the nearest discrete phase level
to the desired phase 
	�� �
, where �
	�� �� �
 is defined by
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Fig. 6 demonstrates the effect of pixelization and quantization on the
phase applied by the SLM. The analytic solution in (14) is still valid,
with a modification of the phase term
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The fiber coupling result is shown in Fig. 7—top, for large number of
pixels 	� � ��
 in three deflection cases (� � ���
�� � ��, and � �

���), and � � �� discrete phase levels. This quantization case was
chosen as it resulted in high crosstalk exactly on a wrong fiber position.
The difference from the former results is clear, since the crosstalk level
increased dramatically. The red dots on the plot denote the maximum
crosstalk level (for nonadjacent ports). There is no simple relationship
between the number of pixels per period �, the quantization levels �,
and the maximal crosstalk. However, high crosstalk levels occur when-
ever the ratio �	� is close to being an integer, as the summation term
of the �����	 � 
 function over � will exhibit few discontinuous phase
jumps. When the ratio �	� is far from being an integer, there will be
many discontinuous phase jumps, which dephase the coupling to other
fibers and lower the crosstalk. In the special case, as shown in Fig. 7,
we observe high crosstalk values on other ports when the chosen output
port is �	!	� � �� 	���
 � ��"�
� 	!	� � �� 	�� � ��"

,
or ��	!	� � �� 	��� � ��""
); there is no direct way to predict
on which neighboring fiber the highest crosstalk will be observed. In
Fig. 8 (bottom), the crosstalk values as a function of quantization levels
divided by the pixel count per period (using � � ���
 ) are shown,
where the calculation was made for three different definitions: crosstalk
average, average plus one standard deviation (STD), and worst case
levels. Again, we observe elevated crosstalk levels whenever �	� is
close to being an integer value. When �	� is exactly an integer, there
is no crosstalk (the sampled values depicted in the graph sometimes
miss these occurrences). The crosstalk levels decrease with increasing
phase quantization values, as the discontinuous phase jumps are smaller
in magnitude and diffract less light to undesired directions. Crosstalk
can be suppressed to less than ��� dB for � � ��� levels.

Returning to the diffraction efficiency calculation [see
Fig. 7 (bottom)], one can see that for large number of phase levels
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Fig. 7. Top: Fiber coupling efficiency of the switch with quantized phase �� �
����, set to three different end ports ( ��, 2, and 5). The red dots denote max-
imum crosstalk level (for nonadjacent ports). Bottom: Coupling to the selected
fiber as a function of ��� and quantization phase levels. It is easy to see that
for small number of phase levels the singular points that obey the condition
��� � �	
���
 give much better results. However, for phase levels higher than
16, the insertion loss converges to the graph determined solely by � as in Fig. 5.

�� � ���, the phase quantization effect on the power coupling loss
is almost negligible. Even for � � ��, whenever ��� � integer, the
value of the quantized phase is equal to the actual phase since
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Allegedly, we can attempt to design the distance between fibers ��
such that ��� is an integer (or ���	�
� � � , where � is an integer).
In this case, the performance reverts back to the sampled (pixelized)
case, resulting in coupling dependent on� (see Fig. 5) and no crosstalk.
However, since any little error in the fiber position or support of mul-
tiple wavelengths will result in a noninteger value for ���, other con-
siderations must be made as a noninteger value will result in higher
crosstalk levels. We consider two reasonable schemes for crosstalk re-
duction. The first is to use a high number of phase quantization levels.
Our results show that with more than 100 phase levels the crosstalk pro-
duced is low. This can be explained by the discontinuous phase jumps
due to the rounding operation being of small magnitude and not being
able to significantly redirect energy. The second, more radical way is
to operate with a relatively small number of phase levels but with ���
values far from integers. The coupling efficiency result will be slightly

Fig. 8. Top: Fiber coupling efficiency of the switch, set to port 5, with 103-level
phase quantization. Crosstalk average, average � one standard deviation, and
worse case levels shown. Bottom: Observed crosstalk levels as a function of
quantization values divided by the number of pixels per period. High crosstalk
levels occurs when the ratio ��� is close to being an integer, but disappear when
it is an integer. Crosstalk levels can be significantly suppressed only for � � ���
levels.

worse, but lower crosstalk can be easily achieved, due to the dephasing
effect.

VI. RANDOM PHASE ERROR EFFECT

In addition to the phase quantization, the actual phase applied by the
SLM may suffer from fluctuations, resulting in random phase errors. To
consider phase errors effect, we follow the work of [11] on fabrication
errors in arrayed waveguide gratings, and apply it to our problem. Our
analysis starts by determining that the error of the pixel phase is com-
bined from the desired phase value 
���� and a phase error: �
����.
This leads to the expression

� � �����
�

����
�� ������
���� � �
������ (19)

where �
���� is the phase error of the SLM ��� pixel. Since the in-
teresting value is the power coupling efficiency, we should calculate
the statistics of � � ���� instead of �. We are interested in the mean
value of the crosstalk �� � for the expected level of performance but
also in the standard deviation (STD) of the crosstalk, to ensure a 40 dB
crosstalk-proof system.
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Fig. 9. Top: Fiber coupling efficiency of the switch with quantization and
random phase errors, set to three different ports (��, 2, and 5), where � � ���
and with the addition of Gaussian noise assuming � � �������� (half
phase level). Bottom: Fiber coupling efficiency of the switch with random
phase error only, � � ���� . Switch set to fourth port with four noise levels:
� � ��	� ���
� ��
	, and ����
.

The mean value of the power coupling efficiency is provided by the
expression (for convenience we omit the �� from the notation of A and
��, and denote ������ as ��).
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Assuming that �� is an independent random variable yields

���������� � ������ �
��������������������� 
 �� �

	 
 � �
	 (21)

We further assume an identically distributed Gaussian distribution for
��, with a zero average error, and variance of ���� � � ��. The expec-
tation value of the phase exponent is hence

���������� � �������

�	 (22)

Substitution of the result yields the expression for �� � and after some
manipulations, we get
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Using the fact that the power coupling without phase errors is described
by

����������� � �
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	 (24)

We conclude with the relatively simple expression

�� � � ������������������� � ���	� ���������
�

��

� 	 (25)

While the first term is dominant in when � � �� (����������� is then
equal to unity), the second is dominant when � �� �� and will affect the
crosstalk.

In Fig. 9(bottom), the effect of the random phase error is shown for
the case of unquantized phase SLM with random phase error only. It
can be seen that as � gets bigger, the coupling efficiency for the se-
lected output fiber is decreasing while the crosstalk level is increasing.
In the quantized case, � will not be more than half of a phase level, so
the primary impact of the phase error is on the crosstalk level.

In Fig. 9(Top), the random phase error is added to the same condition
that was presented in Fig. 7(Top). Since � � �
�
��

, the effect on
the coupling is negligible, but the crosstalk floor is higher.

While the calculation of the expected value of T was relatively short,
the calculation of its STD is quite tedious. A rigorous calculation of the
STD is outlined in the Appendix. In general, its calculation requires
the evaluation of �� ��, since 
����� � � �� �� � �� ��. The result
is an average on all the possible combinations of the four phase errors:
��������� � �� � �� � �����. Since for different values of 
� �� �, and
� the average on the exponent will differ, one must calculate the av-
erage for each case separately (as shown in the Appendix). With this
approach, after some manipulations, we get the approximate simple
expression


����� � �� �� �� � �����
���� �

���������� (26)

where ����������� is defined by (24).
Since � 	 	 the result is approximately equal to


����� � �� �� �� � � �

��������� (27)

which makes sense because near the peak �� �� �� � �

��������� and there-
fore the
���� � is small. On the other hand, far away from the peak (in
the crosstalk region), �� �� 
 � �

���������, and then 
���� � �� �� �.
The addition of the power coupling STD is shown in Fig. 10. It can be
seen that for the same parameters, as shown in Fig. 9(Top) (switching
toward the fifth port), the crosstalk calculated with the phase error con-
sideration is now at risk of being more than ��� dB at 1 STD level of
confidence. This implies that the crosstalk level is highly dependent on
low phase noise of the SLM.
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Fig. 10. Fiber coupling efficiency of the switch with phase pixelization and
quantization and with the addition of random phase error. Switch set to fifth port
with � � ����� � �����, we assume Gaussian noise with � � �����	��
(half phase level).

VII. CONCLUSION AND SUMMARY

We have found that a few basic parameters influence the switching
characteristics when using pixelized SLM instead of a continuous
mirror. The pixel size impacts the increasing coupling losses for fibers
that require large tilting angles, due to sampling of the phase function.
The phase quantization levels give rise to random errors and scattering
off the array, manifest as crosstalk on neighboring fibers. The crosstalk
increases for fewer phase quantization levels. Random phase errors
contribute mostly to the crosstalk level. These findings imply that for
satisfying performance of such a system, one has to use phase SLM
with as many as possible pixels and phase levels, and with low phase
noise.

As we emphasized earlier, it is possible theoretically to find the exact
arrangement (e.g., the distance between fibers, lens focal length, pixel
size, and wavelength) in which ��� is an integer. The performance
under this situation will be much better, since the quantized phase is
equal to the case of unquantized phase. Therefore, even with small
number of phase levels, we will get good results as long as we keep
the phase noise small enough.

However, this arrangement will be affected strongly by errors in the
fiber positions and will not support broadband light (as in the case of
wavelenght-division multiplexing), as these cases will result in nonin-
teger values for ���. To overcome this, one may choose from two rea-
sonable possibilities: using a high number of phase levels, or choose a
far-from-integer relation for ���.

Nevertheless, the importance of the aforementioned calculations is
in the ability to forecast the power coupling and the crosstalk in system
with the given parameters-pixel size, phase levels, and phase error.

A last point to note is that additional effects, that were not discussed
here, impact real devices. LCOS SLM will suffer mostly from the
fringe field effect between pixels, where MEMS modulator will have
lower fill factor, which will reduce the diffraction efficiency.

APPENDIX

POWER COUPLING STD CALCULATIONS

In this appendix, we evaluate �� ��, in order to find the standard de-
viation that equals to: ����� � � �� �� � �� ��.

For brevity, we define: �� � ���������
�� �	
��	�
���.

Hence,

� �
�
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���	�
���� (28)

And the power coupling efficiency will be
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Using this notation to describe �� � and ����������� yields
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A. Calculating the Expectation Value of � �

Substituting (29) in the expectation value of �� �� leads to
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In order to calculate the expectation value of ��	
��������
��������,
we should consider the different possible combinations of: �� �� �, and
�, taking into account that �� is an independent, identically distributed
Gaussian random variable. There are 15 different combinations of the
indices, depending whether the indexes are equal or not.
We demonstrate one case for an example:
For � �� �� � �� �� � �� �, we get
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In this case, for � �� �� � �� � we get
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Now, if � � �, the expectation value of the phase difference term is
unity; hence, we have
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(35)
In the same manner and with substitution of the result from (22) , we
get 15 different combinations that are defined by the following terms:
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Substitution of the results in the sum and combining similar terms, we
will get the following expression:
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B. Rewriting the Expression as Sum of Complete Series

In order to calculate �� �� explicitly, we should replace the partial
sums in (37) with a sum of complete series. As an example, the expres-
sion
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� will be written now as
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Using the same method for the rest of the expressions, (37) will now
take the form shown in (39) at the top of the page.

C. Calculating �� �� � �� ��

Taking the square of �� � (31) and subtracting from (39) yields (40),
shown at the top of the page.
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D. Simple Approximation of the Results

Careful examination of (40) shows that the term

� � � �
���

�

����
�

� is much more dominant than
the others, since only this term does not involve higher powers of
��. Moreover, all the other terms cancel each other when assuming
� � �. Equation (40) , therefore, can be reduced to
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where we used the equality
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