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Abstract

Optical Coherence Tomography (OCT) is a non-invasive diagnostic technique that renders an in vivo cross-sectional
view of the retina. OCT utilizes a concept known as interferometry to create a cross-sectional map of the retina that is
accurate to within at least 10-15 microns. Due to the transparency of the eye, OCT has gained wide popularity as an
ophthalmic diagnostic tool. The OCT pictures of the retina are classified into “AMD, CNV, DRUSEN, DMR, DR, MH,
CSR, and Normal Eye” using a lightweight deep neural network. There are two types of FD-OCT — swept-source OCT
(SS-OCT) and spectral-domain OCT (SD-OCT) — both of which acquire spectral interferograms which are then Fourier
transformed to obtain an axial scan of reflectance amplitude versus depth. Normal OCT features show a clear and defined
retinal structure. The random forest algorithm is a robust ML algorithm that can be used to classify OCT images into
four classes: choroidal neovascularization (CNV), deep margin elevation (DME), drusen, and normal. OCT (Optical
coherent tomography) is an imaging method used to generate a picture of the back of the eyes and retinas. By using an
interferometer, part of the light is directed to the sample and another portion is sent to a reference arm with a well-known
length. Interferometers merge two or more sources of light to create interference patterns. We split the light into two
beams that travel different optical paths and are combined to produce interference. Optical coherent tomography (OCT)
generates sub-surface images of translucent or opaque materials at a resolution equivalent to a low power microscope.
OCT build up clear 3D images of thick samples by rejecting background signals whilst collecting light directly reflected
from a surface of interest. OCT systems use broadband sources and split light in a fiber coupler, first on a direct reference
mirror, and as the sample is being measured. Balanced OCT systems can include additional attenuators at the detector

arm to improve the detection efficiency.

Index Terms: OCT, TD-OCT, FD-OCT, Balance OCT System, Unbalance OCT System, Attenuator, SNR, Mean Photo Current,
Beam Splitter Units, Mirror Reflectivity, Power Measure, and Aiming Source

1. Introduction

In this article, we discuss the optical coherent tomography
four optical couplers and attenuator balance system. Optical
coherence tomography (OCT) is a technique for obtaining sub —
surface images of translucent or opaque materials of a resolution
equivalent to a low — power microscope. Through the use of an
interferometer, part of the light is directed to the sample and
another portion is sent to a reference arm with a well-known
length. OCT is analogous to an ultra sound scan, using light
instead of sound waves. There are three main OCT technologies:
Time domain, Spectral domain and Swept source OCT. Time
domain OCT is a two-dimensional imaging method based on
low coherence interferometry that noninvasively produces cross
sectional retinal images. By using time domain OCT, we can
quantify the thickness of the retina and its different layers. The

spectral domain OCT (SD — OCT) is areliable, noninvasive, trans
pupillary technique that provides high-resolution cross-sectional
images of the retina and the optic nerve head by using a principle
analogous to B — scan ultrasound [1,2]. In time domain OCT, the
depth information of the retina is collected as a function of time
by moving the reference mirror. In contrast, the reference mirror
in spectral domain OCT is stationary. The light spectrum from
the interferometer is detected by a spectrometer. Time domain
OCT provides a large amount of data, but spectral domain affords
exponentially more data because of its dramatically decreased
acquisition times. Swept source OCT enables us to previously
visualize choroidal structure and produces a broad bandwidth
in an optical setup which helps to obtain the optical reflections
required for imaging the structure. A basic OCT system consists
of a simple Michelson interferometer in both a bulk optic or
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fiber optic version. The benefits of OCT systems come across
the fact that they use light waves to take cross-section pictures
of the retina. With OCT, our ophthalmologist can see each of
the retina's distinctive layers. This allows the ophthalmologist to
map and measure their thickness. These measurements help with
medical diagnosis.

2. OCT System Description, Coherence, Interference and
Noises

A basic OCT system consists of a simple Michelson
interferometer in both a bulk optic or fiber optic version. There
is source light (1) which is split in a fiber coupler. One part of
the light is directed at a reference mirror (2) and the other part
at the sample (3) being measured. The light reflected back from
the sample (4) and reference arm (5) then pass through the beam
splitter again (6) and is collected by the detector (Figure. 1).
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Figure 1: OCT Basic System Diagram

Signals are detected when the optical path length in the sample
and reference arm are within the coherence length of the source.
A difference in the refractive index in the sample causes light
to be reflected and the detector to detect the interference signal.
Moving the fiber over the sample in two transverse directions
produces a 3D image. The detector detects interference signals
if the difference in the refractive index in the sample causes light
to be reflected. In any OCT system noise is a crucial parameter
when designing the system to achieve high resolution and
large penetration depths. There are two types of OCT systems,
unbalanced and balanced systems. An unbalanced OCT system
contains a Michelson interferometer and the coherent part of
the power backscattered from the sample is impinging on the
detector. The balanced OCT system can be seen as an extension
of the unbalanced system. There is double detection due to two
more beam splitters. Balanced systems can have an additional
beam splitter for power [3,4]. In our OCT we are dealing
with the coherence properties of light. We consider light as

electromagnetic radiation E = Ege’™ " 1t is wave trains
with different lifetime, where the average lifetime is 7, (coherence
time). The wave trains are characterized by light production as
random processes with different phases. The source of light
produces light with frequencies @ within a specific frequency

2 .
Aa)z—”, where, Aw is the
%o

spectrum. Fourier domain gives

spectral line width. If our source is broadband then Aw value
big and the coherence time 7, is short. The coherence length (/)

for the wave train is defined as lt = ct,, where c is the speed of
the wave. Inserting the expression for coherence time 7, for the

_ A% \where v is the optical

coherence length gives /, :cii HAv=2
¢ ® r
frequency ;4 %= By using differential approximation
C

. Av v . .
A=d weget AL ~ A = 72 » Where A/ represents the linewidth

2
and / is the center wavelength (/ ~ % ). OCT systems include
A
an interferometer which merges, in our case, two sources of light
to create an interference signal. We know that a difference in
refractive index in the sample causes the light to reflect and the
detector detects an interference signal. We consider two sources

of light £, ( ) and E, (5, ) which are from the same source
and travel different paths. The beams meet at point P which
represents the detector. One beam travels an extra time 7 and the
field at point P (detector) is E@O=E (nn)+E(rt+).

For E,(r,t) = E,, """ and E,(r,t) = E, e/
we get EP (t) = EOle—iwt + Eoze—ia)(tw) forr=0 5 ¢ =0.

The Poynting vector (electric and magnetic fields at point P)
is §= SOCZE » X B,. The power unit area (irradiance) /, is
measured by a detector at P and it is a time average of S equals
1, = <| S |> = 5002 <| E,xB, |> . If fields E and B are orthogonal
then | £ |= ¢ | B |. This gives

Ip=eoc<|Ep |2>=500<EP-E;> (1)

1, =6c(|E [ +|E,[ +E,-E; +E,-E ) @)
The irradiances of the beams are /, and 7, then

I,=1,+1,+2Re(E () E;(t +7)) (3)

If the two beams have the same polarization the dot product
maximizes < E(t)-E(t+7))= <E1 (OE, (t+ T)> . We define
correlation function I' , (7) and a normalized correlation function
71, (@

* r
Fu(@)= <E1 (E,(t+ T)> s 1o (7) = () 4)
11,
Ip =1+1, +24111]2 Re[rlz([)] 5)

We define S(v) as a normalized power spectral density of the
light source and define the normalized correlation function

7,(T) asy,(r)= IS(v)e”z””dv. The complex degree of the
0
normalized correlation function y,, () is a Fourier transform of

the power spectrum. For power spectral densities (PSD) even
function of v - v, , we have complex coherence real valued

—i27vyT

factor 7,,(7) =7,,(7)e .
The power unit area (irradiance) /, can be expressed as

I,=1+1I,+2, |11, 7,,(z) cos(2mv,7)

The intensity /, varies sinusoidal with 7 (beam extra time
parameter) and is modulated by the envelope function y , a

(6)
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normalized correlation function. The envelope function y , is
determined by the Fourier transform of the spectrum. If we define
7, as a constant coherence time then for a harmonic wave with

T
frequency w, we get Rel7,,(7)] = (1 _r_) cos(w,7) for 7<7, and

the power unit area (irradiance) 1 is
T

1,=1+1, +2411, (l—T—)cos(a)Or) (7)
0

We define A/ as the difference in optical path lengths for the two
beams, k is the wavelength of the waves, then the wave number

is k, = 7 and T = A— [ is the coherence length (I, = 7 c).
C

The power unit area (irradiance) 1 is

Al
Ip =1+1,+211, (l—l—)COS(kOAl) 8)
t
For >, the interference term vanishes (random phase variations

cancel out) and the power unit area (irradiance) /, is I,= 21
k=1
Forl—?—l>0 exists ?—l <1= Al <] . It is the condition for

! t

observing interference fringes in the OCT system detector

. Al
unit (Al < 1). We define 7,,(7) =1—1— for constant coherence
t

time z,. Optical coherence tomography (OCT) is susceptible to
coherent noise. The speckle noise deteriorates the contrast and
fine structure of OCT images. It imposes significant limitations
on the diagnostic capability of OCT. The SNR in OCT systems
is defined as the ratio of the average signal intensity to the
standard deviation of the noise intensity. In our OCT system,

the measured signal contains noise ( ’”"‘”) If we define the
signal as current (/"“*) then /"* =] rea +1 ., 1" isthe
true signal and 7, is defined the noise signal as current. We
know that any constant property of noise in OCT systems does
not affect the qualitative property of the image. If we assume
the noise is random then the time average of the noise must be

zero (random noise signal) =0). We measure the noise in root
mean square standard deviation (c) or mean square variance

(6?). For OCT systems the noise current signal is 0' = <I > >

noise

We measure the noise N times in our OCT system noise.n 18

the n noise measurement then o; :—Z( woisen) - 10 Obtain
a good image of the object using our OCT system, high contrast
is needed to distinguish different features. If the optical path
difference (OPD) between the mirror and the object of interest
is zero then the OCT detection system generates a signal current
I [5,6]. If the optical path difference (OPD) increases above

5,m:

the coherent length (OPD >>l ) then the detector no longer

measures the true signal (/ 'e"l) but the noise o'l.2 inherent in

the system. We can achieve high contrast in our OCT system

if the signal current is dominant compared to the noise. The
2

1
definition of SNR in OCT systems is SNR=—-. The maximum

interference signal (/) indicates the location of the change

2
§,max

in the refractive index in the medium, SNR=—2* The SNR
2 G[

1
SNR=10log,,[5>]. The total OCT
o

i

expression in dB is

system detector photocurrent variance is a summation of three
2 2 2 2 2

1ndependent terms o.,0.,, 0, =0,+t0,+0,

where O'n,

and o2

re’ ex?

is the receiver noise, o-sh is the photon shot noise,

and 0., is the excess intensity noise. The detector signal
photocurrent (/) is the coherent part of the signal backscattered
from the sample and it is given by 7, = ZpJﬁ 71,(7) cos(2v,T)

, Where p is the detector responsivity, P is the power impinging
on the photodetector reflected from the mirror and P is the
coherent portion of the power incident on the photodetector
backscattered from the sample. The maximum function value
() 18 for = 0 then the maximum squared signal photocurrent
in a OCT system single detector is defined as / Zm =4p’PP. If
we use an OCT balanced system, for the balanced receiver the
total photocurrent is the sum of the photocurrent in each detector
and the maximum squared signal photocurrent is I’ =4p’P.P..
We define the OCT system receiver noise as the noise in the
detector. The receiver noise consists of shot noise, thermal noise,
amplifier noise and temperature noise. The shot noise is caused
by the background light and the dark current in the OCT system
detector. It is a small noise compared to other noises and can
be neglected. The thermal noise terms (O 51) come from the
random thermal motion of electrons in a conductor and it is

expressed as o, =4—

L/
T is the temperature in Kelvin, B is the detection bandwidth,
and R, -is the effective load resistance. The temperature noise

(ACDWP ) is produced by the random fluctuations in temperature
due to the statistical nature of heat transfer between the
OCT detector and its environment. The temperature noise
is expressed as the mean square radiant power fluctuations
A(I)femp =4k, T°KB ; K = 4¢0T ’ A, where ¢ is the permeability,
o is the Stefan — Boltzmann’s constant, and A4 is the OCT detector
_4RLG2kB(TA+TD)B,
o
where G is the gain of the amplifier, 7, is the amplifier noise
temperature, 7, is the noise temperature of the detector load
resistance. Photon shot noise is arising from the signal caused by
quantization of the light. The random arrival photons are
detected as noise (o,) and is expressed as o7, =2qgl, B, where
q is the electron charge ( ¢ 1.60217663 x 10 coulombs), /,
is the mean detector photocurrent and it is given by 7, = p(P,
+ P), p is the detector responsivity, P _is the power impinging
on the photodetector reflected from the mirror, P _is the power
of the incoherent light backscattered from the sample and
arriving the OCT detector. The excess intensity noise caused
from the time fluctuations of the intensity and is expressed

k;TB where k, is Boltzmann’s constant,

area. The amplifier noise is given by &2

amp

by ai_:(HVZ)IjEBAL, where V is the source degree of
v

polarization, Av is the effective linewidth of the source,
Aﬂ

% —2 Q) » where A4 is the FWHM (Full Width at Half
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Maximum) wavelength bandwidth of the spectrum. In the case
we don’t neglect the shot noise then we get the total photocurrent
variance which constructed from three elements: Receiver noise

2 . 2 . 2
(0..), photon shot noise (O ), and excess nois (O, ).
The outcome is the OCT detector total photocurrent variance

2 2, 2, 2 .
0, =0,1t0,+t0, . Itis also the OCT balanced system total

. 2 2 2 2
photocurrent variance (0; =0, +0,, +0, ).

3. OCT Unbalanced System

The unbalanced OCT system contains a Michelson interferometer
and the coherent part of the power backscattered from the sample
is impinging on the detector. Unbalanced OCT configurations
have optimized reference arm attenuation. The decision as to
which type of OCT system to use (unbalanced or balanced) is
dependent on the receiver noise, the fiber optic end reflection
R, and the power to the object. There are many parameters to
consider including the confocal optical sectioning interval of
the OCT system. The interferometer is implemented by a fiber
coupler whose operation is based on splitting an incident light
beam into two parts. Then, the beams are recombined together
to create an interference pattern which recovers information
about the inspected object. In Michelson interferometers the
reference beam is reflected by a fixed mirror, while the sensing
beam is reflected by a moving mirror. The interference pattern
enables recovery of the displacement of the mirror, as each

interference fringe corresponds to a % displacement, where

A is the wavelength of the used light source. The Michelson
interferometer is implemented in our OCT system by fiber
optic (FO) beam splitter/combiner. The coherent part of the
power backscattered from the tissue sample and impinging on
the detector is P, and given by P= P K (1-K)I', where K is
the splitting ratio and P _ is the power of light from the source
light. T is the reflection coefficient of the sample (fraction of
the backscattered light) and is coherent with the reference light.
The incoherent light part of the power backscattered from the
sample and arriving at the detector P_, P = P _K (1-K)I" Where
', is the reflection coefficient of the tissue sample (fraction of
backscattered light), and is incoherent with the reference light
[7,8]. The ongoing power in OCT systems after the fiber optic
beam splitter is presented in Fig. 2a and the back-power light
from the sample tissue after reflection back to the detector is
presented in Figure. 2b.

Light

PsoK [
Source Pso . Lsothh I
r\ — —
// M“\-\-‘\_/{\)
Sample
Detector Fiber optic R

Beam splitter

Mirror

Figure 2a: Ongoing Power in Oct System after Fiber Optic
Beam Splitter (Unbalanced System)
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Figure 2b: Back Power Light from the Sample Tissue after
Reflection and Back To the Detector

The light power from the reference arm (with mirror) is measured
at the detector, P, and is equal to P = P _ (1-K)KR, where R is the
mirror reflectivity. The light power split by the fiber optic beam
splitter to the reference arm (mirror) and back to the detector is
presented Figure. 2c.
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Light power from reference arm
{Mirror) and hack to the detector

Figure 2¢: Back Power Light from the Reference Arm (Mirror)
Split by FO and Detect By the Detector

Since the shot noise is &, =2¢l B, for our unbalanced OCT
system [, =p(P.+P), then Gth =2gp(P.+P)B. The

. . . . 2 2 2 :
excess intensity noise is o, =(+V")I; B ' The receiver
v

(detector) noise for an OCT unbalanced or balanced system
is afe = (3pA/\/E)zB, The optimal splitting ratio ( K ) is
% . then ﬂ:P I',(1-2K) and
| oK oK

K= 5 to maximize the power (P ). The power from the reference

achieved by derivative

arm (mirror), P, gives the same result. Both power from the
sample and reference pass the coupler once in each direction.

4. OCT Balanced System

The improved OCT systems are balanced systems which contain
additional elements. Namely, two more beam splitters for
double detection. The OCT system SNR value can be improved
by implementing a balanced detection scheme. It reduces any
common mode noise which originated from the reference and
sample arms. All OCT balanced systems beam splitters split
beams (laser beams) into two beams. They typically come in the
form of a reflective device which split beams into exactly 50/50,
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with half of the beam being transmitted through the splitter and
the other half reflected. The OCT balanced system includes three
beam splitters (K, , K, , and K ), optical isolator (device that
allows light to propagate through it in one direction only), end
mirror (R), sample, and two detectors (one with attenuator in
front). P_is the coherent part of the optical power backscattered
from the tissue sample and detected by the detector. The
expression for P is P = % P,K,(1-K,)T, where P is the power

of light from the source light and I, is the reflection coefficient

1
of the sample (coherent with the reference light). The ) number

comes from the fact that the beam splitter K, transfers only half
of the optical power to optical detector No.1 (Figure. 3a).

1Y2PuKe(1Ky) - [, ProKi(1 KI5

Fiber optic
Beam splitter

(] 50%
Detecto 2

4

DetectorNo.2  Attenuator

Fiber optic
Beam splitter

Optical
Isolstor

Figure 3a: Ongoing and back power light from the sample tissue
after reflection, detects by the detector No.1 (coherent part)

P_is the incoherent light part of the power backscattered from
the sample and arriving at the detector. The expression for

. 1
Pis p =5PmK1 (1-K)I', Where, so P is the power of light

from the source light and I is the reflection coefficient of the
tissue sample, incoherent with the reference light (Fig. 3b).

tght
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2P, oKy (1-Ks)o I PaorKell-Ka) T PoorKy Iy
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fiber opt
ienlnL ke
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Sam |,|L

R.-mm Ter
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Detactor Mo

Figure 3b: Ongoing and back power light from the sample tissue
after reflection, detects by the detector No.1 (incoherent part)

P _is the power from the reference arm (mirror) and it passes
through beam splitters K, and K, back to the detector through
beam splitter K, , R is the mirror reflectivity. The expression for

P is B = %Ps‘,(lle)Kz(l7K2)R(figure 3c¢).

Pao . |
= at Puar(1-Ky)-K;

6 f R
Sampe  p,(1.Ky) !

1/2-Pcr| 1-Ka) K (1K} R
Mo ATERG

Figure 3c: Back power light from the reference arm (mirror)
pass two beam splitters and detect by the detector

Page[1-Ka)-Ka [1-Ka) R

We use an optical isolator between beam splitters K, and K, to
avoid power back from the mirror arriving at beam splitter K,
which would cause additional shot and beat noises. The pre-
factor 50% is the splitting ratio K, and is chosen to assure that
the noise intensity is suppressed. The shot noise in our system is

o, =4ql,B=4q9p(P.+P)B ;1, = p(P.+P) ©9)

O-vzh =2qp(l—Kl)Ro[K2(l—K2)R+KIFX]B (10)
The beat noise in our system is
oL =8(1+ V) p P B— (in
Av
Loy

o =2(1+V)p’P.(1-K,)’K,K,(1-K,)RT B ~

Beat noise is a spontaneous signal emission and it is generated
by mixing between the optical signal and ASE noise. Amplified
Spontaneous Emission (ASE) produced by spontaneous emission
that has been optically amplified by the process of stimulated
emission in a gain medium. It is inherent in the field of random
processes. There is attenuation in OCT systems, which is related
to the absorption by the tissue. Attenuation decreases the signal
intensity when passing through the tissue due to absorption by
the tissue [9,10]. The attenuation determines the penetration
depth of the optical signal into the tissue. High attenuation
tissues have very low penetration depth and poor visibility of
deeper structures.

The optical signal passes the attenuator before arriving at
optical detector No.2. It can improve the detection efficiency;
the common-mode rejection is maximized when the power
in the reference input of the detector is two times that in the
signal input. P, is the input optical power to the attenuator
and P is the output optical power of the attenuator. The ratio

pin . . .
& =" P> DPou- & is defined as the ratio of the power of

out

two signals in P, and out P . The attenuation in dB is 4

(dB) = 10log,, (¢) . The Attenuation factor (AF) is defined as

1
AF=— and 0<AF<I. By adding an attenuator to our system
the plé)to current (/) is replaced by

I, =2(1+d)p\[B. B 7,5 () cos(27v,7) (13)
I, =(1+d)pP, (1=K )JK K, (1-K,)T R (14

712(7) cos(27v,7)

Where d is the attenuation factor, the maximum squared
value for photocurrent is 17, =4(1+d)’p’PP.. We know

§,max

that the condition for observmg interference fringes in the
. Al
OCT system detector unit(Al </), where 712(1):1—7 and

the
accepter

for photocurrent is

The shot noise

maximum squared value
for Al </, theny,,(7) ~1.
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is 07, =(+d)2qp(R+P)B .

1
oL =(+d)2(1+V*)p’P.P.B - Another type of balanced

beat noise is

system has four beam splitters which entails an additional loss of
power. We have the benefit that the length of the reference and
sample arms is the same. The sample arm focuses into the tissue
being observed, and the reference arm reflects back from a flat
optical mirror. We take the beam splitter coefficient K, as 50% in
our four beam splitters architecture. The coherent part of optical
power backscattered from the tissue sample and detected by the

1
detector is P_and equal to P, = 5 P, K.K,(1-K,)I'; (Figure 4a).

Prorky Ky T{1- o)
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DetectorNo.1 K
+
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2 — Filss optic
— Baam splitter

e Attermator

Figure 4a: Ongoing and back power light from the sample tissue
after reflection, detects by the detector No.l1 (coherent part),
OCT balanced system with four beam splitters and attenuator.

The incoherent part of optical power backscattered from the
tissue sample and detected by the detector is P_and equal to

1
P = ER,,K1K2(1 —K,)I", (Figure 4b).

/2Py KKy Te(1- K3

DeftectorMo.Z  Attesmator

Figure 4b: Ongoing and back power light from the sample tissue
after reflection, detects by the detector No.1 (incoherent part),
OCT balanced system with four beam splitters and attenuator.

The back-power light from the reference arm (mirror) is first
transmitted from the source (P, ), passing the first beam splitter
(K)), then the third beam splitter (K,), and back to fourth beam
splitter (K ,= 50%), before detection by the photodetector. The
power from the reference arm (mirror) which heats the detector

1

isP, P :EPSO(l—Kl)IQR(l— K,) (Figure. 4c).

V2P (1K) Ky Re(1- Ky)

50%
| vetectormoa W
—C-\ son [ -

Figure 4c: Back power light from the reference arm (mirror)
pass two beam splitters and detect by the detector, OCT balanced
system with four beam splitters and attenuator.

5.0CT Balanced System Four Beam Splitters and Attenuator
Numerical Simulation

The OCT balanced system is constructed from light source power
(P,), sample tissue, four beam splitters (K, , K, , K,, and K),
attenuator, aiming source unit, mirror (R), two power measure
units, and two detectors. The light source is SuperLum with
optical bandwidth equal to 60 nm (AA=60x 10°m). SuperLum
is a powerful light source based on a super luminescent diode
(SLD). SLD is a semiconductor emitter combining the high
brightness of laser diodes with a broad spectrum of LEDs. SLD
light sources can fit many applications based on low coherence
measurements, spectroscopy, low speckle illumination, and
others[11,12]. The optical detector electrical detection bandwidth
is equal to 10 kHz (b =10 x 103 Hz ). The optical detector
electrical detection bandwidth (b) is a measure of how fast the
photodetector can respond to a series of incident light pulses. The
enhanced intensity noise spectrum from the receiver electrical
bandwidth is the cause of system performance degradation. We
analyzed our system for different degree of polarization of the
source. The noise is measured for 7, varying from 0 to 100 uA in
steps of 0.5uA. The m define the type of couplers/splitter where
used m/(100-m) couplers/splitter, and in our case is equal to

50%. For a 50/50 coupler we get I =1 = %-Idg - The attenuator

before the optical detector has attenuation of 6 dB, the optical
power attenuation 4 (dB) is equal to 4 (dB) = 10log,

attn

P P . .
(=), where& = PS » P_is attenuator unit input power and P,
d d
is attenuator unit output power P, > P . The attenuator factor

(AF) is defined as AF = i = l ,» equal for 6dB attenuation
s
to 0.2512 (d=0.2512). The detector responsivity ( p ) is taken as
one (p =1). The detector responsivity is a measure of input/output
gain of the detector in a Fiber optic (FO) system, and is a measure
of photocurrent responsivity per incident unit of optical power [A/
watt]. Commercial manufactures of optical detectors give plots of
detector responsivity as a function of wavelength. The estimated
impedance factor (converting system current to voltage) is taken
as 0.035 V/A. The noise of /,, (mean detector photocurrent) is
calculated and equal to 6 dB (0.2512) attenuation in our OCT
balanced system and is equal to 0'1.2 = O'fe +O'szh -I-O':X ; O-ezx = O'[i,

which is a summation of three ormg o2 (receiver noise) ol
> sh

(photon shot noise) and O-li (beat noise)r.e The related equations
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are 0. =(03pAd/NHz)’b where 3pA/~NHz =3x107"7,
b is electrical detection bandwidth ( & =10 kHz ), p =1A/

watt, ¢ = 1.6 10" coulomb, oo, =(1+d)2qp(I +1)b,
1
oy =4(1+d)(1+ VZ)PZIVbeA_V The amplification of our

system affects the final noise, for amplification of 0dB, 5dB,
10dB, 15dB, 20dB, and 25dB, the calculated noise is multiplied

Aamp-factor
[ 1
by the appropriate amplification 4, ., =10 1°

. The

calculated noise is also multiplied by the impedance factor (0.035
V/A) [13,14]. For our OCT balanced system four beam splitter
and attenuator, plots of noise as a function of Idc (unpolarized),
at amplifications of 0dB, 5dB, and 10dB are presented (Fig. 5a).

x107
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5dB
10dB
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-6
|dc [10°A]

Figure Sa: OCT balanced system four beam splitter and
attenuator noise as a function of Idc (unpolarized), amplification
0dB, 5dB, and 10dB

For our OCT balanced system four beam splitter and attenuator,
plots of noise as a function of I, (unpolarized), at amplifications
of 15dB, 20dB, and 25dB are presented (5b).

X107
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Figure Sb: OCT balanced system four beam splitter and
attenuator Noise vs [, (unpolarized), amplification 15dB, 20dB,
and 25dB

The OCT balanced system four beam splitter and attenuator
Noise vs I, (polarized), amplification 0dB, 5dB, and 10dB is
presented (Fig. 5¢).
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Figure Sc: OCT balanced system four beam splitter and
attenuator noise as a fucntion of I, (polarized), amplification
0dB, 5dB, and 10dB

For our OCT balanced system four beam splitter and attenuator,
plots of noise as a function of I (polarized), at amplifications of
15dB, 20dB, and 25dB are presented (Fig. 5d).
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Figure S5d: OCT balanced system four beam splitter and
attenuator noise as a function of I, (polarized), amplification
15dB, 20dB,and 25dB

We plot the function (SNR vs [, ) for our four splitter OCT
system, with 6dB attenuation, amplification values are 0 dB,
10 dB, and 20 dB. It is achieved by using (1) pure theoretical
formulas, (2) theoretical calculated 7 with typical noise values,
and (3) by using only typical noise values. It is performed for an
unpolarized light source v = 0 and polarized light source v = 1.
First we choose the attenuation of our system as 6 dB (0.02512)
and then set the parameters to fit a 3™ order polynomial (three
amplifications, 0 dB, 10 dB, and 20 dB). The SNR as a function
of 7, is plotted where the light source power ( P ) is set from
the initial value P to a final value of 100- P . The initial
value of the light source power is 9.4 x 10 watt (P, =~ 9.4 x

init
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10). The receiver responsivity is equal to one (p =1), the beam
splitters parameters have lower value ( K, =0.3, K, =0.3, K, =
0.3, and K, = 0.5). The estimated sample reflection coefficients
areI’ =0.8and ', = 0.8 [15,16]. The mirror reflectivity is 0.6
(R=0.6). The FWHM wavelength bandwidth of the source is
62 x 10° m (AA=62nm). The optical bandwidth of the source
is calculated by using the optical bandwidth of the source is

calculated by using the formula Av = cA—/1 T

A2 \[2-log(2)
A is the light source wavelength and it equals 1545 nm (1545
x10° m ), c is the speed of light in a vacuum, and AV is the
optical bandwidth of the light source. The electrical detection
bandwidth is equal to 30 kHz ( b = 30 x 10° Hz ). The receiver
noise is set to the level of noise equivalent power (NEP) and
is equal to 3 x 102 . The calculated system parameters for
different values of light source power P_are P,, P ,and P_.
The estimated impedance for converting current to voltage ( /
— V) in the optical detector is 0.0467 x 10 V/A. The detector
responsivity ( p ) is equal to one. In our theoretical calculations
of I, , we define the level of /, = 65 uA as there is no typical
data above that value, then turn the domain light source power
( P,) down. The OCT balanced system four beam splitter and
attenuator, plot of SNR as a function of /,, for unpolarized light
source v = 0 is presented (Figure 6a).

, where

90 -
80 -
70

60 -

SNR(dB]
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| Purely theoretical
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a0
— © — Typical values(dB amp.)

"
[
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b
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Theoretical signal, Typical noise (20dB amp.)
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Figure 6a: OCT balanced system four beam splitter and
attenuator SNR as a function of dc I for unpolarized light source
(v=0)

The OCT balanced system, four beam splitter and attenuator
SNR as a function /, for a polarized light source v = 1 is also
presented (Figure 6b).
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Figure 6b: OCT balanced system four beam splitter and
attenuator SNR as a function of /,, for a polarized light source

(v=1)

Our OCT balanced system includes four beam splitters, with
attenuator, beam splitters (coupling splitting ratio coefficients
(K, K,, K,, and K, (K,=0.5)), sample and mirror. We plot the
graph of SNR (dB) vs splitting ration K, for different values

A A
of NEP [
JHz

JHz

I, noise equivalent power (3x107"

E

3x107" ,and 3x107! A ). The system attenuation is
Hz Hz
6 dB (0.2512), and the detector responsivity is one (p =1 % ).

The light source power is 0.ImW ( p = 1x10* ). We
calculate the maximum SNR value and the optimal K1 beam
splitter value. The mirror reflectivity is set to 0.3 ( R = 0.3).
The optimal splitting ratio K, is determined by o which
approximated by NEP value. The graphs are plotted for three

cases, (1) I =1x107°, I =001, I' <I'_ (@
I' =001, T, =1x107°, I)>I ,and(3) T, =1x107°

I = 1x107, I'. <I'"_. Couplers splitting ratio is set to 0.3
(K,=0.3, K=0.3). The FWHM bandwidth of the light source
is set to 62nm (AA = 62x10° m) which fit SuperLum source.
The optical bandwidth of the light source ( Av ) expression is
AL T
Avse =5 [————
A 2-log(2)
vacuum, AL is the FWHM wavelength bandwidth of the source
(AL = 62 nm), and 4 is the light source wavelength (AL = 1545
nm) [17,18]. The electrical detection bandwidth is 10 kHz (b=
10 x10° Hz. The polarization coefficient of the light source is
set to zero (v = 0 ), unpolarized. The K, beam splitter value is
changed from 1% to 99% and we calculate parameters P, P, P,
and I_ for each specific value of X . I, value, noise, and SNR are
calculated for each K| beam splitter. We create a linearly spaced
vector of splitting factor K|, the row vector K, of 99 points
linearly spaced between 0.01 to 99, including 0.01 and 99. We
get the maximum SNR value and the optimal K1 value for three
cases. (1) Fs =1x 10_6, l—‘x =(0.01, SNRmax =48.8269 and
K1_opt = 83 (Figure. 7a) (2) I' =0.01 , T'_= 1x10°%, SNR__ =
91.4207 and K1_opt = 92 (Figure. 7b), and (3) I' = 1x10° , T,
1x10%, SNRmax = 51.0380 and K1_opt = 91 (Figure. 7¢). The
expressions for noise and SNR as a function of K, are noise

> where ¢ is the speed of light in

(K,)=2ql, b+2(1+d)*(1+v*)p*PP, ~Ai+ (NEPY'b  (15)
\%

SNR(K, ) = 10-log, [—= &) (16)
noise(X,)

35 -
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ol \
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Figure 7a: OCT balanced system four beam splitter and
Attenuator SNR (dB) as a function of splitting ratio K, for
I, =1x10°, T, =0.01.
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Figure 7b: OCT balanced system four beam splitter and
Attenuator SNR (dB) as a function of splitting ratio K| for I' =
0.01,T = 1x10°
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Figure 7c: OCT balanced system four beam splitter and
Attenuator SNR (dB) as a function of splitting ratio K| for I' =
1x10°,T = 1x107

We plot 3D graphs of SNR as a function of mirror reflectivity
(R) and K1 splitting ratio for our OCT balanced system with
four splitters and attenuator.. The overall system parameters

are as follow: d=0.1 (10 dB) attenuator, detector
responsivity ( o = 0.1), light source power P =10 mW

(10x107 W), noise  equivalent power  (NEP)

is3x10™" i , reflection
VHz

coefficients ", =0.0001 ; I"_=0.01, couplers splitting

ratio K, =0.5, K, =0.9, FWHM wavelength bandwidth of

the source Al=62nm (62x10”° m). The optical

bandwidth of the source Avis calculated by the

formula Ay :C.A_f. T

A 2-log(2)
vacuum, A is the light source wavelength A =1345 nm. The
electrical detection bandwidth is b = 30 kHz (30x10° m).

The polarization coefficient is set to zero (v=0), un

, Cis the speed of light in

polarized. We change R and K| values between 1% and 99%,
and calculate the system parameters P, P., P, [ (R,K)),
1, , noise, and SNR(R, K)), (Fig. 8a). We calculate the

maximum SNR value and the optimal Rand K, values

(SNR,,, =69.18 dB. K, =86, and R, =99)
[19][20].
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Figure 8a: OCT balanced system four beam splitter and
Attenuator SNR (dB) as a function of splitting ratio K, and
mirror reflectivity R for I' = 0.0001; " = 0.01

We get our OCT balanced system four beam splitter and
Attenuator, SNR (dB) as a function of splitting ratios K;, K,

forI", =0.0001 ; I"_=0.01,
R=70%,p=0.1,d=0.1 b=30kHz, ratios K, , K,
is changed between 1% to 99%, v=0, andK; =0.5,

AA=62nm , andK; =0.5,

A
NEP =0.013x107"* —,
JHz

P, =10 mW (Fig. 8b), (SNR, , =69.25dB,
Klfopt =50, and K270pt =89).
65
50 -
& y
Bl M
w so Y
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a0 -4
ia ’\\\/\ Vi e =3
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— 0.6
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Figure 8b: OCT balanced system four beam splitter and
Attenuator SNR (dB) as a function of splitting ratio K and K,
mirror reflectivity R for I' = 0.0001; ' = 0.01

We get our OCT balanced system with four beam splitter and
Attenuator, SNR (dB) as a function of splitting ratios K;, K3

forI", =0.0001 ; I", =0.01,R=70%,p=0.1,
b =30 kHz, ratios K , K; is changed between 1% to 99%,

v=0, andK, =0.5,NEP=0.013x10™ A a=o1,

Hz
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AA =62 nm , and P, =10 mW (Fig. 8c),
(SNR,, =6925dB, K _ opt =50, andK; ot =89)
[21]122].

Klu |1 1|\)| DII'\ !‘mm m"\

Splitting ratio K3

Splitting ratio K1

Figure 8c: OCT balanced system four beam splitter and
Attenuator SNR (dB) as a function of splitting ratio X, and K
forI" =0.0001; " =0.01

We get our OCT balanced system four beam splitter and
attenuator SNR (dB) as a function of splitting ratios K, , R for

I' =0.1;I"_=0.00001, p=0.1,d=0.1, »=30 kHz,
ratios K; , R is changed between 1% to 99%, v=0,

K,=05, K;=0.9,NEP=3x10" A , AA=62nm,
JHz
P, =10mW (Fig. 8d), (SNR, =107.49dB, K,_,, =99,
andR,, =99).
Reflectivity R e Splitting ratio K1

Figure 8d: OCT balanced system four beam splitter and
Attenuator SNR (dB) as a function of splitting ratio K, and
mirror reflectivity R for I' =0.01; " = 0.0001

We get our OCT balanced system four beam splitter and
attenuator SNR (dB) as a function of splitting ratios K, , R for

', =0.0001;T,=001,p=1,d=0353, b=10 kHz,

ratios K, , R is changed between 1% to 99%, v=0,

K,=0.5, K;=0.5,NEP=3x10" i AA =62 nm,
vJHz

P,=1mW (Fig. 8¢), (SNR_ =73.08dB, K,_,, =86,

and Ropt =99).

SNR (dB]

Reflectivity R Splitting ratio K1

Figure 8e: OCT balanced system four beam splitter and
Attenuator SNR (dB) as a function of splitting ratio K, and mirror
reflectivity R for I' = 0.0001; I' = 0.01 (R) and coupling ratios
(K, K,, K,, and K, ) shows optimum SNR value for specific
parameters values.

6. Discussion

OCT main strength consists of the real-time three-dimensional
visualization of tissue structure and function without the
necessity for a sample biopsy. High resolution, fast image
acquisition, improved image quality, artifact reduction, and
versatility have made OCT an innovative imaging device over
time. SD OCT Offers True Advantages; the technology is the
speed of data acquisition, which facilitates an increased number
of lines that scan the retina. The major advantage of OCT
over the ophthalmoscopic examination in vitreoretinal disease
management is the ability to determine three-dimensional
relationships between the vitreous, the retina, and extra retinal
membranes. Because OCT utilizes light waves (unlike ultrasound
which uses sound waves) media opacities can interfere with
optimal imaging. As a result, the OCT will be limited in the
setting of vitreous hemorrhage, dense cataracts, or corneal
opacities. There are two main inter ferometrics which relate
to OCT systems, one is Time domain (TD-OCT) and Fourier
domain (FD-OCT). Additionally we can use swept source OCT
the depth profile through spectral information [23, 24]. OCT
systems can be recorded by Rx unit (detector) and it happens
during a complete travel of the reference mirror. It is a depth
scan. The OTC image is constructed by translating the sample
beam across the sample surface. Then, a scan is recorded at each
position of the beam. The optical beam splitter (OCT system)
splits light into two paths (reference and sample arms) then it
reflects and combines at the detector point. There are polarized
beam splitters and non — polarizing beam splitters. Beam splitters
can operate properly only with a finite number of incident angles.
Usually, a non — polarizing beam splitter will split the beam in
a 50/50 ratio. Non — polarizing beam splitters divide light by
wavelength while a polarizing beam splitter splits the incident
beam into two separate beams of different linear polarization.
When inspecting OCT imaging in terms of living tissues, there
are two basic optical properties: scattering and absorption which
are characterized by absorption and scattering coefficients. The
echoes of light from the tissue and reference arm are combined
at the fiber coupler. The limitation we face in OCT systems are
related mainly to the tissue penetration depth. In OCT systems
it is beneficial to use SuperLum SLD, Super luminescent diodes
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as light source (good resolution and no side lobs). We are
interested mainly on OCT system SNR as a function of mean
photocurrent in the detector. The SNR is estimated in an OCT
balanced system and it is dependent on coupling ratios (K|, K,
K., and K, ), four optical couplers. There are optimal values of
coupling ratio for maximum value of SNR. The OCT balanced
system splitting ratio of (x/y) can be different than 50/50 which
gives improved SNR value. The OCT system noise is dominant
for low light power intensities (no amplification) and it is high
at high amplification. OCT balanced system four splitters and
attenuator, the SNR for different values of mirror reflection (R)
and coupling ratios ( K|, K, K, and K, )shows optimum SNR
value for specific parameters values.

7. Conclusion

The choice of a balanced optical coherence tomography (OCT)
configuration versus an unbalanced OCT configuration with
optimized reference-arm attenuation is a critical decision when
we want to use OCT system and part of that is the number of
optical couplers in the system. The choice depends on the receiver
noise, the fiber-end reflection R, and the power to the object.
OCT is used to investigate biological tissue an equivalent R’ can
be evaluated as the compound reflected light from tissue. An
additional parameter has to be considered, the confocal optical
sectioning interval of the OCT system. OCT system SNR gives
a measure of the contrast attainable with a given system. The
operational OCT system will be used to image actual biological
samples. Images are recorded with different sources and different
system designs to examine the influence of the system on the
finished results. The investigation of OCT system involved OCT
system coherence inspection, interference and noises [25]. The
OCT unbalanced system has a few topological structures which
are differentiated by the number of fiber optic beam splitter units
and optical isolators. Mirrors and power measure units are also
important units in our OCT system. The beam splitter parameter
value is very important for the OCT system dynamical behavior.
The OCT system balanced system is targeted to different medical
tasks and inspection of SNR behavior for different values of
beam units splitting ratios and mirror reflectivity is important.
The OCT success and there is rapid transition from research
into clinical setting for both OCT unbalanced system and OCT
balanced system. OCT had demonstrated the ability to render
images with high resolution. The OCT imaging light influence
level is low enough so it used in sensitive tissue locales. The
OCT imaging method is render depth — resolved structural
images of the target. The tissue structural arrangement through
birefringence OCT and the spatial distribution of specific
contrast agents is done through molecular contrast OCT. We can
detect glaucoma by using optical coherence tomography (OCT)
and making routine clinical decisions. The fact is that OCT has
significant improvements in image quality, speed and resolution,
and it is essential diagnostic tool for various ocular pathologies.
The different types of OCT technology able us to implement it
to wide medical cases and technological aspects.
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