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Abstract  Significant progress has been made in the study
of optical coherence tomography (OCT) — a non-inva-
sive, high resolution, and in vivo diagnostic method for
medical imaging applications. In this paper, the principles
of noise analyses for OCT systems have been described.
Comparisons are made of signal-to-noise ratios for both
balanced and unbalanced detection schemes under the
ideal no-stray light situation as well as the non-ideal situ-
ation where residual reflections and scatterings are pre-
sented. Numerical examples of noise calculation accom-
panied by detailed comparison of the main characteristics
of both time-domain and frequency-domain OCT systems
are also presented. It is shown that a larger dynamic range
can be achieved for a Fourier-domain OCT system even
under the circumstances of high-speed image acquisition.
The main results presented in this paper should be useful
for the development of high performance OCT systems.

Keywords optical coherence tomography (OCT), noise
analyses, sensitivity, signal-to-noise ratio (SNR)

1 Introduction

As an advanced high precision medical imaging method,
optical coherence tomography (OCT) is the latest
development of the technologies in optical tomography
[1-3]. By making use of the low coherence of a broadband
light source, OCT detects the scattered light originated at
different depths of a biological tissue, and from these sig-
nals of different depth, topographical image information
of the sample of interest is obtained and rendered. OCT is
capable of accurately mapping out the size, shape, and
location of the area of plausible pathological changes.
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Different from traditional ultrasonic technology and com-
puter tomography (CT), OCT has the great advantage of
higher spatial resolution and greater detection sensitivity.
The resolution of an OCT system can be close to that of
the commonly used biopsy method. Compared with the
various diagnostic approaches used in tissue pathology,
OCT is advanced in its employment of non-contact and
compact detection head so that it can be used for in vivo
and non-invasive diagnoses, and in some cases to replace
the biopsy of living organisms. All these important fea-
tures make it possible for OCT to be adopted in many
areas where the means of tissue pathology cannot be easily
applied such as inspection of blood vessels, in situ mon-
itoring of micro surgery and its recovering process, etc.
Therefore, OCT is also called optical biopsy. It is believed
that OCT may play a significant role in the future in re-
ducing or avoiding the false negative results of diagnoses
of cancers.

A typical OCT system normally includes a broadband
light source, an optical Michelson interferometer, an
optical beam scanning unit, a weak signal collection cir-
cuit, and certain image processing and display software.
With the continuous development of OCT technologies,
various OCT systems tailored for a specific functionality
have been developed, such as polarization-sensitive OCT
[4,5], Doppler OCT [6,7], differential absorption OCT [8],
Fourier-domain OCT [9], etc. All these OCT systems may
be classified into two main categories, namely, time-
domain OCT (TD-OCT) and frequency-domain OCT
(FD-OCT). For the time-domain OCT, the longitudinal
scan or A-scan is realized through the fast variation of an
optical delay line [10], whereas for the frequency-domain
OCT, the depth information is obtained through meas-
uring the optical spectrum of interference signal and per-
forming the fast Fourier transform, with no direct A-scan
being involved [11,12].

Presently, how to increase the detection depth, how to
raise the detection speed and how to improve the signal to
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noise ratio represent three key areas in studies of OCT
technologies. These subjects are actually not independent.
For example, the maximum detection depth is related to
the dynamic range, and the dynamic range is linked to the
detection speed and the system noise. Because in almost
all OCT systems detection of very weak signal from back-
ward scattering is involved and every part in an OCT
instrument may severely affect the noise performance of
the entire system, it is critical to carefully examine the
characteristics of various noises in OCT detection in order
to obtain high quality tomographic images.

In this paper, the system noise presented in OCT sys-
tems shall be systematically described and analyzed, with
a goal of designing and developing a high-performance,
practical OCT instrument. We present the basic principles
of noise calculations, comparison of noise characteristics
and the corresponding calculation formulae for both ideal
(without stray light) and non-ideal (with stray light),
balanced and unbalanced detection schemes, and show
the calculated results of typical noise and sensitivity of
both time-domain and frequency-domain OCT systems
under the shot noise limit.

2 Noise of OCT systems

As the longitudinal coherence gating signal of an OCT
system is obtained from a two-beam optical interference
setup, such as the Michelson interferometer, the signal, Ip,
detected by the photoelectric detector follows the typical
principle of two-wave interference, namely

Ip(Al) =Ig+1IR+2v Iis“L'SR(AI)‘ COS(k0A1+ OCSR), (1)

where, A/ is the optical path difference between the signal
beam coming from the sample and the reference beam
reflected by a mirror; Is, Ix are the respective optical
intensities of these two beams; tgr(A/) is the normalized
complex cross-correlation function of the two beams; k) is
the wave number, and agr is the initial constant phase
difference between the two beams. What detected in

OCT systems are the magnitudes of 2(ISIR)1/ ?|tsr (0)]
associated with different sample depths. If the scattering
process inside a sample is completely linear, and no spec-
tral modulation exists on the incident beam, tgr(A/) will
be the first-order auto-correlation function or Fourier
transform (FT) of the spectral density of the light source.
In general, light scattering in OCT systems is a linear
process with a certain amount of spectral-modulation,
which means that the interference signal will be the con-
volution between the auto-correlation function of the
light source and the impulse response of the biological
sample [3].

|[tsr(Al)| may be regarded as the longitudinal point
spread function of an OCT imaging system, which deter-
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mines the longitudinal resolution of the OCT system. The
lateral resolution of an OCT system is related to the wave-
length of the light source and the effective numerical aper-
ture (NA) or the degree of light convergence on the
sample. By laterally scanning the light beam in parallel
to the sample surface, or translating the sample in ref-
erence with the detection beam, a two-dimensional tran-
sect image of the sample can be obtained. Similar to the
weak signal detection technique of electronics based on
the heterodyne detection scheme, an OCT system may be
taken as an optical heterodyne detection system where the
reference beam plays the role of a local oscillator.
Therefore, some important characteristics of the conven-
tional heterodyne detection technique, such as anti-inter-
ference, high sensitivity, etc., will also apply to OCT
systems.

The signal-to-noise ratio (SNR) of an OCT system can
be defined in two different ways. One definition is the
square of the ratio of iy to oj:

SNR;=(@)2, 2)

Oj

where i, is the detected signal current after the photo-
electric transformation; o; is the statistical deviation or
the root mean square (RMS) of the background noise
current without the presence of any signal. The other def-
inition of SNR is the ratio of 100% back-scattering rate
from a perfectly reflecting sample to the minimum scatter-
ing rate that is just detectable [3], i.e.,

SNR— (3)

min

where the minimum scattering rate relates to the situation
that the signal power of sample scattering equals to the
noise power of the system. It is worthwhile to point out
that, in practice, either Eq. (2) or Eq. (3) is given in the
form of a logarithm, namely, SNR=101g(i,/0;)* or SNR =
101g(1/Ryin)- If SNR is equal to 100 dB, it means that the
dynamic range of the optical power is 1 x 10'°, but the
dynamic range of the current is 1 x 10°.

From Eq. (1), the peak value of photoelectric current
generated by the interference term can be expressed by

. e
lgz;l/l—vox/zpkps, (4)

where 7 is the quantum efficiency of the detector, e is the
electronic charge, / is the Planck’s constant, v, is the mean
frequency of the incident light, Pr, Pg are the optical
powers detected by the photoelectric detector respectively
from the reference arm and sample arm, which are also the
corresponding integrations of Iy, I given by Eq. (1) over
the sensitive area of the detector. The statistical deviation
or the RMS of the noise current, g;, can be generally
described by



Analyses and calculations of noise in optical coherence tomography systems

a? =<Ai?y
=(AB Y+ AR+ ALY+ (AR, (5)
where the shot noise, <Ai52h>, the excess intensity noise,

(A >, the thermal noise, (Ai2,», and the flicker noise,
{Ai*y, are respectively determined by

(Ai%>=2e(i>B, (6)
ay= 2D @
aiy= 2tk Q
@y ;. 9)

In the above expressions, the brackets denote the
ensemble average, {i) is the average photocurrent of the
detector, B is the electrical bandwidth of the detection
system, V is the polarization ratio of the light source, Av
is the frequency full-width at half-maximum (FWHM) of
the light source, kg is the Boltzmann’s constant, 7 is the
absolute temperature, Ry is the equivalent load resistance
of the detection circuit.

Shot noise or quantum noise originates from the ran-
dom arrival of photons at the photodetector, correspond-
ing to the quantum fluctuation. The excess intensity noise
is due to the instability of the incident light associated with
the random summation of different frequency compo-
nents of the broadband light source. The excess intensity
noise is also called the random beat frequency noise. In
deriving Eq. (7), it is assumed that the spectrum of the
light source has a Gaussian profile. For other spectral
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distributions, 3Av/2 in Eq. (7) should be replaced by an
effective frequency bandwidth [3]. Thermal noise, or
receiver noise, comes from the random thermal motion
of electrons inside a medium when there is no incident
light. Flicker noise represents the noise caused by the ran-
dom variation of the environment, which in general
decays rapidly as frequency increases, following the rule
of 1/f. For OCT systems, the interference signal term has
a relatively high carrier frequency (often larger than sev-
eral kHz), and therefore the flicker noise can be ignored.

Substituting Egs. (4)—(8) into Eq. (2), assuming o=
nel(hvg) and <{i) is mainly from the reference light, so that
iy = nePr/(hvy), we obtain

OCZPRPS

SNR = . TV . (10)
(—2 BT+eacPR+—( - )(a R) )B

RL 3Av

3 Time-domain and frequency-domain OCT
systems

The schematics of the time-domain and the spectral-
domain OCT systems are shown in Figs. 1(a) and 1(b)
respectively. For time-domain OCT systems, the length
of the reference arm is varied rapidly in order to detect
the signal from different depths of the sample. In this case,
Ip in Eq. (1) will be a function of time. With V' represent-
ing the scanning speed of the group delay in the reference
arm, we have A/ =2Vyt. By substituting A/ into Eq. (1),
we obtain that the carrier frequency of a time-domain
OCT system f is equal to 2Vr/Ay, where /g is the center
wavelength of the light source. Apparently, the signal fre-
quency bandwidth Afis given by Af = 2VR A lg*+ 2AVR/
Jo. If VR is a constant, we obtain Aflfy = A/ .
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Schematics of optical layouts. (a) Time-domain OCT systems; (b) frequency-domain OCT systems
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For spectral-domain OCT systems, the spectrum of the
interference signal is measured directly, and the informa-
tion of different depths of the sample is derived by per-
forming an inverse fast Fourier transform (IFFT) of the
measured spectrum. In this case, without the reference
arm constantly scanning back and forth, the spectral
interferogram intensity is the result of interference
between the scattering light from different depths of the
sample and the reference light. The principle of the spec-
tral-domain OCT is equivalent to a reversed process of a
Fourier transform spectrometer, namely, the wave num-
ber and the depth form a Fourier transform pair. The
spectral width determines the longitudinal resolution,
and the spectral resolution confines the maximum detect-
able depth of the scattering signal.

Because the time-domain and the frequency-domain
OCT systems use totally different approaches in realizing
A-scan, their signal detection and processing methods are
also different, and the noise characteristics of these two
types of OCT systems are not the same. We will present
detailed discussions on the noise characteristics of time-
domain OCT systems in Sections 4 and 5, and make
further noise analyses with calculation examples for
frequency-domain OCT systems in Sect. 6.

4 Analysis of noise in time-domain OCT
systems

From Eq. (10), we can see that SNR in OCT systems is
directly proportional to the optical power of scattered
light from the sample, Ps, and inversely proportional to
the frequency bandwidth of the opto-electric signal, and
moreover, a relatively complex relationship exists between
SNR and the optical power of the reference beam, Pr. In
general, there are three extreme cases of SNR in time-
domain OCT systems, which are
(a) Limit of thermal noise:

2O€2PRPS RL

SNR = T B

(11)
This case corresponds to the situation where either the
source power is very low, or the reflection from the ref-
erence arm is noticeably weak, or the noise of the detector
is rather large.
(b) Limit of shot noise:
CXPS

SNR=—.

B (12)

Under this extreme situation, SNR of OCT systems is
proportional to the signal power only, i.e., it has a linear
relationship with the optical power of light source, and
does not depend on the power of the reference light beam.
This normally represents the optimum operation window
for OCT systems.
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(c) Limit of redundancy intensity noise:

PS 3Av

SNR=——>__ 2
(1+V2)Px B

(13)

This limit corresponds to the case where the optical
power received by the detector is too high. In this situ-
ation, increasing the power of the light source cannot
improve SNR, while on the contrary, decreasing the power
of the reference beam may help to improve the system
SNR. In addition, another special feature of the redun-
dancy intensity noise limit is that SNR is directly propor-
tional to the frequency bandwidth of the detection system.
The wider the frequency bandwidth, the larger the SNR
would be. Since both Ps and Pg are proportional to the
incident optical power, SNR determined by Eq. (13) is
essentially independent of the intensity of the incident
light, which essentially represents the situations where
SNR is saturated because the incident optical power
approaches infinity.

Now, let us estimate the SNR values for an actual OCT
system. We assume that the center wavelength of the light
source, g, is 1.5 umy; its output power, P, is 10 mW; spec-
tral bandwidth, A/, is 80 nm; polarization ratio, V, equals
to 1; the quantum efficiency of the photo-electric detector,
n, is 0.65; the equivalent load, Ry, is 1 kQ; the temper-
ature, 7, is 300 K; and the frequency bandwidth of the
optoelectric signal, B, is 100 kHz. We further assume that
the optical power of the reference beam, Pg,is | mW, i.e.,
it is one tenth of the source power. By substituting these
numbers into Egs. (6)-(8) respectively, we obtain the
RMS currents associated with the three different types
of noise: 4.6 x 107° A for shot noise, 7.3 x 1078 A for
redundancy intensity noise, and 1.3 x 10~° A for thermal
noise. The corresponding minimum detectable power is
4.3 x 107> W (SNR = 1). Suppose the maximum signal
power is 1 mW, the detected total photo-electric current
will be 1.1 x 10~ A. From Eq. (10), we get SNR =~ 84 dB
for this OCT system.

If an OCT system is operated under the shot noise limit,
and in the meantime the bandwidth, Af, and the carrier
frequency f, of the interference signal meet with the rela-
tionship Aflfo = Ao, where Al and A, are the spectral
bandwidth and center wavelength of the light source, we
can then obtain from Eq. (12) and using B = 2Af,

SNR = OCPsio _ OCPs},é

2eAify  4eAiVR’

(14)

where Vi = (10/2)fo represents the group delay scan speed
of the reference arm.

From Eq. (14), it can be seen that, in this case, the SNR
of the OCT system is directly proportional to the square of
the central wavelength and the power of the light source,
and inversely proportional to the spectral bandwidth and
the group delay scan speed.
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Because the longitudinal resolution of time-domain
OCT systems is inversely proportional to the coherence
length of the light source (I oc 29/AJ), Eq. (14) implies that
requirement of high SNR is in conflict with the great lon-
gitudinal resolution and high image capturing speed.
Therefore, a compromise among these parameters must
be considered. Using the values of the parameters shown
above, and Vg =4 m/s, Ps =1 mW, we can readily obtain
SNR =99.4 dB from Eq. (14). If V' is increased ten times,
namely, Vg =40 m/s, then SNR will be decreased to
89.4 dB.

Equation (14) tells us that in shot noise limit, for a given
image grid number SNR will have a 3 dB decrease when
the imaging capturing speed is doubled. In other words, if
we want to keep the same SNR, the incident light intensity
should be doubled when we double the image capturing
speed.

Figure 2 shows the variation of SNR of the example
time-domain OCT system versus the power of the ref-
erence light calculated from Eq. (10). Assuming the center
wavelength of light source 1o = 1.5 pm, spectrum band-
width A4 = 80 nm, signal power Ps = 1 mW, polarization
ratio V=1, quantum efficiency of the photoelectric
detector n = 0.65 A/W, effective load of the detection cir-
cuit Ry = 1 kQ, temperature 7= 300 K, and a frequency
bandwidth of the electric signal B = 100 kHz. Also shown
in Fig. 2 are the SNR values for the three extreme situa-
tions. From the respective traces in Fig. 2, it is clear that
the SNR is independent of the power of the reference light
at shot noise limit, directly proportional to the power of
the reference light at thermal noise limit, and when the
redundancy intensity noise is dominant, the higher the
power of the reference light, the lower the SNR. Also,
from the plot in Fig. 2, it can be clearly seen that for an
OCT system that is not operated at any of the three noise
limits, an optimum reference light power exists. By differ-
entiating SNR with respect to Pgr in Eq. (10), the expres-
sion of the optimum of Pr can be easily obtained as

1801
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Fig. 2 Variation of SNR versus the power of reference light
for a time-domain OCT system
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kpT  3Av

RL (1+V2)062. (15)

(PR)Opt =

It should be noticed that the optimum of Pr does not
depend on the intensity of the signal light. Substituting the
values we used in the examples given above into Eq. (15),
we get (Pr)opt = 0.01 mW. This number is consistent with
the corresponding result in Fig. 2. From the lower trace
(total noise line) in Fig. 2, we can see that SNR reaches a
maximum of 98 dB for Pg = —20 dBm. For comparison,
if PR =1 mW, we have SNR = 82 dB. The importance of
having an optimized Py is thus apparent.

5 Further discussion on noise
characteristics of time-domain OCT systems

In this section, we shall make some further analyses of
several important noise-related problems encountered in
designing an actual OCT system.

5.1 Minimum detectable power of signal light

Among many existing literatures on OCT systems, sen-
sitivity and SNR are commonly treated as the same thing.
However, as we all know, the SNR defined by Eq. (10)
actually only provides a relative dynamic range of an OCT
system, and it does not tell us what the minimum detect-
able signal power is in absolute sense. If we set SNR = 1 in
Eq. (10), the minimum detectable power of signal light or
sensitivity can be derived as

ﬂsensitivity = (Ps)min

2k T (1+ V2 (aPRr)?
Pr+—~—++——|B
( R. +eoPr + Ay
B OCZPR (16)
At the limit of shot noise, we have
hV()B
(Ps)min:—' (17)

Substituting into Eq. (17) the parameters of B= 100 kHz
and n = 0.65 for the 1.5 um OCT system described above
leads to (Ps)min = 2.04 x 10~'* W. This is only an ideal
result. In practice, whether such sensitivity can be
achieved or not will depend on the performance of the
photoelectric detector and the detection circuit. The max-
imum dynamic rang of an OCT system may be calculated
with (Pg)min and the maximum saturation light power Py,
of the photodetector. Suppose P, =1 mW, then the
maximum dynamic range for the OCT system we just
discussed will be 101g[ Py,/(Ps)min] dB = 107 dB.
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Eq. (17) also indicates that as a result of two-beam inter-
ference measurement the noise equivalent power (NEP) of
an OCT system is half of that of the same detector under a
non-heterodyne detection scheme [13]. Suppose the dark
current of the photodetector is ip = 1 nA, then the NEP of
the dark current will be given by

NEP,— "0 (18)
ne

Using the same values of the parameters we used above, we
have NEPp=6.4 x 1071°W. We can thus see that
(PS)min < NEPD

5.2 Balanced and unbalanced heterodyne detections

Depending on whether one detector is used to perform,
one channel detection or two detectors are used for two
channel detection together with a differential amplifier.
OCT systems can be divided into two categories: balanced
heterodyne detection and unbalanced heterodyne detec-
tion. Figure 3 shows three different schematics of
balanced heterodyne detection. Usually, for balanced het-
erodyne detection, two beams of equal average power are
detected separately by two different detectors D1 and D2,
and a 7 phase difference exists in the two sets of interfer-
ence signals. Through differential amplification, the back-
ground signals from the two channels cancel each other
out, whereas the respective interference signal is
enhanced, and, only the resultant interference signal is
processed in the succeeding signal processing.

From Fig. 3, it can be seen that the third scheme has a
very simple but rather efficient structure because of the
use of an optical circular. Detailed analysis of the noise
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present in this type of OCT systems may be found in Ref.
[14].

It is worth mentioning that the simplest Michelson
interferometer shown in Fig. 1(a) belongs to the unbal-
anced heterodyne detection category. In this case, the
photodetector receives not only the interference signal,
but also the direct current (DC) background signal
described by the first two items in Eq. (1). Because the
DC background signal also contains intensity fluctuation
noise, instead of being purely direct current, its presence
will affect the noise characteristics of the whole system
[15]. Further studies of the noise characteristics of both
balanced and unbalanced heterodyne detection systems
may benefit from noise analysis theories of optical low
coherence reflectometry (OLCR), which has been widely
adopted in the field of optical communications [16].

5.3 System noise under non-ideal situations

In the analyses given above, only the signal light from the
sample arm and the reference light from the reference arm
are considered. That means we have only taken the noise
within the signal and reference light into account. In deriv-
ing Eq. (10), another hypothesis is also made, namely, the
optoelectronic current is only affected by the reference
light. But for a real-world OCT system, other stray lights
and residual reflections from various surfaces or interfaces
are certainly presented. That is to say, the total mean
optical current for a real OCT system should be composed
of three parts as

iy = {ry+ sy + <N, (19)

where {ir) and {ig) are the mean optical current caused

light source
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Fig. 3 Three different schematics of balanced heterodyne detection (FC: fiber coupler; D1, D2: detector)
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by the reference light and signal light respectively, and
{iny 1s the mean optical current caused by other stray
lights. Apparently, each of these three terms will have its
own intensity fluctuation noise (or beat noise) described
by b<i,,»*/Av (subscript m =R, S, N) and the beat noise
among them: b{i,»{i,)/Av, m#q (m, ¢g=R, S, N).
Coefficient b is related to the polarization of the light
and its spectral density [16]. By substituting Eq. (19) into
Egs. (6) and (7), and substituting the results into Eq. (5), a
more universal expression of the spectral density of the
optical current of an OCT system can be obtained as

2
<A;i > _ 4’;BLT +2e(Cir >+ is >+ (ind)

2(1 2
2D Gy i+ i

Under the conditions of <{ix>=0 and )= {ir),
the simplified SNR expression given by Eq. (10) can
be derived from Eq. (20). That means, since in Eq. (10),
iY? = (ig»? is used, it not only implies the condition of
unbalanced detection, but also omits the contributions
from the frequency beat as well as the signal light to
the total noise. If these two factors are considered, plus
{iny =0, Eq. (10) should be modified to

(20)

OCZPRPS
SNRunbalanced = .
2kgT (14+71?) 5
Pr+~—202(PrR+P B
( Re +eoPRr + IAY o ( R+ s)

(21a)

For balanced detection, the first two items in Eq. (1) will
be eliminated during the process of differential amplifica-
tion, so only the beat frequency noise exists in the overall
redundancy intensity noise. As such, the system SNR
becomes

062PRPS
SNRbalanced = .
2kpT 2(1+1?)
Pr+———202PrPs |B
(RL +eal’Rr + 3Ay U“LRIS
(21b)

By comparing Eq. (21b) with Eq. (21a), one can see that
the SNR of balanced detection is larger than that of unbal-
anced detection. In particular, suppose

1
SNRbalanced = Z P (223)
then
1
SNRunbalanced = A+—D . (22b)

Here, A is the reciprocal of Eq. (21b) and D is given by

?*B(1+V?)(Py + P3)
b= 3Ava? PR Pg ' (22¢)
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Obviously,

SNRbalanced -1 + B

_— 23
SNRunbalanced A ( )

The superiority of balanced detection is thus deter-
mined by the value of D/A. It is clear that if the noise of
the detector is relatively high, namely, A4 is large, the
improvement of system SNR by balanced detection will
not be obvious; on the other hand, if the noise of the
detector is minimal, i.e., 4 is small, the balanced detection
may improve the system SNR significantly.

When <in) # 0 and {in) > {is), that means stray light
noise is high enough to submerge the signal light,
the denominators of Egs. (21a) and (21b) should be chan-
ged by replacing P with Py. Therefore, in non-ideal situa-
tions, the respective SNR of OCT systems with
unbalanced and balanced detection can be described by

SNRunbalanced =

o> Pg Ps
(2];2]1T+ eo(Pr + Px) +%O‘2(PR + PN)2> B (24a)
SNRbalanced =
o’ PR Ps
(ZILBLT+eoc(PR + Px) +2(13+A:/2)052PRPN> B (24b)

From the above two equations, it can be seen that at
either the limit of shot noise or the limit of thermal noise,
there is almost no difference between balanced and un-
balanced detections. It should be noted that because of the
existence of stray light, the detectable minimum signal
power at the shot noise limit will not be determined by

Eq. (17), instead, it is given by
hvB PN
(PS) min = s (1 + P_R>'

Comparing Eq. (25) with Eq. (17), we can see that a modi-
fication factor is added, which is the ratio of the stray light
power to the reference light power. An apparent conclusion
that may be drawn from Eq. (25) is: the stray light in the
system should be reduced as much as possible in order to
improve the sensitivity of an OCT system. The stray light
includes all of the parasitic reflections and the scattered
light not from the detected sample. Details about how to
relate the power of stray light with the optical parameters of
a real-world OCT system and further discussions about
Egs. (24a) and (24b) can be found in Refs. [15] and [16].

(25)

5.4 Speckle noise

Optical speckles are caused by coherent addition of mono-
chromatic light or quasi-monochromatic light with
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random phases, and they are often observed as irregular
spots on interference patterns. The intensity of the alter-
nating light signal detected by the OCT detector is the
coherent addition of the back-scattered sample light wave
and the reference light wave. Here, the sample light wave
is the summation of all the scattered wavelets within
the coherent zone. These wavelets have random phases
because of the random distribution of the scattering
points and/or the fluctuation of the refractive index in
the sample, which further leads to the speckle noise in
the interference signal. Different from other types of
noise, speckle noise is coherent noise.

According to the discussions given in Sect. 3, the carrier
frequency of the interference signal in an ideal OCT sys-
tem is given by fo = 2Vr/ Ao (Ao is the central wavelength of
the light source, Vg is the scanning velocity of the ref-
erence mirror). Similarly, the mean modulation frequency
caused by speckles will be fypeckic = 2Vr/lc, and Ic is the
coherence length of the incidence light. If /c > g, the
interference noise signal caused by speckles will be a low
frequency signal. In such cases, fluctuation of the OCT
signal directly associated with speckles can be eliminated
or reduced by frequency filtering. However, for an OCT
system with high longitudinal resolution we may have
Ic = Ao, so the frequency of speckle noise will be close to
that of the useful interference signal from the two arms.
Apparently, in this case, a bandpass filter circuit will
unlikely reduce the speckle noise. In general, depending
on the structure and the composition of the sample, a
certain amount of speckle noise is always present in the
interference signal of an OCT system.

Speckle noise can be treated as a special type of stray
light noise, which is created only by the scattering points
within the coherent volume surrounding a point signal
source inside the sample. Like the effect of other kinds
of noise, the presence of speckle noise within the fre-
quency bandwidth of the real signal will reduce the sensi-
tivity of an OCT system. In addition, speckle noise may
modulate the longitudinal point spread function and in
turn affect the longitudinal resolution of the OCT system.
The impact of speckle noise on the interference signal
along the direction of the optical axis can be described
by a totally random initial phase agg in Eq. (1). In this
way, the interference signal is turned into a random sta-
tistical signal that obeys Rayleigh distribution [3].
Consequently, in the worst scenario, the contrast of the
interference signal would equal to 0.52, i.e., a correspond-
ing SNR of 2.8 dB. In actual OCT systems, depending on
the convergence and the spot size of the detection light
within the sample, the space filtering effect of the effective
numerical aperture may partially limit the speckle noise
from entering the optical detector. Moreover, the depo-
larization effect of the scattering process may also reduce
the amplitude of the speckle noise. The most effective way
to eliminate speckle noise is to average the measured OCT
interference signal by many times [17].
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6 Analysis of signal-to-noise ratio for
frequency-domain OCT systems

Frequency-domain OCT or also referred to as Fourier-
domain OCT techniques have received much attention
in recent years. FD-OCT employs a spectral discrimina-
tion approach and Fourier transformation to obtain the
depth information of samples. The SNR of this spectrally
discriminated technique is independent of the coherent
length of the light source and the bandwidth of the
detector, whereas the SNR of TD-OCT has an inverse
relationship to the axial resolution and the signal fre-
quency. In addition, FD-OCT does not need the relatively
complicated fast scanning optical delay line. Recent
results demonstrated that even in situations of weak signal
power and high signal acquisition speed, sensitivities well
above 100 dB could be achieved for a FD-OCT system
[12,18]. We believe that FD-OCT with high resolution,
high sensitivity, and high speed is likely to become a
powerful diagnostic method for clinical applications.

Two different types of FD-OCT have been developed,
namely, the spectral-domain OCT (SD-OCT) [12,19] and
the swept-source OCT (SS-OCT) or optical frequency-
domain imaging (OFDI) [18,20]. As shown in Fig. 1(b),
in SD-OCT, individual spectral components of low coher-
ent light are detected separately by using a spectrometer
and a charge-coupled device (CCD) array. SS-OCT uses a
wavelength-swept laser source and a conventional photo-
detector, and it is based on optical frequency-domain reflec-
tometry for imaging. SS-OCT is particularly important for
imaging in the 1300-1500 nm wavelength range, where
low-cost array detectors are not available. Use of a wave-
length-swept laser source for OCT imaging also makes it
possible for balanced detection, which cannot be realized in
SD-OCT. We believe that the advantages of SS-OCT will
further enhance the performance of an OCT system in
terms of image quality, speed and robustness. This section
is devoted to a detailed discussion of signal-to-noise ratio in
FD-OCT including SD-OCT and SS-OCT.

In an FD-OCT system, a photo-detector or a CCD
array measures optical intensity as a function of wave-
length of the interferometric signal from the sample and
reference arms. In order to apply the discrete Fourier
transform (DFT) for reconstructing the axial scan along
Z axis, the spectrum should be sampled in the conjugate
space, i.e., the wave number k space. The signal detected
by the ith pixel as a function of k,, is given by

1
Si(km)= 3 op (k) {RR 4+ Rs+2+/Rr Rs cos(kmAl+(p,~)} ,
(26)

where o is the responsivity of the detector, p(k,,) is the
spectral density of the light source, R, Rs are the ref-
erence and sample arm reflectivities respectively, Al is
the path-length difference between the two arms, and ¢;
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is the interferometeric phase shift. In ideal cases, even
sampling in k space is required, i.e., the sampling step
Ok = AkIM, with M as the integer number and Ak as the
source bandwidth expressed in k space. It is easy to show
that Ak = 2nAA/Ay?, where g is the central wavelength and
A/ is the spectral bandwidth in wavelength. Obviously, we
have sampling index number m € {1, M} in Eq. (26). The
signal reflectivity as a function of depth, or S(Z,), can be
obtained by making DFT of Eq. (26), which is

S(Za)=">_ Si(km) exp(—jkmZ).

m=1

(27)

The pixel spacing and the maximum scan depth in the Z-
domain are given by 6z = n/Ak and AZ,,.x = n/dk. The
scan depth, which is essentially from —n/(28k) to +n/(25k),
can also be expressed as AZ ., = 20°/(281), where 8 is the
sampling interval in wavelength. Thus, the image depth of
a FD-OCT system is proportional to the square of the
central wavelength of the light source, and inversely
proportional to the wavelength sampling interval.

Since Si(k,,) is a real function, S(+Z) and S(—Z2) in Eq.
(27) actually form a pair of complex conjugates. The
effective scan depth thus reduces to the half of /4*/(251),
ie, AZpax = 204(487). If a complex signal is used, a
full range of scan depth can be achieved. The design for-
mula for determining the sampling number is given by
M =2AZ,..xAkiIm. Besides the time needed for performing
DFT, the equivalent A-scan speed will be determined by
the integration time of the CCD array for SD-OCT, and
the wavelength swept cycle time for SS-OCT. For a
Gaussian source with a FWHM bandwidth Ak, the lon-
gitudinal or A-scan axial resolution can be expressed as
4In2/Ak which is the same as that for time-domain OCTs.

For simplicity, let us consider the case of a single
reflector located at AZ = n/,, (n is an integer) acting as a
sample. The peak value of the interferometric portion of
the A-scan derived from Egs. (26) and (27) is

M
S(AZ)=a/RrRs »_ p(kn)=0\/Rr RsSkp_ocT,  (28)

m=1

where Sgp.oct 1s the summation of the spectral density
p(k,,) over all m. Therefore, Eq. (28) can be regarded as
the coherent summation of M waves of amplitude
o/ ReRsp(kin).

In order to calculate the SNR of FD-OCT, we must
transform the noise from the k space to the Z-domain.
For S{(k,,) given by Eq. (26), a Gaussian white noise term
can be introduced, which has a mean photocurrent of
zero, a standard deviation o(k,,). In OCT systems, it is
typical for Rg > Rs, thus, under the shot noise limit,
a(km)=\/2eS,-(km)BFD,OCT, where e is the electronic
charge and Bgp.oct is the noise equivalent bandwidth
of the system [21]. In contrast to Eq. (28), the standard
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deviation of white noise at position z, ¢., in Z space,
is equal to the incoherent addition of M noise sources in
k-domain as

M
> 0?(km)=/2¢aR Sep—octBep—oct- (29)
m=1

Thus, the SNR of FD-OCT is

S%(Zy) _ 2RsS¥p-—oct
o? 2eBrp_ocT

SNRfp_ocT= (30)

By comparing Eq. (30) with the corresponding result of
TD-OCT in Eq. (12), and considering Ps= RsStp.ocT,
as well as in the case of a Gaussian source we also have
Sep-oct = (112)MStp.0oct, Brp-oct = Brp.oct [21,22],
we get

SNRgp-ocT = % SNRTp_ocT- (31)
Equation (31) indicates that as long as M >4, the SNR
of FD-OCT will be higher than that of TD-OCT. At
first glance, compared with the case in TD-OCTs, the
signal intensity at each pixel of a linear array detector of
an FD-OCT is reduced by M times on average, whereas
the frequency bandwidth or the noise is also reduced by
M times, therefore, the overall noise at each pixel should
make no difference for either frequency-domain or time-
domain OCTs. However, for FD-OCTs, making Fourier
transform involves the summation of all the signals at
different frequencies, and such a summation is a coher-
ent addition for signal, but incoherent or intensity addi-
tion for noise, namely, the noise is added to M times but
the signal is added to M> times. Because the optical
density in Z space after Fourier transform is distributed
evenly on both sides of the zero point, the eventual SNR
of an FD-OCT system is M/2 times higher than that of a
TD-OCT system. For light sources of non square-
shaped spectrum, the effective frequency bandwidth will
be less than M times the bandwidth of the signal on each
detector pixel. In this case, SNR of an FD-OCT should
be multiplied by a spectral shape factor, which is 0.5
for a Gaussian-shaped spectral profile. SNRgp.oct/
SNRtp.oct or M/4 may be regarded as the SNR
advantage of FD-OCT over TD-OCT. From Eq. (31),
we know that the SNR advantage of FD-OCT over TD-
OCT is independent of source bandwidth and scan
depth.

In Fig. 4 the relationship between A-scan depth and
the source bandwidth associated with five sets of differ-
ent sampling numbers M and SNR advantage values g
are present. For example, when M = 2000, 27 dB SNR
advantage of FD-OCT over TD-OCT is obtained and its
A-scan depth is two times more than that when
M=1000. These data are calculated using Egs. (26)—
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(31) for a Gaussian source centered at 1500 nm. SNR
advantage is defined as g =SNRgp.oct/SNR1p.oCT
expressed in dB.

T e
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Fig. 4 Relationship between A-scan depth and source band-
width for different wavelength sampling number M and SNR
advantage of FD-OCT over conventional TD-OCT

The SNR of FD-OCT may be expressed in a more gen-
eral form for shot noise limited systems [19] as

Ps.
hvofa’
where f4 is the A-scan rate. Equation (32) tells us that the
effective detection bandwidth in FD-OCT is equal to the
A-scan rate instead of the detector bandwidth. Based on
the same principle as that used above to derive the sensi-
tivity for TD-OCT systems, the sensitivity of FD-OCT

defined as the minimum detectable signal power can be
expressed as

SNREgp_ocTt= (32)

hvofa

ﬂsensitivity(FD —OCT) = PS( min) = 0 .

(33)

For a numerical example, assuming a FD-OCT system
has a video image rate of 30 frame/s, and its lateral sam-
pling point is 500, the A-scan rate required is 15 kHz, and
the sensitivity of the FD-OCT system calculated from Eq.
(33) is 0.3 x 107"* W. As a comparison, in a TD-OCT
system with the same imaging rate and a detector band-
width Af of 5 MHz, the sensitivity calculated from Eq.
(17)is 100 x 10~'* W. Apparently, under the same video
image rate, the sensitivity of the FD-OCT system is 300
times (25 dB) higher than that of the TD-OCT system. An
ultra-fast SS-OCT system with 370 kHz A-scan speed and
370 frame/s image rate was recently reported [23]. Such a
result clearly indicates that SS-OCT is a promising tech-
nique for three-dimensional (3D) real-time clinical diag-
nosis applications.
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7 Conclusions

In summary, in order to successfully design and develop
high performance optical coherence tomography systems,
the fundamental theories of system noise analyses for both
time-domain and frequency-domain OCT systems are pre-
sented. By comparative study of the noise limits that could
exist for ideal OCT systems and the influences of both
balanced and non-balanced detection schemes on the char-
acteristics of the system noise, and also by the noise calcula-
tion of both time-domain and frequency-domain OCTs, as
well as the effect of stray light (including speckle noise) on
the dynamic range, we can draw the following conclusions:

1) Because of the detection of the dual beam interfer-
ence signal, the noise equivalent power of an OCT system
is halved compared with the direct single beam detection.
The SNR of an OCT system may be adjusted through
controlling the optical power of the reference beam.

2) In order to make an OCT system operate at the shot
noise limit and with the maximum dynamic range, it is
imperative to use low noise optoelectronic detectors with
high saturation intensity. For the scheme of balanced
detection, the main characteristics of the two detectors
should be as close as possible.

3) In practice, whether an OCT system operates at the
shot noise limit may be verified by the trend of SNR vari-
ation versus the optical power of the reference beam.

4) For those time-domain OCT systems that do not oper-
ate at the shot noise limit, the optimum SNR can be obtained
through properly selecting the optical power of the reference
beam. Such an optimum optical power of the reference beam
is associated with the point where the redundant intensity
noise equals the thermal noise of the detector, and is in-
dependent of the optical power of the signal beam.

5) Under the shot noise limit, the signal-to-noise ratio of
a time-domain OCT system is inversely proportional to
the image acquisition speed, but proportional to the
coherence length of the light source, which means in this
case optimum SNR and high longitudinal resolution can-
not be achieved simultancously. A tradeoff between these
two parameters must be considered in system design.

6) For actual OCT systems, the presence of all kinds of
stray light can lead to the decrease of system SNR. Thus,
in order to increase the sensitivity of an OCT system, one
must minimize the stray light within the system.

7) Being a type of coherent noise, optical speckles are
strongly dependent on both the structure and constitution
of the sample. In general, speckle noise cannot be filtered out
completely by the coherence gate. Speckle noise may induce
large modulations on the longitudinal point spread function
and thus lower down the longitudinal resolution of the OCT
system. An effective way to suppress speckle noise is making
repetitive measurements and then averaging the results.

8) Different from that in time-domain OCT systems, the
SNR of frequency-domain OCT systems does not depend
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on the bandwidth of the light source or the depth of the
longitudinal scan. Therefore, a frequency-domain OCT
system usually can maintain a large dynamic range even
under situations of high speed image acquisition.

Finally, it must be pointed out that all we have dis-
cussed in this paper is actually only on the noise of an
OCT system with physical origins. The noise arising from
digitization in the image acquisition process and the tech-
niques of noise reduction using background subtraction
or filtering have not been included. These shall be covered
by the topics of our future studies.
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