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Any full-field optical coherence tomography (FF-OCT)
system wastes almost 75% of light, including 50% of the
OCT signal, because it uses a 50/50 beamsplitter (BS) in the
standard implementation. Here, a design of a light-efficient
BS is presented that loses almost no light when implemented
in Fourier-domain FF-OCT. It is based on pupil engineering
and a small highly asymmetric BS. The presented signal-to-
noise ratio (SNR) analysis demonstrates almost four times
improvement over the conventional design. In addition,
it is shown that the light-efficient BS can be used to sup-
press specular reflections from a sample and, thus, further
improve the SNR.  ©2020 Optical Society of America

https://doi.org/10.1364/0L.383823

Full-field optical coherence tomography (FF-OCT) can acquire
en face OCT images by using a camera [1]. Conventional FF-
OCT, operating in the time-domain, uses a spatially incoherent
light source that together with high-NA objectives enables
high-resolution and crosstalk-free imaging. However, FE-OCT
is relatively slow for the volumetric (3D) imaging, and, thus,
Fourier-domain FF-OCT (FD-FF-OCT) has recently been
developed that employs a swept laser source in conjunction with
a very fast camera [2—4]. Also known as full-field swept-source
optical coherence tomography (FF-SS-OCT), it can achieve
voxel rates of up to 10 GHz [4], making it one of the fastest
volumetric OCT imaging techniques. However, the absence of
the confocal pinhole in the wide-field detection makes it more
sensitive to incoherent light, such as specular reflections and
multiply scattered light. Unlike scanning OCT, where power
of the swept laser sources is rarely an issue, it may be too weak
for FF-OCT. Furthermore, a typical wide-field interferometer
in FF-OCT wastes almost 75% of light budget due to the use
of a 50/50 beamsplitter (BS). Namely, the BS rejects 50% of
light going from the light source to the sample and another 50%
when backscattered light goes from the sample to the camera.
The loss of the OCT signal is particularly problematic when
imaging photosensitive samples, such as the eye, since losses
cannot be compensated by increasing the power due to the eye
safety considerations. Light in the reference arm is practically
all lost since it is strongly attenuated for the optimal SNR when
imaging biomedical samples [1].
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Here, a concept of a light-efficient BS is described that loses
only a small portion of light (< 1%) when imaging typical
biomedical samples. Moreover, the BS can reject specular reflec-
tions coming from a sample, if properly aligned, thanks to the
dark-field mode. The principle exploits the fact that the OCT
signal is derived from the backscattered light that is normally
scattered across a wide range of angles, whereas the reference
beam is sent back at one angle in a spatially coherent illumina-
tion case, as shown in Fig. 1. Therefore, a BS can be designed
such that it either transmits or reflects the incoming photons
depending on their propagation angle. Since the spatially coher-
ent beam is focused to a diffraction limited spot in the pupil
plane of an objective lens in the Linnik interferometer, as shown
in Fig. 2, the BS can be made less than 1 mm in diameter. It can
be mounted on a glass substrate and placed in the middle of the
pupil plane of the objective lens. Such a small BS with a 50/50
beam splitting ratio would already be nearly twice more efficient
in detecting backscattered light from the sample compared
to, for example, regular-sized 50/50 BS. The small BS lets the
backscattered light from the sample travel freely toward the
camera and blocks only a small part of it, as shown in Figs. 1(b)
and 2(a), whereas the conventional 50/50 BS rejects half of the
photons. Furthermore, the splitting ratio of the small BS can be
made highly asymmetric, such as 99/1, which would send most
of the light to the sample and only a small part of it (1%) to the
reference mirror. Combining almost twice more efficient illumi-
nation and detection results in the overall four times throughput
improvement in the limited light-budget situations. Below it
will be shown that the throughput improvement also translates
to the four times increase in the SNR. Light in the reference arm
is reflected by the reference mirror and the BS to the camera
almost without loses.

Light traveling from the sample through the 99/1 BS would
be attenuated by 20 dB meaning that it can efficiently reject
specular reflections. Since specular reflections coming from a
sample or other element in the system in general compromise
the performance of FF-OCT, its rejection can improve the
SNR. Strong specular reflections could appear from a cover
glass that is routinely used for mounting cell preparations [5]
and tissue slices [6]. The use of immersion medium or tilting a
sample [7] to reduce specular reflections is not always possible
or practical. It has been previously demonstrated that specular
reflections can be rejected in a high-resolution FF-OCT system
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Fig. 1. (a) Standard configuration with a 50/50 beamsplitter
(BS) and a weak reflector. (b) A light-efficient BS configuration with
99/1 BS mounted in the middle of a glass substrate, which lets the
backscattered signal through without significant loses. The BS will also
reject specular reflections from a sample back to the laser source if the
reflections are made to travel back the same path.
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Fig. 2. (a) FF-OCT with light-efficient BS in Linnik-type inter-
ferometer. Beamsplitting is performed by a small 99/1 (t/t) plate BS,
less than 1 mm in diameter, mounted on a glass plate in the middle of
the pupil. (b) Achromatic designs of a light-efficient BS. A 99/1 BS
(in yellow) is sandwiched between the two antireflection-coated glass
slides (top) and prisms (bottom) that freely transmit the backscattered
light propagating off-axis from cornea. The former design avoids ghost
reflections from the BS’s surface.
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by placing a block in the pupil plane of the detection path [6].
Since dark-field detection is realized in the pupil plane, the
orientation of the reflecting surface in the sample plane becomes
critical. Therefore, to ensure that specular reflections do not
miss the small 99/1 BS, the orientation of a sample needs to be
controlled. For example, a tip and tilt stage was used previously
to adjust awindow that produced specular reflections at its inter-
face with skin when imaging it in vivo with dark-field FF-OCT
[6]. Inanother implementation, an additional mirror was placed
between the BS and sample [8], to enable directing specularly
reflected light back to the light source. In a similar way, the direc-
tion of specular reflections coming from glass slides with cells [5]
or tissue [6] mounted behind a coverslip, could be controlled.
The throughput problem in confocal scanning OCT is solved
by using a fiber optical circulator [9] that improves the SNR by
a factor of 4. However, it would require a large aperture Faraday
rotator in its wide-field implementation, which is practically
not feasible. Polarization crosstalk of a polarizing BS was also
demonstrated to improve the SNR in scanning OCT [10].
To demonstrate the SNR advantage of the light-efficient BS a
theoretical noise analysis is performed below. The total number
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of photons, Ny detected by the camera can be expressed as

Nyee = Np + No + Nipe + 24/ Nr Nocos(¢), (1)

where Vg is the number of photons returned from the reference
arm, Np and N, are the coherent and incoherent photon
numbers, respectively, coming from the sample arm, and ¢ is
the phase between the sample and the reference arms. It can
be shown that the OCT signal is proportional to Nz Ny and
noise to Ng + Nipe + nee?, where Np is disregarded (since
Nope > Np in biological samples) and nee is the noise equiv-
alent electrons that account for all the electrical noises in the
camera. One can, therefore, define the SNR in FF-OCT as

signal NrNo

- . 2
noise  Np + Ny + nee?

If Nis the total number of photons entering the standard inter-
ferometer, shown in Fig. 1(a), and 7, ¢ are the reflectance and
transmittance values of the BS, the numbers of photons Vg,
No,and Ny, reaching the camera can then be expressed as

Np = NrtRg, No = NrtRo, Nipe = Nrt Ry, (3)

where Rz, Ro, and Ry, are the corresponding reflectivity val-
ues. It is assumed here that the BS reflects toward the sample.
For the light-efficient BS, shown in Fig. 1(b), the numbers of
detected photons will be accordingly:

Ng=NrtRg, No=NrTRo, Npc=NrTRy. (4)
where 7 is the transmission of the light-efficient BS from
the sample to the camera, which is close to 100% when the
asymmetric BS is small. One can see that # in Eq. (3) is simply
replaced by 7'in Eq. (4) for the sample arm.

The signal loss due to the asymmetric BS physically blocking
the backscattered light in the pupil plane can be defined as the
ratio between the areas of the asymmetric BS and that of the

2
pupil: :((g//zz))z , where d and D are their diameters, respectively.

Here, it was assumed that the backscattered light from the
sample is distributed homogenously in the pupil plane of the
objective lens, which should be true for isotropically scattering
samples. Subtracting the losses from the unity one can define the
transmission, 7, from the sample to the detector as
dz
T=1- o (5)
In principle, 4 can be as small as the size of the focused laser
spot. Since the divergence of the laser beam reflected off from the
BS should be within the objective’s acceptance angle, defined by
the numerical aperture (NA), the relation & > A/ N A should be
satisfied. Since typically D 3> d, the value of T'is close to 100%.
For the x10 objective (NA =0.25), typically used for high-
resolution FF-OCT, Dis~ 1 cmand4is >4 pm (at 850 nm),
resulting in 72 100%. Even when a more practical BS size of
1 mm is used it still results in 99% of photons transmitted from
the sample to the detector. To see how efficiently the photons
are routed from the laser source to the camera, we can define the
light efficiency, E, as NI‘:;" , where Ny, is the number of detected
photons. We can subsequently write, using Eq. (4), that the
photon numbers coming from the reference and sample arms
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Fig. 3. (a) Light efficiency (red curve) and transmission of specular
reflections to the camera (blue-dotted curve), as a function of the BS
reflectance, 7. (b) Optimal BS reflectance, 7 as a function of incoherent
reflectivity, Ry, for the light-efficient (blue curve) and regular 50/50
(red curve) BSs.
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are as follows: Ny = Np + No = Nr(tRr + TRo), which
does not include the incoherent light contribution. Further,
by using a (slightly tilted) mirror as a sample and a (normally
oriented) mirror as the reference reflector, we can rewrite the last

equation as Njee = Nr (¢ + T). Finally, replacing # with 1 — 7,
Nder
N

and expressing for , we can write the light efficiency, E, as

E=r(1—r+1). (6)

For example, when » = 99% and 7= 99% [for the 1 mm BS
diameter, as calculated using Eq. (5)], the light-efficient BS uses
99% of the laser light, meaning that in total only 1% of light is
lost. Figure 3(a) shows light efficiency as a function of the BS
reflectance, 7. The light efficiency in the conventional configu-
ration, shown in Fig. 1(a), is only ~ 25%—almost four times
less. The SNR expression in Eq. (2) can be rewritten for the
regular FE-OCT using Eq. (3), which can be further simplified

assuming that zee is negligible:

rtRRRO

SNRregular XN———.
RR + Rinc

(7)

Similarly, using equations in Eq. (4) we can get the SNR
expression for the light-efficient interferometer as

VtRRRoT

SN cien N———r—.
Retficien: tRr+ TR

8)

When the light budget is limited, one can increase the refer-
ence mirror reflectance to the highest value of 100 % (Rz = 1),
in order to get the largest possible number of photons from the
reference on the camera. Here it is assumed that the relative
intensity noise (RIN) can be ignored. Further, replacing # with
1 — 7, we can simplify Eq. (7) to

r(l—r)
SNRre ular NR P 9
gular X NRo 1+ R 9)
and Eq. (8) to
1—-»)T 1—
SNRtione « NRo— L= DLy, 7121 (40)

1—7r+ TRpe 1—7 + Rinc

The transmission, 7, is close to 100% and, thus, could be
ignored. To find the optimal reflectance, r, of the light-efficient
BS, the derivative of Eq. (10) is first found and equated to zero:

2 -2 Rinc_2 Rinc 1
i r - R (11)
(1 -7+ Rinc)
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Fig. 4. SNR advantage (blue curve) and suppression of specular
reflections coming from the sample (dotted red curve), as a function of
the incoherent reflectivity Rjpc.

Solving Eq. (11) for r, the optimal BS reflectance is found as

r= Rinc +1- Vv Rinc(Rinc + 1) (12)

Likewise, we can show that the optimal BS’s reflectance in
the regular system will always be 7 = 0.5—independent of Rjy..
Namely, differentiating Eq. (9) and equating it to zero results in
2r — 1 =0, which is then solved as » = 0.5. Figure 3(b) shows
the optimal reflectivity, 7, as a function of Rj,. for the regular
and light-efficient implementations. When incoherent light
becomes small, say R, = 1%, the optimal beamsplitting ratio
is then 91/9. For the systems, drawn in Figs. 1(b) and 2(a), the
light-efficient BS with the 99/1 splitting ratio will be optimal for
Rine =0.01%. When R, becomes small, Eq. (9) can be further
approximated to

SNRregular x0.25NRyg, (13)
and Eq. (10) to
SNRefﬁciem X VNRO. (1 4)

This is known as the shot-noise-limited detection where
the SNR is independent of the reference reflectance. Namely,
this happens when the reference arm shot-noise dominates
over other sources, such as sample arm shot-noise and camera
noise. Dividing Eq. (13) by Eq. (14), the SNR advantage of the
light-efficient implementation over the standard one can then
be expressed in this operating regime as

SNRefﬁcient

=4y, (15)
SNRregular

It approaches the value of 4 with » — 1, which, in turn,
happenswith R;,c — 0, as follows from Eq. (12). Figure 4 shows
the SNR advantage of the light-efficient configuration as a func-
tion of Rj,c. One can see that the SNR advantage will become
small when Ry, is close to 100% but will not be completely
lost. A similar approach [8,11] requires a regular-size 90/10
(or similar) BS and engineered mirror but achieves lower SNR
improvement.

As discussed above, the light-efficient BS could also function
in the dark-field mode since the BS is able to attenuate reflec-
tions going to the camera by a factor of 1/(1 — r). Figure 3(a)
shows the transmission of specular reflections as a function
of the light-efficient BS reflection (blue curve). For the 99/1
beamsplitting, specular reflections will be attenuated to 1%
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or 10 log(ﬁ) =20 dB. Since the transmission is a function
of the BS reflectance, 7 [blue curve in Fig. 3(a)], which in turn
is a function of the incoherent reflectivity, R, [blue curve in
Fig. 3(b)], one can plot the suppression [inverse of transmis-
sion plotted in Fig. 3(a)] of specular reflections as a function
of Riyc; this is shown in Fig. 4 (red curve). Blocking the specu-
lar reflections should also reduce the autocorrelation noise in
FD-FF-OCT, which has been done before computationally by
filtering out the DC term in the Fourier space [2]. However,
unlike the computational approach, the light-efficient BS
will be unable to increase the imaging range because it cannot
remove the conjugate term. Since the pupil plane in objectives
is sometimes inside the objective body and, therefore, not acces-
sible, relay lenses can be used to reimage the pupil plane to an
accessible location, like in Ref. [6]. If using the light-efficient
BS with the conventional (time-domain) FF-OCT, losses will
be incurred associated with the high étendue of the spatially
incoherent source, such as LED. Specifically, the size of the
asymmetric BS will have to be considerable in order not to lose
too much of the illumination light but at the expense of the
reduced transmission 7, as follows from Eq. (5). Conventional
FF-OCT, unlike FD-FF-OCT, requires dispersion match-
ing between the two arms. Figure 2(b) shows two possible
achromatic designs that have an equal amount of dispersion
introduced in both arms by the symmetric design. If a multilayer
antireflection coating with average reflectance of 0.2% is applied
to all the BS surfaces, the losses in the number of detected
photons will be only 1.2 % (assuming photons encounter six
surfaces in total), resulting in SNR reduction by only 0.05 dB,
as follows from Eq. (14). Reflections will also be insignificant
but should be prevented from reaching the camera, which can
be done by rotating the BS, shown at the bottom of Fig. 2(b),
by a small degree [12]. A multilayer coating can also be used to
make the 99/1 BS by physical vapor deposition. The ability of
the light-efficient design in the FF-OCT system to deliver more
light to the sample and to collect more signal from it should be
particularly useful for the imaging cornea [13] and retina [4].
An inherent dark-field detection feature of the BS should also be
useful for imaging the cornea at the apex where strong specular
reflections occurs from the air-tear film. Since the radius, R, of
the central corneal curvature is 7.8 mm, it will act as a convex
reflector with the focal length of f, = R/2=3.9 mm, mak-
ing cornea imaging more complex than that of flat samples.
The cornea will form a virtual focus of specular reflections at
the distance of f; beneath its surface. It can be shown that the
reflections will be focused by the objective lens at the distance
of fozbj/f, behind the 99/1 mirror, magnified by M = f/ 1z,
where fib; is the focal length of the objective. The beam size
on the 99/1 mirror will then be M x FOV, where FOV is the
imaging field of view. Note, that magnification, M of specular
beams is different to the image magnification, which is usually
chosen to be x 10 for high-resolution cornea imaging [13]. If
FOV = 0.5 mm, then the beam size on the 1 mm 99/1 mirror
will also be 0.5 mm, when fi,;= . =3.9mm (M=1). If
a Gaussian beam shape is assumed, the resulting suppression
of specular reflections by the mirror is then 98%. For the x 10
image magnification a tube lens of 39 mm would need to be
used. The lowest possible magnification, M, of specular reflec-
tions is also important to make the dark-field detection less
sensitive to the eye motion since lateral eye displacement by 4x
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will result in the displacement of the beam by Mdx on the 99/1
mirror. When M = 1, aligning the eye for dark-field operation
can be carried out with a chin rest equipped with the x and y
translation stage, which is routinely used for cornea FF-OCT
imaging. To avoid the laser being focused to a spot on the retina,
which can cause damage, the spatial coherence of the laser can
be destroyed by a fast-deformable membrane [12,14], resulting
in a broader laser spot on the retina. The broadening will also
slightly offset the suppression of specular reflections by the 99/1
mirror.

In conclusion, the light-efficient BS was presented that
can improve the SNR when the light budget is limited. It was
shown that the loses sustained in the regular FD-FF-OCT
interferometer, amounting to 75 % of the total light budget,
can be decreased to the negligible values, translating to a x4
SNR increase. The BS design in FF-OCT was based on the
pupil engineering that decouples the reflectance of the BS from
its transmission and, thus, enables use of highly asymmetric
beamsplitting ratios. The design also allows rejection of specular
reflections, which can saturate the camera and introduce the
autocorrelation noise in FD-FF-OCT. The diameter of the
asymmetric BS can be made relatively small, since lasers have
low étendue, even when its spatial coherence is destroyed for the
crosstalk reduction [14], naturally making it optimal for the
spatially semicoherent crosstalk-free FD-FF-OCT. In crosstalk-
free retina imaging with FD-FF-OCT [12] it is also expected to
improve the SNR by up to four times.
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