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Abstract

®

CrossMark

Loss of focus in depth due to the mismatch between the coherence gate and the focus gate is a
limiting factor in the achievable high lateral resolution in optical coherence tomography (OCT).
This work adapts a simplified dynamic focus method, utilising only one mechanical element to
a full-field OCT configuration, and demonstrates the capability to maintain the alignment of the
coherence gate and the depth of the focus gates, at sample depths of up to 4 mm while using a

high numerical aperture objective lens (NA = 0.5).

Keywords: optical coherence tomography, OCT, full-field OCT, dynamic focus,

lateral resolution

1. Introduction

Optical coherence tomography (OCT) is a non-invasive, label-
free imaging technique based on the principle of low coher-
ence interferometry [1], capable of capturing volumetric
images of a sample with micron-level axial resolution [2].
OCT has been widely adopted in biomedical applications with
use in ophthalmology [3], endoscopy, optical biopsies and
microscopy [4, 5].

Full-field OCT (FF-OCT) [6] is an implementation of
OCT where the entire sample target area is illuminated. The
scattered light is collected in parallel to produce a two-
dimensional en-face image in a single frame using a 2D
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detector such as a charge coupled device or a compliment-
ary metal oxide semiconductor (CMOS) camera [7]. This
approach forgoes the requirement of lateral scanners, as
required in point-scanning OCT, enabling the possibility for
FF-OCT instruments to be less costly than their flying spot
counterparts. Time domain FF-OCT (TD-FF-OCT) allows a
three-dimensional volume scan to be constructed by acquiring
en-face images from different sample depths.

The lateral resolution, dx, can be estimated from the radius
of the Airy disk,

1.22 Ao
ox = SNA ey

where )\ is the central wavelength of the spectrum emitted by
the optical source and NA is the numerical aperture (NA) of
the objective lens [8].

The depth of focus (DOF), alternatively labelled here as the
focus gate, is defined by the confocal parameter, b, and is twice
the Rayleigh range,

27 w3

b=2Az = : 2
z " ()
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Figure 1. The relative positions of the focus gate and coherence
gate. The blue line and dashed red line represent the respective
positions of the focus and coherence gates. (a) shows the gates
positioned, overlapping, on the sample surface. (b) shows the
distances and direction moved of the gates, relative to the starting
position in (a), when the sample is moved towards the objective lens
by distance, d.

Taking the diffraction-limited beam waist as wy = Ao / mNA,
the DOF can be defined as:

2nXo
— 3
NAZ 3

DOF =
where n is the refractive index of the sample. It is apparent
from equation (1) that the lateral resolution of an OCT system
can be improved by increasing the NA of the objective lens.
However, the use of a high NA objective lens greatly narrows
the DOF. This presents a challenge for imaging at depth. When
the coherence gate and focus gate are adjusted to overlap at the
top of a sample (of a refractive index, ng, different to that of the
surrounding medium of air), and the sample is moved towards
the OCT instrument, the coherence gate and focus gate pos-
itions move in opposite directions axially. This phenomenon
is depicted in figure 1: when the sample is moved towards the
objective lens by a distance, d, the focus shifts into the sample
by dns while the coherence gate moves by d/ng. The higher
the NA of the lens, the narrower the DOF and the more pro-
nounced the defocus effect. This occurs due to the coherence
gate separating further from the focus gate.

TD OCT is compatible with dynamic focus. This consists
of maintaining the overlap between the focus gate and the
coherence gate while scanning the optical path length. Several
techniques have been reported for dynamic focus [9, 10]. In
general, dynamic focus employs at least two adjustable com-
ponents within the OCT interferometer. In order to move the
focus to different depths, the distance between the sample
and the lens is varied, however, to synchronise the coherence
gate with the new focus position, a second element is needed.
This element, such as a translation stage, is used to adjust
the optical path, in either the object or reference arm of the
interferometer [11, 12].

In contrast, dynamic focus is not compatible with spec-
tral domain (SD) OCT methods such as swept-source or

spectrometer-based OCT. In these methods, all depths along
the axial range are interrogated at once, making dynamic
focus techniques non-applicable. Instead, in SD-OCT, numer-
ical refocusing techniques can be applied in post-processing
to correct for focus and coherence gate separation. This pro-
cessing can effectively extend the DOF without requiring any
additional components in the imaging system [13]. In general,
these methods use the phase information from out-of-focus
signals to apply a numerical correction to the aberrated wave-
front and recover a focused image. In SD-OCT, this approach
has been shown to extend the axial imaging range by several
times the DOF [13]. However, in instances where a high NA
is required (NA > 0.1), the narrow DOF reduces its effect-
iveness. There have been reports of numerical refocusing in
TD-OCT with immersion objectives, however the same DOF
linked limitation still applies [14]. Typically, numerical refo-
cusing methods are limited to inhomogeneous samples of the
known refractive index, with exceptions being computation-
ally intensive, requiring high-performance hardware [13].

An elegant approach to the dynamic focus procedure was
introduced in [15], where through a single mechanical move-
ment, both coherence and focus gates are moved in synchrony.
This approach combines the sample and reference arms on a
single translation stage, with the light in the reference arm back
reflected, doubling the path length change as the objective lens
is scanned towards the sample. This compensates for the defo-
cus in samples of refractive index n = ﬁ, a value close to the
index of refraction of most biological tissues [16]. However,
the need to route the light in both the sample and reference
arms on a single translation stage adds significant complexity
to the system layout.

An improved dynamic focus optics configuration was
introduced in [17], where again, a single translation stage
is employed; however, with a much simplified architecture,
where the change in path length is executed in the sample arm
only. In other words, such a method mechanically decouples
the reference and sample arm changes. Not having to route the
light in the reference arm via the translation stage gives more
room to the optics assembly. This makes it possible to adapt
such a configuration to an FF setup.

This layout achieves the same result of synchronising the
movement of the coherence gate and focal gate for a sample
of n= \ﬁ, however, integrating this mechanism into an FF
instrument introduces additional optical and mechanical con-
straints, which are addressed in the following sections. The
potential for such an approach to be paired with accessible
hardware is also considered by employing a single-board com-
puter (Raspberry Pi) and an inexpensive 2D CMOS camera
Sensor.

2. Methods

Figure 2 presents a schematic diagram of the system, which
is based on a Linnik interferometer configuration. The optical
source is a Superlum Broadlighter 890 (D890 HP) super
luminescent diode (SLD), with a central wavelength of
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Figure 2. Schematic diagram of the dynamic focus FF-OCT
system. SLD: super luminescent diode, FC: fibre collimator, L1, L2:
f = 150 mm achromatic lenses (Thorlabs AC-254-150-B), L3, L4: f
= 8.0 mm 20x aspheric objectives (Newfocus 5724-B-H, NA =
0.5), BS: 50:50 plate beam splitter, TS: translation stage, M1, M2:
gold mirrors, M3: reference mirror, NDF: variable neutral density
filter, PZT: Piezoelectric Transducer, SG: signal generator, PG:
pulse generator.

A0 =2890nm and a spectral bandwidth of AM = 150nm.
Assuming a Gaussian spectral profile, a theoretical OCT axial
resolution of 0z = 2.33 pum is estimated.

Collimated light from the SLD enters the system where it is
divided by the beamsplitter (BS) into a reference and a sample
arm. In the sample arm, a telescope is formed using lenses L1
and L3, achieving magnification M = 18.75. Considering the
size of the camera sensor area used, this results in a field of
view of 270 x 200 ym~2.

The inexpensive camera (FLIR Blackfly S BFS-U3-
16S2M-BD) has a sensor of 1440 x 1080 square pixels of
3.45 pm with 12-bit depth. To control the camera and gener-
ate the OCT images, the camera is paired with a Raspberry Pi
5 single board computer, where raw sensor data can be stored
directly in the device’s random access memory (RAM), before
also being processed on the device.

In the reference arm, a telescope identical to the one in the
sample arm is formed, using lenses L2 and L4, to compensate
for the dispersion mismatch between the interferometer arms.
The reference mirror, M3, is mounted on a piezoelectric trans-
ducer (PZT) to introduce a controlled phase shift between cap-
tured frames so that an OCT image can be extracted from
a few carefully captured interferograms, using phase shifting
interferometry.

The configuration in figure 2 routes only the light in the
object arm via the translation stage, and by moving it, both

gates are scanned axially in synchrony in a sample of n ~ 1.41,
in a similar manner to [17]. However, the implementation of
this method from a point-scanning to an FF setup requires
additional considerations in the system design. In [17], fibre
optics were used between the elements on the translation stage
and the photodetector so imaging was simple, from a single
point in the sample to a single point on the photodetector, via a
single mode fibre. In FF imaging, a telescope is used in figure 2
to relay each point in the sample to its corresponding pixel on
the detector, which is located in a conjugate image plane. In
FF-OCT, the conjugate image planes of the sample and refer-
ence arms must be precisely aligned to ensure that each cam-
era pixel corresponds to the same spatial point in both optical
paths, as misalignment can result in a reduced interference
contrast and a degradation of the signal to noise ratio [18].

As this dynamic focus method requires the physical move-
ment of the sample arm, all optical components, including
the camera, are mounted together on the motorised transla-
tion stage to maintain alignment and magnification when the
dynamic focus mechanism is engaged. For ease of reference
arm length adjustment, the telescope formed by L2 and L4
must also be mounted on its own translation stage. In contrast
to simpler single detector arrangements in point-scanning,
OCT and FF-OCT require more complex detection methods
such as phase-shifting interferometry, which can make FF-
OCT more sensitive to phase errors [19]. Stable phase modula-
tion and acquisition are therefore essential, which is facilitated
here by a camera with a global shutter.

The requirement of the camera to also be displaced by the
sample arm when scanning the object alters the considera-
tion of the path length changes compared to the point scan-
ning implementation [17]. Referring to the system diagram in
figure 2, the key optical path lengths are defined as follows
from the detection plane:

e Reference arm length: L,

e Distance from BS to camera: L.

e Sample arm length between points s (a point on the sample
surface) and b (centre of BS): Ly,

When the focus and coherence gates are positioned together
at the closest surface of the sample to the objective lens, L3,
as would be the case at the start of imaging, the optical path
difference (OPD) between the two interferometer arms at the
camera is equal, as follows:

2Ly, + L, =2L,+ L. “)

If the dynamic focus is engaged and the sample arm translation
stage is shifted towards the sample by a distance x, L. increases
by x in the reference arm. In the sample arm L, also increases
by x, while Ly, decreases by 2x and the new focus position in
the sample shifts to point inside the sample that corresponds
to a round trip increase in the OPD of 2n%x. To keep the focus
and coherence gate together at this new depth, equation (4)
becomes:

2(Lg —2x) +2m°x+ Lo +x=2L, + L.+ x. ®)



J. Opt. 27 (2025) 115301

T Sanderson et al

1.361.381.401.421.441.461.481.50
Sample Refractive Index

(a)

400
350
300
250
200
150
100

50

\— NA = 0.1
NA = 0.2
— NA=0.3

— NA =04
NA = 0.5

Achievable Axial Range (um)

1.361.381.401.421.441.461.481.50
Sample Refractive Index

(b)

Figure 3. Achievable axial range for different values of sample refractive index and objective lens NA.

Solving for n gives n = /2, which confirms that the func-
tionality of the original point-scanning dynamic focus method
is preserved in this FF implementation.

For the mismatch between the coherence gate and the focus
gate in depth (A) to be minimised, the refractive index of the
sample must be approximately equal to v/2. This value is con-
sistent with the refractive index of most biological samples
(=~1.34 — 1.65) [16] where soft tissues such as skin have
refractive indices ranging between 1.34 — 1.56 and the human
eye between 1.36 — 1.45. Thus, some of the most imaged bio-
medical samples lie within the ideal range of refractive index
for this method. This is particularly relevant when consider-
ing that an image of sufficient quality can be obtained without
perfect alignment of the focus and coherence gates, provid-
ing the coherence gate position is within half of the DOF. The
achievable axial range for a given sample refractive index and
objective lens NA can be described by equation (6),

NA? (2 —=2)|

Figure 3(a) presents the achievable axial range at which
a good quality image can theoretically be obtained using the
dynamic focus system, where the coherence gate is within the
focus extension (half the DOF), as a function of deviations of
the index of refraction from the ideal value versus the NA of
the lens L3. In figure 3(b) the depth at which the coherence
gate remains within the focus extension is shown for a system
without dynamic focus with the sample being moved towards
the objective lens.

A significant improvement in the achievable axial range is
observed over the range of NA (0.1 - 0.5), particularly around
the optimum sample refractive index n ~1.41. Even with a
significant deviation from the optimum, the system retains a
better focus in depth even with a high NA of 0.5.

The PZT is driven by a 25 Hz sinusoidal waveform gen-
erated by a signal generator (SG). A pulse generator (PG) is
used to supply the camera’s hardware trigger with a 100 Hz
transistor—transistor logic signal. Each pulse triggers the cam-
era to capture an interferogram and buffer it into RAM.

The waveforms from the signal and pulse generators are
synchronised with an adjustable phase in order to control the
optimal trigger for each capture. The dependence of the inter-
ference signal with time, due to the phase modulation, depends
on the phase, 6, as detailed below: [20]

I(x,y,t) =I(x,y) +A(x,y)cos[¢ (x,y) +¢sin(wt+0)] (7)

where [ is the intensity of the DC terms, A is the interference
amplitude, ¢ is the optical phase and ¢ the amplitude of the
phase modulation.

By taking linear combinations of raw interferograms, the
amplitude and phase of the interferogram can be extracted
while rejecting the incoherent background light present on the
sensor. This is achieved using a four phase shifting interfero-
metry method, where combinations of four 2D interferograms
were calculated as follows [21],

Eo=F —F>+F;—F4 (8

Eg=F—F,—F3+F,. )

So the amplitude of the interference signal can then be defined
as follows,

)1/2

A(x,y) = (EL+E} (10

where F'| to F4 are frames captured with a phase difference of
7 / 2 between each frame.
Sample imaging is performed as outlined below:

e The sample arm stage is scanned sequentially towards the
sample in steps corresponding to the axial resolution.

e Four phase-shifted interferograms are captured at each
sample depth.

o The interference amplitude is computed using equation (10).

o When the desired sample depth is reached, the amplitude is
saved as a volumetric image.
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Figure 4. Theoretical depictions of the separation of the focus and coherence gates within the sample of large axial extension, 4 mm. An
NA = 0.1 is used here so that the DOF is visible on this scale. (a) Dynamic focus, i.e scanning the sample arm translation stage. (b) The
sample being moved towards the objective lens L3, with the sample arm at rest. (c) Diagram of the cuvette + USAF sample used for this
demonstration of dynamic focus. (d) A zoomed plot of (b) to demonstrate where the separation of the coherence gate from the focus occurs

without use of the dynamic focus mechanism.

3. Results and discussion

To aid in the interpretation of the experimental results, the-
oretical depictions of the relative positions of the focus and
coherence gates within the sample are presented in figures 4(a)
and (b) for the dynamic focus and non-dynamic focus cases,
respectively. In the case of non-dynamic focus, the sample
itself is moved towards the objective lens, while the transla-
tion stage is held at rest.

The sample used for this demonstration is shown in
figure 4(c) and consists of a glass cuvette (n ~ 1.50) filled with
water (n = 1.33). This approximates the combined refractive
index over the whole axial extension of the test object (4 mm)
of Neombined == 1.415, which is close to the optimum value of the
sample refractive index for this system. A USAF 1951 resolu-
tion test target was placed on the far side of the cuvette to test
the focus and sharpness of the OCT image after scanning the
sample with both methods. Figure 4(c), (i) depicts the starting
position of the objective lens, focus and coherence gates, (ii)
shows the change in positions when using the dynamic focus,
(ii1) shows the relative positions when the sample is moved
towards the objective lens.

From Figure 4(a) it is evident that although the focus
and coherence gates do have some separation within the

sample, as the focus is shifted through the sample layers,
this is within the DOF. In addition, by the time the focus
reaches the position of the USAF target on the back of the
cuvette, the two gates overlap again. From this, theoretically
an image that is in focus can be obtained at an axial dis-
placement of 4 mm into the sample from the starting point
on the surface. This range exceeds the DOF of the lens used
more than ten times. This is in contrast to 4(b), where the
coherence gate rapidly separates from the DOF extension
after a sample depth of 0.10 mm, presented in the zoomed
figure 4(d).

A comparison of the en-face OCT images is shown in
figure 5, obtained from the cuvette sample described in
figure 4. Figure 5(a) shows the resulting USAF image when
using dynamic focus, shifting the sample arm translation stage
towards the cuvette, while (c) shows the same area of the target
but imaged after the sample is displaced towards the objective
lens.

It is evident in figure 5 that the image obtained using the
dynamic focus method, 5(a), is sharper and better focused
than the image obtained without the dynamic focus, 5(c), a
result consistent with the plots presented in figure 4. To doc-
ument this improvement, edge response functions (ERFs) of
the two images, 5(b) and 5(d), for the same area of the USAF
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Figure 5. En-face OCT images of the USAF target on the sample depicted in figure 4(c), using a 0.5 NA objective lens, demonstrating a
comparison of the dynamic focus method and shifting the focus by moving the sample. (a) Image of the USAF target using dynamic focus,
showing group 5 element 1. (b) Edge response function of the marked area of the number corresponding to group 5 (a). (c) The same area of
target as in (a) but imaged after the sample was moved towards the objective lens. (d) Edge response function of the marked area in (b).
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(a)

Figure 6. B-scans of an infrared detection card. (a) Imaged with the time domain full-field dynamic focus system presented in this paper.
(b) A comparison image, obtained with a flying spot, swept-source OCT system at 1060 nm with NA =~ 0.1. The red rectangle highlights the

much smaller lateral size of the image depicted in (a).

target are evaluated. The measured ERFs were smoothed with
a Gaussian filter (o = 2 pixels) to reduce high frequency noise,
and the 10%-90% rise distances were extracted. The measured
10%-90% rise distances were 3.03 um and 12.35 um for the
dynamic focus image and non-dynamic focus images, respect-
ively, confirming the significant focus improvement that can
be achieved by this method.

For figure 5(a) the focus and coherence gate separation was
estimated to be 4.45 um at the USAF target inside the sample.
This separation remains within half of the DOF, 5.34 um.

Comparatively, without dynamic focus in figure 5, the separa-
tion of the gates in the sample is 2.00 mm, well exceeding the
DOF.

The FF system was also tested for its ability to produce a
cross-sectional image (B-scan) of an infrared card, as shown
in figure 6(a). The card consists of a succession of layers, two
transparent plastic laminate layers followed by a more scat-
tering sample than was used for figure 5, the phosphor layer.
A comparison image, figure 6(b), of the same infrared card
is shown, obtained with a point-scanning swept-source OCT
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system with an objective lens of small NA of 0.1 and centre
wavelength of 1060 nm.

Comparing the two images, both the top and bottom layers
of the laminate in addition to the phosphor layer can be distin-
guished in the B-scans. However, due to the high spatial coher-
ence of the SLD source used, the coherence gate is affected by
the multiple scattering from the sample. This leads to some
degradation in image quality, likely from speckle noise and
crosstalk between lateral pixels in the camera sensor [22, 23].
This is particularly noticeable in the more scattering phosphor
layer but can also be seen in the lower intensity of the second
laminate layer when compared to the swept-source image 6(b).

4. Conclusion

The adaptation of the dynamic focus method in [17] to FF
OCT has demonstrated effective performance in maintaining
the focus and coherence gate alignment when using a high
NA objective lens (NA = 0.5). This is verified experimentally
and consistent with the theoretical model presented. En-face
and cross-section OCT images were produced, demonstrat-
ing their potential applicability to soft tissue imaging. Noise
arising from multiple scattering, including speckle and lateral
pixel crosstalk is particularly apparent in figure 6 for a scat-
tering sample. To minimise these effects, future work could
explore reducing the spatial coherence of the light source using
diffusive elements such as lengths of multimode fibre [24, 25]
or replacing the optical source with a thermal emitter [12, 26],
both well-established approaches in FF OCT.

Compared to dual translation stage approaches for dynamic
focus in FF-OCT, this single stage approach can achieve com-
parable functionality with a simpler mechanical arrangement.
It also does not require prior knowledge of the refractive index
of the sample to synchronise the gates. However, this method
is designed to operate around a refractive index of n~1.41
for optimal synchronisation of the focus and coherence gates.
If the sample refractive index deviates significantly from this
optimal value, the achievable axial range is reduced. However,
a consideration of the relationship between the lateral resolu-
tion and achievable axial range can be made to optimise the
method, depending on the desired application (figure 3(a)).

In practice, this trade-off is unlikely to pose a major limita-
tion for imaging biological samples, as the optimal refractive
index lies centrally in the range of most biological samples.
On the other hand, numerical refocusing approaches can digit-
ally adjust the focus in post-processing to extend the useful
axial imaging range, without requiring mechanical motion.
However, the performance of numerical refocusing techniques
is limited to only several times the DOF, after which the
retrievable signal diminishes and the reconstructed image
quality degrades [13]. Numerical methods that do not require
prior knowledge of the sample’s refractive index are typic-
ally the most computationally intensive, with applicability cur-
rently limited to state-of-the-art systems. In contrast, the setup

presented here demonstrates a dynamic focus approach in a
mechanically simple and hardware accessible form.

Although the method detailed in this manuscript is lim-
ited by the relationship between NA and the sample’s refract-
ive index, it remains effective within those constraints. When
combined with a numerical refocusing approach that is com-
patible with inhomogeneous samples of unknown refractive
index, the two methods can be complementary. This combin-
ation could potentially enable high NA imaging of samples
whose refractive indices deviate significantly from the optimal
value, over an extended axial range, which would not be
achieved with either method in isolation.
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