Application of AlazarTech PCI/PCle Digitizer
on Optical Coherence Tomography (OCT)
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Introduction 5| &

In the last decade, Optical Coherence Tomography has emerged as an important diagnostic
and research tool in several medical fields, including ophthalmology, cardiology, and neurology.
OCT is unigue as a non-contact, non-invasive imaging modality that can acquire sub-surface
high-resolution cross sectional images of biological tissue [1].
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Wavelength Swept Source (SS) OCT implementations dominate in longer wavelength
regions, particularly at 1310nm where there are an abundance of fiber optic components from
the telecommunications industry. Light at this wavelength penetrates deeper in tissue than
shorter wavelengths, but suffers from high water absorption. Applications of high speed OCT
imaging in this wavelength range include: ocular anterior chamber, early cancer detection,
cardiovascular imaging, and visualization of early developmental biology [2].
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In this application note, the basics of OCT imaging are described from the perspective of
wavelength swept imaging. A typical implementation of an externally clocked SS OCT system is
introduced, and schematically illustrated. The features on AlazarTech waveform digitizers
specifically suited for SS OCT signal acquisition are described, enabling high speed, high
performance imaging.
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Optical Coherence Tomography Jt22HT Wi 2

Medical imaging with OCT is described as an optical analog to Ultrasound. Axial cross sectional
data (called A-scans) are generated by the interference of light backscattered from a sample
with light reflected from a reference. A sequence of A-scans acquired while transversly scanning
the beam is called a Brightness (B)-scan. Volumetric images can be constructed by sequentially
acquiring cross-sectional images generated through raster scanning, usually using
galvanometer scanning mirrors. A simplified version of an OCT system using a fiber-based
Michelson interferometer-type configuration is illustrated in Figure 1.
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Figure 1: Simplified OCT using a fiber-based Michelson interferometer type configuration
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Light backscattered from the sample and reference arms are recombined in the fiber coupler
and interfere to produce fringes related to the optical path length difference. Using a low-
coherence light source with a spectrum, S(k), the light returned from the reference and sample
arms, Ir and Is, with a path length mismatch of Az, the signal acquired at the detector can be
represented by

PRSI Z BN A UM e TR S8y T BOpr g &, IR T, DU E SRR AR T
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Ioe: (K) = S(K)(Ig + Is + 2,/Tglscos(2Azk)) 1)

The source spectrum, S(k), is related by the Fourier transform to S(Az), which represents the
Point Spread Function (PSF) or axial resolution of the system. Assuming a Gaussian profile
having a full width half maximum (FWHM) spectral bandwidth A4, the width of the PSF is given
by [3] [4]

ST AR WO YEUR S(K) S S(AZ)BERAL K, RRRLEM NP KB (PSF) il R, R
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(4].
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YV
where A is the central wavelength and AA is the source bandwidth in wavelength units. In this
form, the resolution can be seen to depend not only on the bandwidth of the source, but also on

the central wavelength. This implicitly indicates that in OCT, the axial resolution is de-coupled
from the transverse resolution, which is dependent on the sample arm imaging optics.
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Fourier Domain OCT {& .M OCT

Fourier domain (FD) detection in OCT has gained much attention due to the increased
sensitivity and acquisition speed compared to the original method, time domain (TD) OCT. FD
OCT uses a stationary reference arm reflector, and the optical path length difference of
scatterers in the sample arm relative to the position of the reference arm is encoded by the
frequency of the interferometric fringes as a function of the source spectrum, S(k). In FD OCT,
acquiring the optical spectrum of back-reflected light at permits all depths to be acquired
simultaneously rather than sequentially. The signal acquired at the detector is a function of the
wavenumber given by Equation (1), simplified for the case of a single reflector in the sample.
The location of the reflector in the sample can be extracted by taking the Fourier transform of
Equation (1) to obtain

gk (TD) OCT HiART AL, OCT A fEiar g, (FD) Al H A7 o8 iy 1 2 i R 42
S, WimAHE N HR . FD OCT M [E @ S5 R4, 5528 00 B 1R
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(2)
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where the first term on the right hand side is the Fourier transform of the source. The first term
in the parenthesis is the DC term, and corresponds to the DC spectrum, and the second term in
the parenthesis represents the location of the reflector and its complex conjugate. Complex
conjugate artifacts arise because, generally, OCT systems do not acquire the phase of the
interferometric signal. Various techniques have been investigated to resolve this problem during
imaging, effectively doubling the imaging depth of the system.
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For OCT systems, the maximum sensitivity is determined by the shot noise limit of the system.
Typically, the reference arm reflectivity is much higher than the sample arm, where excess
photon noise will dominate. However, largely attenuating the references arm will cause receiver
noise to dominate. Accordingly, to achieve maximum sensitivity, the reference arm power has to
be adjusted to a reflectivity in between the two cases. Consequently, the maximum sensitivity is
a function of the reflectivity of the sample R, power incident on the sample Ps and electronic
charge e [5]. For SD OCT, the Signal to Noise Ratio (SNR) is given by [3]

it OCT R4 T, N RBUE H RS HORME A R PoE . %, S5 81 R &
B2, EXFENT, RGPS LR . AR, KR 59 2% o S EURI LM R
SCHCHIAT o AR, Sk TSR KR EE, W 0 25 18 D) R A R 2 I S
o I, SRR B RFE SO — DR Rs, FEMIIANI DI EH PR, L7 g
fl e &Rk [5]. X SD OCT, f{iMktt (SNR) ] LIRS L A=A H [3].

RePcht

: (4)

where At is the line integration time. Equation (5) shows that the SNR is not dependent on the
detection bandwidth (as was the case with Time Domain OCT) but proportional to integration
time.

Hof, At FRRGRUNINIL. R (5) FWIEHE AR e TR 9 (ZERIR OCT 1, 3Ly
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The sensitivity advantages obtained through spectrally resolved detection, state-of-the-
art FD OCT systems permit operation atline rates in the hundreds of kilohertz with image
quality superior to older, slower systems. Two types of FD OCT are widely used in research,
and are differentiated based on the combination of the source and detector used. Spectral
Domain (SD) OCT (also called S OCT) uses a low coherence broadband light source and a
spectrometer which uses a diffraction grating to disperse the interferometric signal spectrum
across a linear array detector. Swept Source (SS) OCT uses a wavelength swept laser source
and photodiode balanced receiver as the detector. Whereas SD OCT spatially encodes
spectrally resolved interference signal, SS OCT time-encodes the spectral signal as the narrow
laser linewidth sweeps through a broad spectrum [6]. Although the detected signal is acquired in
a different manner, the interpretation is the same, i.e. the frequency of the interferometric fringes
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corresponds to the location of the sample scatterer. The system level advantages of SS OCT
over SD OCT are evidenced through the differences in signal acquisition. SS OCT systems can
be designed with faster line rates and longer imaging depths than possible with the
spectrometer based systems.

SEHE FD OCT ARGl it Ye itk 7y HeRr RS T RBUEHA, ARVFERCE TR 2% A2 ]
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Swept Source OCT #H3IEOCT

There many configurations for implementing a wavelength swept laser for SS OCT, but the
principle components are a gain medium and a tunable wavelength filter designed in a feedback
configuration as shown in Figure 2.

HIF SS OCT B KA 2547 2 FhHC E w3, (H 2 BT 88 i A ORI A m] U TS
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Figure 2: Conceptual wavelength.swept laser configuration
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A typical SS OCT system (Figure 3) consists of a wavelength swept laser, an optical circulator,
a balanced photodiode detector and a high-speed waveform digitizer configured into an
interferometric topology.

SRR SS OCT R 4L (1 3) Wifh: WRKIMPOLAE. JeIMTds. PO B RIS, Ll
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Figure 3: Swept source interferometric topology
3: UG T Wi
Swept Source: FIHGYE

Output: %t

o= s}

Circulator: 14728

A [=1=]

Balanced detector: ~T-#i = 25
Waveform digitizer: ¥ X4+
Reference arm: &%

Sample arm: F£iE

Light from the laser goes through the optical circulator, and-is divided into the sample
and reference arm by the fiber coupler. The backreflected light in the reference and sample arm
is recombined by the coupler. The detector arm of the interferometer is directed to one input of a
balanced photodiode detector. The light travelling backward through the source arm is
recovered by the circulator and delivered to the other input of the balanced photodectector [5].
Balanced detection provides better sensitivity over a single detector because it rejects common
mode noise and is more efficient in light usage. The resulting interferometric signal has an ac-
coupled appearance.

BotH K HRDC I SCIMT AR, BOUL R G A 70 e i B IS5 . RS avk 25 B
B PR S 1) SR EERT S & T IR &5 15 45 ) P 2O FEL BB AR I 1) — M A . 6
AT s AT I DGRV 1) JE AR AR OCAF LUK A, JF A6 2P O6 AR I % 1 5 — M A [5]. LR
RIS AHEL, P A UL 2% 5E IR R BURE, ERA IR b sr il 7 A 2 LA 7, iy LG REAR H
B P AR T 5 B AR S ML

The swept source emits one wavelength at a time as the filter is tuned through the
optical bandwidth of the gain medium. Due to the nature of the various tunable filters, the sweep
rate is not necessarily linear in time, and additional steps are required to sample the spectrum

S(k) at even wavenumber intervals. Some wavelength swept lasers provide a digital pixel clock
output synchronized to the filter, for those that do not, a common optoelectronic method to
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calibrate wavenumber sampling is illustrated in Figure 4. A pixel clock signal which is fed into
the waveform digitizer can be generated by using a separate fixed path interferometer,
represented by MZI in Figure 3. As the wavelength swept source is tuned through the source
spectrum, the fixed interferometer will cross the DC threshold at points evenly spaced in
wavenumber. Using this signal as an external pixel clock for the waveform digitizer permits the
SS OCT interferogram to be sampled evenly in wavenumber space [6].

M 5 A 5 R T8 A IR AR N, DR RO AN AN R TS B
IR, I A A W AN ), R, DAAE R R BT 6 S(K)RAE 7 255 4k
R ER . — LR KMo A S I S I R0 I B PR S I Bl il s R SRR R 22 op
IO, SRR WG LRSS BEECRAE, WA 4 Bz AT KRG RE TR
(&l 3 /i MZILFzs ) AT VARSI BME S, 5 SRR RE R . WIClDEE I
RAPIOCIRINS 5[5 58 ZCA-I5AORE AR I8 S5 (VA e 5 ELRE B TR X o I AR A 5 HIA R Rk
ERE—ADIMBE RSB, B2 SV UYZE KB B X SS OCT b I AR (6]

.
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; Balanced Detector ) o
WIZI mismatch — | areevenlyspacedink Waveform Digitizer

Figure 4: A fixed path Mach Zehnder interferometer (MZI) is used to create a sinusoidal signal
whose zero crossing are evenly spaced in wavenumber. This signal can be used as‘a pixel clock
for digitization of the interferometric signal

K 4: AR FHEEAECRE S S AR T (MZD BUEIESZAS 5, AERBOT T, %45 5 A8 sl b
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High-Speed Waveform Digitizer B35 KEF

AlazarTech waveform digitizers enable high-speed acquisition and processing of SS OCT data.
The ability of AlazarTech digitizers to guarantee no missed trigger events is crucial particularly
in the acquisition of Doppler OCT, which requires calculation of phase difference of adjacent A-
scans. High-speed data streaming is achieved through the proprietary Auto Direct Memory
Access (AutoDMA) circuitry together with the fully asynchronous driver and dual-DMA engine in
AlazarTech digitizers. The combination of these features allows tasks to be performed in parallel
fashion. The AutoDMA circuitry uses hardware to re-arm and initiate data transfer which
removes software latencies and the dual-port memory acts as a very deep FIFO and dual-DMA
engine permitting maximum transfer ratesto the PC (limited by the motherboard). The AutoDMA
and dual-port memory process is illustrated in Figure 5 and Figure 6, respectively.

AlazarTech EiEH P KA RS T SS OCT 4 1 mid R AE AL EE . AlazarTech £ K AE R IR
WEANS R ARl A 2 R s DL, RS e 75 EE AR AT A AR, 22 1 235 8) OCT KA FE
h, X —PERE AR CE R, AlazarTech s X KL A1 B 3 HEAMEZSFHL (AutoDMA)
HLE, DLACA D IREHFE 7RI DMA 5 |3 3L [ SEIR T iy A e U 7 il IR BB AR AR VP BAJF:
ﬁﬁﬂ&ﬁ&% AutoDMA-H A B A 47 ST I R AR Bl AR Br, I R B T A
ﬁ,Hﬁ,ﬂmmﬁﬁ%ﬁﬁwﬁFmo%mDMAm% FOVFR AR BT S B AL A
(2 ERPRED o Kl 5HIE 6 73l T AutoDMA FIXU A7 av it 72
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TRIGGERED DATA ACQUISITION USING DUAL-PORT MEMORY

TRIGGER I m il
INPUT(S) " b b
CAPTURE Record 2 Record 2

— ____\) ~— — — —
TRANSFERTO PC <_DMA1 »>—— DMA2 > {_DMAZ >—
CPU USAGE {__Process Buffer1 X Process Buffer 2

NOTE 1: Mo Trigger Events Are Missed - Guarantesd
NOTE 22 Over 95% of CPU cycles are avallable for data processing
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EREHAN — CpmaT > < DMA2 >——=< DMA3 >—
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Figure 5: Dual-port memory data acquisition process schematic.
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Figure 6: AutoDMA acquire and transfer process.
<l 6: AutoDMA KA FIE il 78

AlazarTech digitizers provide several flavours of AutoDMA—traditional, No Pre-Trigger
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(NPT), continuous and triggered streaming. For OCT applications, traditional and NPT are
commonly used with the latter being the recommended method. The traditional AutoDMA
acquires both pre-trigger and post-trigger data while NPT AutoDMA only captures post-trigger
data in each buffer. NPT and traditional AutoDMA can easily acquire and transfer data to the PC
at a maximum sustained transfer rate of the motherboard without causing an overflow. One
advantage of NPT over traditional AutoDMA is its ability to use the entire on-board memory
before an overflow flag is asserted; traditional AutoDMA is only limited to 512 buffers on-board
memory if no PC data transfer has been performed.

AlazarTech%fli K4~ HAT Z FiAutoDMARL — L geiiz. Tohitfilii (NPT) #. #F
SNl R R AAAE R, X TOCTINV ], T8 H AT AL GBI URINP TR, TINP TR HER 11
HIER . &G AutoDMAF] B R A T fih & 2504 A1 S fih & 24k, NPT AutoDMA HLili g5 N 22 i
DX 1) b & B . NPTARIE G AutoDMAR] DU AR KA B, I LARRSEI S AL S ok At
R BV ENL, IZE AL HIE IS . S54&5 M AutoDMAHLE, NPT AutoDMAREWS /£ KT &
s AR BT P AR A 2, IXENPT AutoDMATR — KA WA AT LS
f&41, 2% G AutoDMALL FR T-5128% it X R 2 A7 i 2% -

The ports and architecture schematic of an AlazarTech PCI bus digitizer are shown in
Figure 7. Ports consist of an optional external clock input (SMA), two analog input channels (A
and B), external trigger analog input and an auxiliary 1/0.
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Figure 7: (Left) Digitizer ports. (Right) Basic architecture schematic of a PCI bus digitizer.
K 7. () HdERERD; () PClLEZEH RERMIEARLG R A

Wavelength swept lasers have several different designs and the output can be a
unidirectional sweep or a bidirectional (forward and backward) sweep. Other outputs from a
wavelength swept laser are line trigger signals. The line trigger can be generated from an
optical reference such as a Fibre Bragg Grating (FBG) or the square waveform triggers can be
based on the drive waveform. For swept laser designs with a bidirectional sweep, the user can
choose to use the forward sweep, backward sweep or both sweeps by using a combination of
the two triggers available. Each AlazarTech board has two trigger engines, wherein channel A
or B can be used as an additional trigger source to the existing external trigger. The
configurability of the AlazarTech board triggers provides flexibility for working with the different
types of wavelength swept lasers.

BAAAPHOC A BA ZBANF BT, far ) DU S =00, ] URXUR CRIFT m 5D
. PTG P e R O iR G T ZeilR T R AT RIS G (FBG) 52k
HELR A, B, JrPBRIR AT LA T IR o XF B XU F v Ao #s . AT
AAst T A ] P kA RO 5 RaE 08 L BRI 1) Jm 400, s eI 1o B 1) e 400 Tl
AlazarTech Efli KA i #8 B IS A 5 12, JLrr, Jl3E A sGlTE B AJ 1 AT A fid
(R —AEA Mk IR . AlazarTech a1 4E Rk A ATRCEYE, XAf13 AlazarTech = i fig
fiyg R 3% My 5 AN [F) 28I A A A RO 2R 35 R A

The optional External Clock input provides a solution for k-linear SS OCT acquisition.
Sampling the OCT signallinearly in k-space using an external pixel clock reduces the overhead
of software resampling. The External Clock input on the AlazarTech waveform digitizers can be

used with either a digital pixel clock synchronized with the laser sweep (provided by some
commercial wavelength swept lasers) or with the analog output from a MZI signal as
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schematically illustrated in Figure 4. Designed with OCT applications in mind, the AlazarTech
series of digitizers are robust to the changing frequencies of the pixel clock signal, and signal
dead time in between sweeps.

RSN B A\ i k 2k SS OCT SRR T — R s %o £E k ), A
BRI P OCT 15 5 AT B AMERAE 2l D A HCR AT 4 . AlazarTech it Sica R 8+ L4
FRIN Bl A B T LA B R R I Bl ] GRBE I B 5 R R B Kot s ot
FFERL) WAL MZIAE SR et ikl 4 Bras. AlazarTech £fi R <
RIS AE BN RS T OCT WAL, DA B SR IR B 5 1 AR TR P IR 0 8] A5 5 4
DX ] LA A i 10 3

For the cases were software resampling is preferred, the unused channel can be use to
acquire a recalibration signal. The OCT data can then be resampled to be linear in k-space by
using any of several algorithms (peak detection, zero crossings, etc.) on the recalibration signal.
Both channels on the AlazarTech boards are digitized simultaneously, providing zero-shift
between the OCT signal and the recalibration signal. For applications which require more than
two inputs, multiple boards can be arranged in a Master/Slave configuration.
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AlazarTech has a wide-range of digitizers suitable for OCT applications. They range
from 8-16 bit resolution cards with maximum sampling rates of 50MS/s to 1GS/s. For OCT
applications, it is recommended to use at least 12-hit resolution digitizer cards. However, with
advancement of high-speed SS OCT systems, there is a need for faster PC transfer rates. In
this case, an 8-bit card (ATS9870 — 1GS/s, 8-bit) may be more preferred, which has been
shown to only reduce the SNR of the OCT signal by ~0.6dB [7]. The wide range of AlazarTech
waveform digitizers are complemented by an impressive library of examples and functions with
the C/C++ and LabView Software Development Kits (SDK). OCT data acquisition and image
processing can be easily integrated into the existing examples in the SDK.
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