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Abstract—A real-time fiber shape sensing system using a field-
programmable gate array (FPGA) in an optical frequency domain
reflectometry (OFDR) was firstly demonstrated. At a spatial reso-
lution of 10 mm, the refresh rates for strain demodulation based on
weak fiber Bragg grating array (WFBGA) inscribed multicore fiber
(MCF) using parallel computing and serial computing were 30 and
17 Hz, respectively. Here, a multi-channel data caching DDR4 mod-
ule, a large-point fast Fourier transform module and a wavelength
shift calculation module were designed and transplanted into the
FPGA to achieve fast strain demodulation for shape sensing. And
the strain accuracy of serial computing was higher than that of
parallel computing due to the maximum sliding window sizes of
8192 and 2048 for serial computing and parallel computing after
zero padding. Under the curvature radii of 15.0, 12.5, 10.0, 7.5,
5.0 cm and infinite, the root mean square errors (RMSEs) using
serial computing were 0.2831, 0.2760, 0.1529, 0.1323, 0.1869, and
0.1806 cm, respectively, corresponding to distribution volumes of
0.0084, 0.0048, 0.0043, 0.0118, 0.0098, and 0.0013 cm3, respec-
tively. And the 3D shape was also reconstructed with an RMSE
of 0.5905 cm and distribution volume of 0.0011 cm3.

Index Terms—Field-programmable gate array, optical freq-
uency domain reflectometry, shape sensor.
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I. INTRODUCTION

F IBER optic shape sensing (FOSS) has attracted attention
in the medical field due to its ability to track the shape and

position of dynamic objects, i.e., minimally invasive surgical
continuous robots [1], navigation flexible instruments [2] and
without visual contact. Fiber Bragg gratings (FBGs) with differ-
ent resonant wavelengths, i.e., wavelength division multiplexing
FBGs, were often used to realize shape sensing, where the mea-
surement rate could reach hundreds of Hz [3], [4], [5]. However,
the limited number of multiplexed gratings, i.e., limited sensing
length, and lower sensing spatial resolution limit its further
application in shape sensing. In contrast, FOSS based on optical
frequency domain reflectometry (OFDR) has become one of the
most promising method due to its high sensing spatial resolution
and high sensitivity [6]. As we know, real-time and high spatial
resolution demodulation of shape changes in navigation flexible
instruments is a key factor related to whether this technology
could be applied in the medical field [7]. However, the higher
the spatial resolution, the more cycles of the cross-correlation
operation. Thus, the computational load of the OFDR system
is undoubtedly increased, thereby prolonging the demodulation
time. To improve the demodulation rate of the OFDR, various
methods based on graphics processor unit (GPU) and field pro-
grammable gate array (FPGA) have been demonstrated [8], [9],
[10], [11], [12]. For example, a real-time OFDR strain system
based on (GPU) with a demodulation rate of 60 Hz and lower
strain resolution, i.e., the number of padding zeros was less than
1350, was demonstrated [8]. And a fast shape reconstruction
OFDR system that employs GPU to parallelly calculate the
cross-correlation wavelength shift of the multicore fiber (MCF)
was proposed, and the time consumption was reduced by 21
times [9]. On the other hand, a OFDR strain system using
FPGA as the hardware circuit to complete the calculation task
was proposed, where the demodulation rate was accelerated
by 21 times, i.e., 10 Hz under the spatial resolution of 30 cm
[10]. Subsequently, a high-speed strain demodulation system
employing a 2D FFT and frequency-domain cross-correlation
algorithm based on FPGA was also proposed, where the real-
time demodulation rate of 24 Hz. And the spatial resolution
was 6.4 mm for 50 m test fiber [11]. In addition, a real-time
and high spatial resolution OFDR strain sensing system that en-
tirely employs FPGA for data acquisition and cross-correlation
shift calculation was further demonstrated [12]. However, there
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are still significant differences between the reported perfor-
mance index and actual application requirements in the medical
filed.

In this letter, a real-time and high-spatial-resolution OFDR
distributed shape sensing system using WFBGA-inscribed MCF
was demonstrated. The system was fully employing FPGA for
strain demodulation with a refresh rate of 17 Hz and spatial
resolution of 10 mm using serial computing. Among them, 2D-
FFT, multi-channel data caching, data separation module, and
wavelength shift calculation module were combined to achieve
three cores strain demodulation. The resource consumption per-
centage of strain demodulation using parallel computing and
serial computing in FPGA was compared. The 2D and 3D shape
sensing property, including RMSE and stability, was further
investigated using serial computing.

II. EXPERIMENTAL SETUP AND METHODS

An OFDR system consisting of three main interferometers
(MIs), i.e., MI1, MI2, and MI3, was constructed to achieve
real-time fiber shape sensing, which were independently con-
nected to the two outer cores, i.e., Core5 (C5), Core6 (C6),
and central cores, i.e., Core1 (C1), of MCF, through fan in/out,
as shown in Fig. 1(a). Note that the C5 and C6 were used to
calculate the bending orientation and curvature based on the
vector projections method [13]. And the C1 was used to com-
pensate the influences of external temperature and axial force by
subtracting its wavelength shift [14]. A 60 cm-long MCF with
femtosecond-laser-inscribed WFBGAs, i.e., WFBGA-inscribed
MCF, was used in the experiment, where the length and space
of the WFBG was 2 mm and 8 mm, respectively [15]. And
the amplitude of the C1, C5 and C6 was illustrated in Fig. 1(b).
Then the Rayleigh backscattering (RBS) signals from three cores
could be collected simultaneously in one frequency sweep of a
tunable laser source (TLS). Compared with the use of optical
switch method [13], the time required for frequency sweep
was reduced. The light from a TLS (TLB-8800 Newport) was
evenly divided into four parts by the optical coupler (OC1),
which entered MI1, MI2, MI3, and auxiliary interferometer
(AI), respectively. The AI, i.e., Michelson interferometer, was
consisted of two Faraday rotating mirrors (FRMs) and a 20 m
long delay fiber, which was used for providing an external clock
to trigger data acquisition and collect MI signal at a uniform
optical frequency. The light entering the MI1 was split two
parts by OC3 with a splitting ratio of 10:90, and entered the
polarization controller (PC) and the C1 of MCF, respectively,
then mixed by OC4. Two polarization beam splitters (PBSs), i.e.,
PBS1 and PBS2, were used to separate the collected interference
signal into P-polarization and S-polarization, and were detected
by two balanced photodetectors (BPDs), i.e., BPD2 and BPD3,
respectively. The MI2 and MI3, which have the same structure
as MI1, were used to collect RBS signals from C5 and C6, re-
spectively. Moreover, the FPGA board was equipped with FPGA
chip analog-to-digital conversion (ADC) chip (four channels, 1
GBPS, 16 bit), and double data rate (DDR) chip, which is used
to achieve fast strain demodulation for shape sensing.

Fig. 1. (a) Experimental setup for real-time shape sensing using FPGA-based
OFDR with weak fiber Bragg grating array (WFBGA) -inscribed multicore fiber
(MCF). Note that the core combination of Core1 (C1), Core5 (C5), and Core6
(C6) was selected to reconstruct the 2D and 3D shape. TLS: tunable laser source;
OC: coupler; CIR: circulator; FRM: faraday rotating mirror; PC: polarization
controller; PBS: polarization beam splitter; BPD: balanced photo-detector; AI:
auxiliary interferometer; MI: main interferometer; (b) distance domain spectra
of femtosecond-laser-inscribed WFBGA in C1, C5, and C6 of 60 cm-long MCF,
where the length and space of the WFBG was 2 mm and 8 mm, respectively.

To achieve real-time shape sensing, the strain demodulation
process of C1, C5, and C6 in WFBGA-inscribed MCF was trans-
planted into FPGA board. As shown in Fig. 2, the beat frequency
signals of C1, C5, and C6 with straight and curved shapes were
firstly collected simultaneously by the ADC, corresponding to
the reference (Ref.) signal and the measurement (Mea.) signal,
respectively. Take C1 as an example, the framework is the
same as Ref. [12], including row 2-dimensional fast Fourier
transformation (2D-FFT), column 2D-FFT, multi-channel data
caching, i.e., writing/reading in MEMORY BLOCK0, MEM-
ORY BLOCK1 and MEMORY BLOCK2, multiplying by twid-
dle factor. Note that the order of reading data from MEMORY
BLOCK0, MEMORY BLOCK1 and MEMORY BLOCK2 is
column, row, and column first, respectively. The same processes
as described above were also exerted on C5 and C6. Currently, the
Ref. and Mea. distance domain spectra of C1, C5 and C6 could be
obtained. Subsequently, a data separation module was designed
to separate the Ref. and Mea. signals after MEMORY BLOCK2,
synchronously extracting the position of each WFBG in the
Ref. and Mea. signals through sliding window. Then the Ref.
signal output through RD-Column was cached in MEMORY
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Fig. 2. Data processing flowchart of strain demodulation of C1, C5, and C6 in
WFBGA-inscribed MCF for shape sensing using FPGA board. ADC: analog-to-
digital conversion; FIFO: first in first out; 2D-FFT: 2-dimensional fast Fourier
transformation; Ref.: reference signal; Mea.: measurement signal; IFFT: inverse
FFT; DDR: double data rate. PCIe: peripheral component interconnect express;
PC: personal computer.

BLOCK3 and directly output, reducing once RD-column oper-
ation [12]. Then the distance domain of Ref. and Mea. signals
were simultaneously input to the wavelength shift calculation
module, including padding zero, inverse FFT (IFFT), cross-
correlation, peaking searching operation. In this way, the strain
distributions of C1, C5 and C6 could be demodulated based on
the calculated spectral shift, and then transmit to personal com-
puter (PC) through peripheral component interconnect express
(PCIe) module to reconstruct the 2D and 3D shape.

According to the strain demodulation flowchart in Fig. 2,
two data processing frameworks, i.e., parallel computing and
serial computing, were designed to compare their refresh rates.
In parallel computing, the beat frequency signals of C1, C5,
and C6 were simultaneously and synchronously passed through
MEMORY BLOCKs 1, 2, 3, and wavelength shift calculation
module at time t1, as shown in Fig. 3(a). On the contrary, the
beat frequency signals of C1, C5, and C6 were time-division pro-
cessed at times t1, t2, and t3, respectively, for serial computing,
as shown in Fig. 3(b). Moreover, the process of implementing
multi-channel caching in DDR4 module was illustrated in Fig. 4.
The data written from different channels were firstly cached
in different FIFOs, i.e., FIFO1, FIFO2, FIFO3, and FIFO4,
and then written to the WR channel arbitration module. Each
channel data was packaged and allocated a memory address,
and then cached separately in the write data and write address.
Subsequently, the data and address were converted into AXI
write protocol frames through AXI4 WR module, transmitted to

Fig. 3. Flow charts of two processing frameworks in FPGA, i.e., (a) parallel
computing and (b) serial computing, corresponding to simultaneous and time-
division processing of C1, C5, and C6 beat signals.

Fig. 4. Structure diagram for implementing multi-channel cache, i.e., multi-
channel read/write, using DDR4 chip.

the DDR4 MIG module, and then written to the DDR4 chip. At
the same time, a multi-read request instruction was sent to the
RD channel arbitration module. The number of channels and
data were identified, and the corresponding read address was
sent to AXI4 RD module. Then the data was read from DDR4
chip, returned to RD channel arbitration module, and output to
FIFO1’, FIFO2’, FIFO3’, and FIFO4’.

The consumption percentages of resource in FPGA for strain
demodulation using parallel computing and serial computing
were investigated and compared. As shown in Fig. 5(a), the
consumption percentages of look-up table (LUT), LUT random
access memory (LUTRAM), flip-flops (FF), block random ac-
cess memory (BRAM), digital signal processing (DSP), input
and output (IO) were 54.30, 26.03, 48.53, 93.47, 22.77 and
43.11, respectively, using parallel computing, when the total data
size was 1.0 MS, i.e., D’= 1.0 MS. And the maximum size of the
sliding window after zero padding was 2048, i.e., M = 2048, for
parallel computing, due to the 93.47% resource consumption of
BRAM. Moreover, the refresh rate of 30 Hz was achieved using
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Fig. 5. Consumption percentages of in FPGA for strain demodulation using
(a) parallel computing and (b) serial computing under the total data size of 1 MS,
i.e., D’ = 1.0 MS. Note that maximum size of the sliding window after zero
padding for parallel and serial computing was 2048 and 8192, corresponding to
refresh rates of 30 and 17 Hz, respectively.

TABLE I
PERFORMANCE COMPARISON OF OFDR BASED ON GPU AND FPGA

parallel computing, which was close to the repetitive sweeping
frequency of TLS, as shown in Supplementary video S1.

Compared with parallel computing, the consumption percent-
ages of LUT, LUTRAM, FF, BRAM, DSP, IO were reduced to
28.49, 11.53, 23.14, 67.06, 9.08, and 43.11, respectively, using
serial computing, as shown in Fig. 5(b). And the maximum size
of the sliding window after zero padding was improved to 8192,
i.e., M = 8192. Compared to padding zero to 2048, a higher
strain accuracy of 3.49 με was exhibited after zero padding to
8192 [11]. In other words, the strain accuracy of serial computing
was higher than that of parallel computing. However, the refresh
rate was reduced to 17 Hz for serial computing, as shown in
Supplementary video S2. Therefore, shape reconstruction in the
subsequent experiment was carried out using serial computing
in consideration of real-time and high strain accuracy. As we
known, the data processing rate for distributed sensing could
be effectively accelerated by the parallel computing in GPU,
attributing to its large number of parallel computing units. As
shown in Table I, the refresh rate was 60 Hz for GPU-based strain
sensing [8]. However, there is no refresh rate was reported for
GPU-based shape sensing [9]. In this work, the FPGA-based
OFDR using parallel computing and serial computing with
refresh rates of 30 and 17 Hz, respectively. To our knowledge,
this is the first time to achieve real-time fiber shape sensing using
FPGA-based OFDR with WFBGA-inscribed MCF.

III. EXPERIMENTAL RESULTS AND DISCUSSION

To verify the performance of the FPGA-based OFDR, the 2D
and 3D shape sensing properties of WFBGA-inscribed MCF
were further investigated using the combination of C1, C5, and
C6 based on serial computing. Similarly, the WFBGA-inscribed
MCF was firstly placed on curvature plate with radii of 15.0,

Fig. 6. Demodulated strain distributions of C1, C5, and C6 for the WFBGA-
inscribed MCF using parallel computing, when the curvature radius was (a) infi-
nite, (b) 15.0, (c) 12.5, (d) 10.0, (e) 7.5, and (f) 5.0 cm, respectively; reconstructed
2D shapes using (g) serial computing and (h) parallel computing, respectively.

12.5, 10.0, 7.5, and 5.0 cm, respectively [15]. To minimize the
torsion introduced by operation as much as possible, one end of
the MCF connected to FIFO was fixed, and the other end was
attached with transparent tape. Then the end with transparent
tape was moved to different curvature grooves. In the process, the
transparent tape with MCF and the curvature groove were kept in
the same plane. As shown in the yellow curves of Fig. 6(a)–(f),
the demodulated strain of the C1 at the geometric center was
approximately 0 με, independent of the curvature radius. When
the WFBGA-MCF was bent, the strain distribution of the outer
cores, i.e., C5 and C6, exhibited a sinusoidal curve, labeled by red
and blue curves, respectively. And the demodulated maximum
strains of C5 and C6 were −324.3, −376.0, −455.9, −615.7,
−902.4 με and −343.1, −390.1, −470.0, −629.8, −907.1 με,
respectively, when the curvature radius was 15.0, 12.5, 10.0,
7.5, and 5.0 cm, respectively. Obviously, the maximum strain of
the outer core was increased as the curvature radius decreased.
Using the vector projection method based on Bishop framework
and afore-calculated strain, the reconstructed 2D fiber shapes of
the bent segment were agreed well with the designed curvature
radii, as shown in Fig. 6(g). In addition, the reconstructed length
of WFBGA-inscribed MCF was 60 cm under the straight state,
i.e., R = �, which was consistent with the actual length. Under
the curvature radii of 15.0, 12.5, 10.0, 7.5, 5.0 cm and infinite, the
root mean square errors (RMSEs) between the reconstructed and
designed curvature radius were 0.2831, 0.2760, 0.1529, 0.1323,
0.1869, and 0.1806 cm, respectively. Note that the calculation
of RMSE was only in the curvature segment. Besides, RMSE
was calculated using other core combinations, i.e., C135, with
RMSE of 0.3104, 0.2650, 0.3170, 0.3583, and 0.4289 cm for
curvature radii of 15.0, 12.5, 10.0, 7.5, and 5.0 cm, respectively.
Obviously, the RMSE of the C156 combination was superior
to that of C135. Thus, the RMSE was further calculated based
on C156 combination with parallel computing, as shown in
Fig. 6(h). Obviously, the RMSEs were deteriorated to 0.7611,
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Fig. 7. The coordinate distribution of the end position of WFBGA-MCF at
40 repetitions under curvature radii of (a) infinite, (b) 15.0, (c) 12.5, (d) 10.0,
(e) 7.5, and (f) 5.0 cm, respectively.

Fig. 8. (a) Obtained strain distribution of C1, C5, and C6 for the WFBGA-
MCF; (b) reconstructed 3D spiral shape of; (c) coordinate distribution of the end
position of WFBGA-MCF.

0.6481, 0.3365, 0.4604, 0.3204, and 0.2417 cm, respectively.
This further indicated that the strain accuracy of reconstructed
shapes using serial computing was better than that of parallel
computing, due to the maximum size of the sliding window
after zero padding in serial and parallel computing being 2048
and 8192, respectively.

To further verify the stability of FPGA-based OFDR shape
reconstruction, the distribution of end position was studied
under the same curvature and repeated 40 times. Note that
the calculation of stability was in consideration of the entire
WFBGA-inscribed MCF. As shown in Fig. 7(a), the coordinates
of the end position were fall within a rectangular prism with a
volume of 0.0013 cm3, when the curvature radius was infinite,
i.e., R = �. The volumes were 0.0084, 0.0048, 0.0043, 0.0118,
and 0.0098 cm3 under the curvature radii of 15.0, 12.5, 10.0, 7.5,
and 5.0 cm, respectively, as shown in Fig. 7(b)–(f). Compared
with the bent state, the distribution volume in the straight state
was the smallest, which may be due to the smallest MCF torsion

in the straight state. Moreover, the instability of the end position
was mainly distributed in the x-axis and z-axis directions. In
addition, the RMSE and stability of the reconstructed shape were
independent of each other.

When the WFBGA-MCF was placed on a spiral groove [15],
the tendency of the strain distribution of C1, C5, and C6 was
similar as the 2D shape, as shown in Fig. 8(a). In the 3D shape
sensing, the MCF was wound into a circle with a diameter of
8.7 cm on the plane using afore-method in the 2D shape sensing,
and then raised to 3D spiral. And the MCF should be as close to
the groove as possible without lifting and twisting it to reduce
the torsion on the demodulated strain. And the reconstructed
3D shape using serial computing was also very consistent with
the designed spiral curve with an RMSE of 0.5905 cm, which
was larger than that of 2D shape, as shown by the purple and
black curves in Fig. 8(b). The real-time 3D shape sensing using
FPGA-based OFDR with serial computing was illustrated in
Supplementary video S3. Similarly, the distribution volume of
the end position repeated 40 times was 0.0011 cm3, as shown in
Fig. 8(c).

IV. CONCLUSION

In conclusion, to our knowledge, this is the first time to achieve
real-time fiber shape sensing using FPGA-based OFDR with
WFBGA-inscribed MCF. A real-time, i.e., 30 Hz, and high-
spatial-resolution, i.e., 10 mm, OFDR distributed shape sensing
system that entirely employs FPGA with WFBGA-inscribed
MCF for strain demodulation was demonstrated. The refresh
rates for strain demodulation using parallel computing and serial
computing were 30 and 17 Hz, corresponding to the consump-
tion percentages of BRAM of 93.47 and 67.06, respectively. Due
to the maximum size of the sliding window after zero padding
being 2048 and 8192, the strain accuracy of serial computing
was higher than that of parallel computing. Under the curvature
radii of 15.0, 12.5, 10.0, 7.5, 5.0 cm and infinite, the obtained
root mean square errors (RMSEs) using serial computing were
0.2831, 0.2760, 0.1529, 0.1323, 0.1869, and 0.1806 cm, respec-
tively, corresponding to distribution volumes of 0.0084, 0.0048,
0.0043, 0.0118, 0.0098, and 0.0013 cm3, respectively. The 3D
shape was also reconstructed with an RMSE of 0.5905 cm and
distribution volume of 0.0011 cm3. The RMSEs for 2D and 3D
shape sensing could be further optimized through spun MCF.
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