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Visible and near infrared spectroscopy has long been used to predict fruit internal quality, with portable instrumentation advanta-
geous for in-field use. We developed a handheld spectrometer using a linear variable filter (LVF) and a complementary metal-oxide-
semiconductor (CMOS) linear detector array. The LVF is a bandpass filter with a centre wavelength changing linearly in one direction and 
can replace a grating as the light-dispersion component. An LVF was designed and fabricated specifically to work in the 620–1080 nm 
region and for the analysis of fruit. The optical design used an improved collimator and an LVF to yield a compact, stable and low-cost 
optical engine. By using a CMOS detector and other suitable electronics, the spectrometer achieved a low power consumption. The 
spectrometer can analyse spectral data using an onboard prediction model and can be operated from a remote smartphone, tablet or 
laptop computer. This paper details the design of the spectrometer and the results of its resolution and stability tests. The spectrometer 
operated with a resolution of less than 1.5% centre wavelength and a signal-to-noise ratio of up to 5000. The spectrometer was then used 
to predict the sugar content in pears. The optimised model provided an R2c value of 0.96, standard error of calibration value of 0.29 °Bx 
and standard error of prediction value of 0.46 °Bx. The results indicated that this LVF-based spectrometer is promising for measuring 
the internal quality of fruit.
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Introduction
Near infrared (NIR) spectral analysis offers the advantages of 
being noninvasive and efficient. It has long been used to eval-
uate internal quality of fruit.1 Most commercial spectrometers 
focusing on this application use visible and shortwave near 
infrared spectra, and most application research is carried 
out in this optical region, because: (1) the bands are ascribed 
to the third and fourth overtones of O–H and C–H stretching 

modes;2 (2) silicon linear detector arrays are much cheaper 
than InGaAs arrays; and (3) the penetration depth is deeper 
for short-wavelength NIR radiation than by longer-wavelength 
NIR radiation.3

Fruit may be assessed using vis-NIR spectroscopy in the 
orchard, in the storehouse, on the grading line or in the market. 
Therefore, most applications are on-site measurements, which 
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require portable tools. Currently, several portable instru-
ments focused on fruit detecting are commercially available, 
such as “Fruit Tester 20” and “NIR-Gun” (FANTEC, Kosai-city, 
Japan), “QS_300” (Unitec S.p.A., Ravenna, Italy), “F750” (Felix 
Instruments, Camas, WA) and “AccuNIR2200” (Ocean Optics, 
Dunedin, FL). Those devices are grating-based spectrom-
eters. Over the last decades, microelectromechanical systems 
(MEMS) technology has been utilised in various new miniature 
spectrometers. Those instruments are compact but contain 
high-cost optical components, which makes them too expen-
sive for widespread adoption by the fruit industry.

The linear variable filter (LVF) features a transmission func-
tion varying in one direction. Fabry–Pérot-type linear variable 
bandpass filter is a Fabry–Pérot bandpass filter with a varying 
central wavelength. The central wavelength of a typical Fabry–
Pérot-type bandpass filter is l = 2nt/N, where t is the thick-
ness of the resonator cavity layer, n is the refractive index of 
cavity layer, and N is the resonance order. A Fabry–Pérot-type 
LVF has a tapered cavity layer as shown in Figure 1. Thus, the 
central wavelength of the LVF is a function of the position and 
varies continuously along the variable direction as t changes. 
The LVF can disperse incident light into a spectrum at the 
plane of the filter.

An LVF-based spectrometer is obtained by mounting an LVF 
directly on a linear detector array. Compared with grating-
based instrument, the advantages of the LVF-based spec-
trometer are a short optical train, large optical throughput 
and high stability, which make it highly suitable for being built 
into a portable device. Moreover, low-cost LVFs are available 
as coating technology develops. The MicroNIRTM spectrometer 
developed by JDSU (now Viavi, Santa Rosa, CA) was obtained 
by mounting an LVF on an InGaAs array detector. The device 
weighs 60 g and is less than 50 mm in diameter. Several 
recently published works showed promising performance 
results for both qualitative and quantitative assessments.4,5

We developed a handheld spectrometer with an LVF to 
predict the internal quality of fruit. First, an LVF was designed 
and fabricated specially for the visible and shortwave near 
infrared (vis-NIR) region to be suitable for the analysis of fruit. 
A compact optical engine was obtained with an improved colli-
mator and LVF. A complementary metal-oxide-semiconductor 
(CMOS) detector was used instead of a charge-coupled device 
(CCD) detector, to yield a high signal-to-noise ratio. The elec-
tronic system has a low noise and low power consumption, 

and is equipped with a wireless communication module. After 
the spectrometer was constructed, we set up an experiment 
to test its performance to assess the internal quality of pear.

Materials and methods
Spectrometer
The spectrometer is a gun-shaped device as shown in Figure 2. 
The optical engine at the front of the spectrometer is ultra-
compact. The light source surrounds the entrance window. 
Light penetrates through part of the fruit flesh, enters the 
window and then is dispersed by an LVF, and the spectrum is 
detected by a linear detector array.

With one pull of the trigger button, the instrument collects 
a spectrum, processes the spectral data using the prediction 
model and displays results on a screen. A Li-ion battery in 
the handle provides the power. The spectrometer can send 
the spectrum of the sample to a smartphone, tablet or laptop 
computer wirelessly.

Linear variable filter
The LVF was designed for fruit internal quality analysis and 
provides vis-NIR wavelengths in the region 620–1080 nm. The 
LVF length is 12.8 mm, which is the active-area length of a 
standard 12.8 mm linear detector array. The spatial gradient 
of the central wavelength is 35.9 nm mm–1. The transmission 
function of each band is a Gaussian curve. The full width at 
half maximum (FWHM), which indicates spectral resolution, 
was designed to be less than 1.5% centre wavelength, that 
is 9.3 nm at a wavelength of 620 nm, and 16.2 nm at 1080 nm. 
This resolution is suitable to detect absorption peaks in this 
region. A wavelength resolution below 10 nm is probably not 
necessary,2,6,7 and a higher resolution would mean a trade-off 
in the spectral range.

The LVF was fabricated using a dual-ion-beam sputtering 
system (Veeco Instruments, Santa Barbara, CA). We made 
LVFs in large quantities, thereby making each filter as cheap 
as the most common grating. An image of the LVF is shown 
in Figure 3.

The filter was scanned through its length with a microspec-
trophotometer and a Fourier transform spectrometer. The 
spectral response of a linear variable filter was measured 

Figure 1. Working principle of a type of linear variable filter. 
Two mirrors consisting of dielectric layers are on either side of 
the cavity.

Figure 2. Schematic of the spectrometer.
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with a Nicolet 6700 Fourier transform spectrometer (Thermo 
Fischer Scientific, Madison, WI) at a resolution of 2 cm–1. The 
filter was placed at the sample plane during the scan. A 40 µm 
slit was placed tightly behind the LVF. The filter was shifted 
along its length with 0.5 mm steps for each measurement to 
complete the scan. The measured peak transmittances were 
in the 65–75% range (Figure 4). Each transmission peak had 
an FWHM of less than 1.5% centre wavelength.

Similar to the situation for a grating-based spectrometer, 
spectra of different orders may overlap in an LVF-based 
spectrometer, and so a long-pass filer was used as an order-
sorting filter to block the spectrum below 540 nm. Long-pass 
coatings were deposited on the other side of the substrate 
opposite the LVF coatings.

Optical design
Three types of measurement modes are frequently used to 
obtain near infrared spectra of fruit: transmission, reflectance 
and interactance.8 Research suggests that the transmittance 

mode and interactance mode provide more accurate results 
than the reflectance mode.9 Compared with the transmit-
tance mode, the interactance mode needs a lower light inten-
sity, thus consuming less power. Our spectrometer acquires 
spectra by the interactance mode.

As Figures 5 and 6 show, the light source consisted of four 
tungsten lamps placed symmetrically around the entrance 
window, with the filament plane parallel to the entrance 
window surface. Light from the source entered the fruit 
and penetrated part of the tissue, and that which emerged 
from the fruit entered the window. A 6-mm-diameter rubber 
grommet surrounded the entrance window and acted as a light 
seal, thus preventing surface-scattered light from reaching 
the window directly. A very soft black foam ring around the 

Figure 3. Linear variable filter. The length of the effective area 
is 12.8 mm.

Figure 5. Front view of the measuring head of the 
spectrometer.

Figure 4. LVF spectral transmittances measured using the Fourier transform spectrometer.
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detector head supported the fruit and shielded it from external 
light. While a spectrum was being acquired, the fruit was held 
gently, but firmly, against the foam ring to ensure that the 
rubber grommet was also firmly against the fruit surface.

An LVF spectrometer does not need a slit, thereby being 
advantageous in terms of optical throughput. However, as for 
normal Fabry–Pérot filters, the LVF needs a collimated light 
source. Narrow band filters are sensitive to the incidence 
angle. When the incidence angle increases, the central wave-
length shifts, the FWHM worsens, and some sidebands may 
ripple. The shift Δl of the central wavelength at an angle q was 
calculated as:10
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l0 is the central wavelength and μ# is a type of effective refrac-
tive index for the coating. At an angle of 5°, the shift is less 
than 0.08% central wavelength, which is about 5% of the band 
width. Such deterioration is acceptable for an LVF with a spec-
tral resolution of 1.5% centre wavelength. The changes in peak 
transmittance and band width were negligible.

We simulated prism light guide, fibre bundle and other 
designs to collimate the light and modify the light beam to the 
shape of the linear detector array. However, these methods 
either reduce resolution or complicate the optical engine. 
Figure 7 shows the current design, an optimised collimator. 
The entrance aperture was at the front focal plane of the lens. 
A piece of frosted glass (the entrance window) was placed at 
the position of the entrance aperture to diffuse the incident 
light evenly. Any rays that passed through the same point of 
the front focal plane would emerge from the lens parallel to 
each other and have the same incidence angle. Rays from 
the periphery of the window give the largest incidence angle: 
sin q = d/2f, where d is the diameter of the entrance window, 
and f is the focal length of the lens. For our instrument, the 
diameter of the entrance aperture was 6 mm, and the focal 
length was 40 mm. Therefore, the maximum incidence angle 
was less than 5°. Although reduced by the collimator, the 
optical throughput is still sufficient to ensure a relatively short 

integration time. The integration time was set to 150 ms with 
the current light source, when we measured pear and apple 
samples. This kind of structure is simple, inexpensive and 
rugged. The LVF was mounted atop the detector chip with the 
long-pass filter coating facing the entrance. The gap between 
filter and detector was minimised to avoid any loss in resolu-
tion. The optical bench was therefore compact owing to the 
short optical train.

The detector resolution should suit the resolution of the 
LVF.11 The LVF has a spectral resolution (FWHM) of less than 
1.5% centre wavelength. At a wavelength of 620 nm, the reso-
lution was 9.3 nm, equivalent to 259 μm in terms of distance 
along the LVF. The LVF bandpass shape was an approximate 
Gaussian curve. In this situation, the Nyquist criterion was 
2.355 (FWHM = 2.355 pixels). A 128-element linear detector 
array with 100-μm pixel pitch was suitable, since 2.355 pixels is 
equivalent to 235.5 μm, which is smaller than 259 μm. However, 
the pixels of the detector are not ideal points. A 256-element 
detector with a 50-μm pixel pitch provides a higher spectral 
resolution, but a detector with 512 or more elements would 
not have improved the resolving power, since the resolution 
was limited by the LVF. A smaller pixel size would drop the 
response by the detector. Hence, a 256-element detector was 
applied.

Detector and electronics
To detect vis-NIR radiation, two kinds of silicon detect array 
are available: (1) a CCD linear detector array; (2) a CMOS linear 
detector array or photodiode array (PDA). The advantage of a 
CCD is the high sensitivity. In conventional grating spectrom-
eters, a high sensitivity is crucial for high resolution because 
the slit rejects most light, and so a CCD is selected, but a CCD 
has a low maximum signal-to-noise ratio because it is easily 
saturated. By contrast, a CMOS has a larger saturation output 
charge, producing a much higher maximum signal-to-noise 
ratio. Most CMOS detector arrays have a signal-to-noise ratio 
of 2000–10,000, as compared with less than 1000 for most 
CCDs. LVF spectrometers have a larger optical throughput 
than grating spectrometers, and a case higher light intensity 
is available. In addition, NIR spectral bands overlap with each 
other, thereby producing no deep valleys in the 620–1080 nm 

Figure 6. Schematic illustration of the measuring head of the 
spectrometer.

Figure 7. Layout of the optical design used in the spectrometer.
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region. Furthermore, quantitative analysis specifically requires 
a high signal-to-noise ratio, and so a CMOS detector was 
chosen (Figure 8).

The spectrometer uses a CMOS detector with a large satu-
ration output charge, low noise and low power requirements 
(S10122-256Q; Hamamatsu Photonics Co., Hamamatsu, 
Japan). We compared this detector with two CCD detectors. 
One was an S11151 (Hamamatsu Photonics Co.), and the other 
was a TCD1304 (Toshiba, Tokyo, Japan), which is widely used 
in grating-based spectrometers. Each detector’s response 
was set at near saturation level (around 60,000 counts, the 
range is 0–65,535) with the same integration time of 25 ms, 
by altering the light level. To evaluate the signal-to-noise 
ratio, the mean was divided by the root-mean-square noise 
at each wavelength. We calculated the standard deviation 
of 100 spectra to characterise the root-mean-square noise. 
The S10122 had a superior signal-to-noise ratio up to 5000 or 
higher, compared with a value of about 1500 for the S11151 
and only 500 for TCD1304.

Moreover, the CMOS detector was easy to drive. The CMOS 
detector operates from a single power supply, while a CCD 
requires more than one power supply. Besides, a CMOS 
detector has a low power dissipation and is suitable for 
battery-powered equipment. The S10122-256Q consumed only 
3.5 mW of power, compared with the 10–100 mW consumption 
needed by conventional CCD detectors.

With a clamping circuit, the signal-readout circuit mini-
mises the noise and restores the direct-current level. The 
16-bit analog-to-digital converter digitizes signals. Then, the 
CPU analyses spectral data using onboard models, and an 
LCD screen displays fruit quality attributes. The power supply 
was a quick-charge, replaceable lithium-ion polymer battery. 
Low-dropout (LDO) regulators and DC–DC converters are 

power-supply components widely used in portable devices. 
Although a DC–DC converter would be more efficient, the 
LDO regulator can provide a voltage source with a lower noise, 
which is highly desirable for quantitative analysis. A 7.4 V 
battery (two standard battery packs in series) with an LDO 
regulator was used instead of a 3.7 V standard battery with a 
DC–DC converter.

A large touch screen and powerful CPU were not used, as 
these would increase the power consumption and reduce 
battery life dramatically. Instead, the spectrometer was 
equipped with a low-power wireless module to communi-
cate with, and be controlled by, computers, smartphones and 
tablets wirelessly. The spectrometer can obtain and deliver 
spectral data to a smartphone where it can be displayed along 
with quality attributes on the screen, or analysed further. In 
addition, smartphones can be programmed to build models 
with received data, or simply download models from the 
Internet and then update the spectrometer. This combination 
is suitable for on-site applications. We have already developed 
programs for computers and smartphones to operate the 
instrument.

Samples and spectra acquisition
To determine the potential performance in internal quality 
predicting, we used the spectrometer to determine the sugar 
content in Crown Pear. We purchased 64 samples from a 
local market in Changchun, China, and stored them at room 
temperature (25°C) for 24 h. From these, 40 samples were 
selected randomly to establish the calibration models, and 
24 samples were used for as a prediction set. The instrument 
was warmed up for half an hour before the measurement. 
At the beginning of the experiment, the reference spectrum 
was obtained by measuring a white Teflon tile. As shown in 

Figure 8. (a–c) Signal intensity and (d–f) signal-to-noise ratio of three linear detector arrays. (a) and (d) show the results with CMOS 
S10122, (b) and (e) show the results with CCD S11151, (c) and (f) show the results with CCD TCD1304.
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Figure 9, the spectrum of each pear was recorded in the equa-
torial region of the sample.

Brix measurements were recorded with a handheld refrac-
tometer (Model: LH-T20, Lohand Biological Co., Ltd, Hangzhou, 
China). Juice was extracted from the position where spectra 
were acquired. Table 1 summarises the Brix values.

Results and discussion
Key performance attributes
The instrument is compact and weighs less than 1 kg. The 
total power consumption of the electronics was only about 
0.25 W, owing to the low power consumption of the detector, 
analogue-to-digital converter and other components. The 

total power consumption of the spectrometer was about 3 W, 
including the light source. Thus, the battery life was longer 
than 6 h. We used three laser modules to evaluate the spectral 
resolution of the instrument. As shown in Figure 10, the reso-
lution (measured FWHM) was 9 nm at 650 nm, 11 nm at 785 nm 
and 14 nm at 980 nm. Each peak had an FWHM of less than 
1.5% centre wavelength.

To assess the stability of the spectrometer, spectra for a 
white Teflon tile were measured with wireless control from a 
computer. The computer was programmed to trigger a meas-
urement every minute over a period of 8 h. As 10 spectra were 
taken in a row during each measurement period, the computer 
displayed the standard deviation value of these 10 spectral 
intensities at each wavelength immediately. The standard 
deviation value was stable and was around 10 during the whole 
process, producing a signal-to-noise ratio of 5000. The spec-
tral intensity stopped decreasing and remained stable after 
the lamp had been warmed up for approximately 30 min. In 
addition, we collected 20 spectra at 10-min intervals when the 
light source was stable, and calculated the standard deviation 
value. The value was around 10, the same as that for the above 
results. This indicated that the instrument was stable at room 
temperature.

Analytical performance
The computed absorbance spectra of 64 pear samples are 
shown in Figure 11. Models were developed using partial leas 
squares (PLS) regression with the full band of the absorb-
ance spectra. Models were optimised by applying MSC, SNV 
and first derivative. Models using absorbance data without 

Figure 9. Spectra acquisition using the prototype spectrometer 
in interactance mode.

Figure 10. Measured results using a 650 nm, 785 nm and 980 nm laser.

Table 1. Sugar content of pear samples.

Items Max Min Mean SD
Values (°Bx) 14.95 8.70 11.55 1.50
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pretreatments showed the best precision (Figure 12). The 
coefficient of determination for calibration (R2

c) was 0.96, the 
standard error of calibration (SEC) was 0.29 °Bx, and the 
standard error of prediction (SEP) was 0.46 °Bx. These results 
are comparable with those from other studies.12

Conclusion
A handheld spectrometer equipped with an LVF and a CMOS 
linear detector array has been designed to assess the internal 
quality of fruit. The LVF had a range of 620–1080 nm and was 
designed and fabricated specifically for this application. Using 
an LVF, a compact optical engine was obtained, providing a 
high degree of stability and ruggedness, low cost and a reso-
lution of 1.5% centre wavelength. Using a CMOS detector, the 
spectrometer had a low power consumption and performed 
with a signal-to-noise ratio of up to 5000, which surpassed 
that of CCD-based handheld spectrometers.

The instrument can analyse spectral data using an onboard 
prediction model and can be operated wirelessly with a smart-
phone, tablet or laptop computer. An experiment carried out 
to predict sugar content in pears yielded optimised modelling 

results of R2
c = 0.96, SEC = 0.29 °Bx and SEP = 0.46 °Bx. These 

results and the overall performance demonstrated that this 
LVF-based spectrometer is highly suitable for predicting fruit 
internal quality. However, modified software is needed, and 
further studies are required to test the performance of the 
spectrometer for predicting other attributes or detecting 
sugar in other fruits.
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