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Abstract 

Digital holographic interferometry is a non-contact, full-field optical technique for quantifying 
sample-induced phase variations in transparent liquids. It offers a non-destructive approach for 
assessing composition-related changes in ethylene glycol. In this study, a Mach–Zehnder off-
axis digital holographic interferometry system was constructed using a 632.8 nm helium–neon 
laser as the coherent illumination source. The laser output was assessed for power stability, 
after which the beam was spatially filtered and used to record holograms of pure ethylene glycol 
and ethylene glycol–water mixtures containing 0.1–80% v/v water. The holograms were 
reconstructed using Fourier-domain sideband filtering. Using the stabilized reconstructed 
dataset and literature refractive-index data as an external phase-order constraint, the literature-
constrained optical path-difference estimate increased from 1.269 µm at 0.1% v/v water to 
778.811 µm at 80% v/v water, demonstrating a concentration-dependent optical response. The 
developed system provides a proof-of-concept basis for literature-constrained, full-field 
ethylene glycol composition monitoring. 

Keywords: Digital holographic interferometry; Mach–Zehnder interferometer; ethylene glycol; water adulteration; optical 
path difference; refractive index; phase reconstruction; Fourier filtering. 

 

I. INTRODUCTION 

thylene glycol (EG) is an important industrial liquid that 
is used in the manufacture of coolants, polyester, and 

various solvents, including automotive antifreeze. Its utility 
depends greatly on its purity and the stability of its optical and 
thermophysical properties. Water contamination is important 
because the refractive index of water is lower than that of pure 
EG; therefore, an increase in the water fraction changes the 
optical path of a laser beam travelling through the mixture. 
The proposal motivating this work identified the need for a 
rapid, non-destructive technique capable of monitoring EG 
quality through phase and refractive-index changes rather than 
relying solely on conventional offline methods. 

Although traditional methods for purity assessment, such as 

gas chromatography and refractometry, are well established, 
they do not fully provide the spatially resolved, real-time, non-
contact monitoring required for transparent liquids. 
Chromatographic methods are accurate, although they require 
sample handling and can be time-consuming for in-line 
screening [1–2]. Spectroscopic techniques are fast (e.g., UV–
Vis, FTIR, and NIR), but they typically yield an integrated 
spectral signature rather than a full-field optical phase map [3–
4]. Some recent fiber-optic refractive-index sensors have also 
been shown to be sensitive to EG–water mixtures; however, 
these sensors typically measure changes in the evanescent 
field and do not usually provide a two-dimensional phase 
distribution [5]. 

Digital holographic interferometry (DHI) is a coherent 
optical measurement method in which the interference pattern 
formed by reference and object waves is recorded digitally and 
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reconstructed numerically. DHI has been applied to 
quantitative phase imaging, refractive-index mapping, liquid-
concentration measurements, and fluid diagnostics [6–12]. 
The reconstructed phase is proportional to the sample-induced 
optical path change, while the full-field measurement provides 
a two-dimensional phase distribution rather than a single 
spatially averaged value. 

The contribution of the present study is application-specific 
rather than the introduction of DHI itself. The work applies 
full-field, single-wavelength, off-axis DHI to a controlled 
ethylene glycol–water concentration series and explicitly 
separates spatial phase unwrapping from the remaining global 
integer phase-cycle ambiguity. Published refractive-index 
information was only used to constrain the physically 
plausible wavelength order, and the resulting optical 
quantities are reported as literature-constrained estimates. 
This transparent treatment of the single-wavelength 
ambiguity, together with the intended ethylene glycol quality-
monitoring application, constitutes the principal novelty of the 
study [7], [14–15]. 

This study is aimed at developing and evaluating a Mach–
Zehnder off-axis DHI system for detecting water-induced 
optical changes in EG–water mixtures. The study comprised 
optical alignment and beam preparation, validation of 
hologram acquisition and Fourier reconstruction, extraction of 
residual OPD values relative to a pure-EG reference, and 
development of a reproducible, literature-constrained 
procedure for treating the integer phase-cycle ambiguity 
inherent in the single-wavelength configuration.  

II. MATERIALS AND METHODS 

A. Holographic Recording Setup 

A Mach–Zehnder off-axis digital holographic 
interferometry system was developed, and the laser output 
power was measured along the experimental optical path using 
a power meter. Spectral stability was assessed using a Fabry–
Perot spectrum analyzer and a cathode-ray oscilloscope by 
observing the transmission peaks after aligning the laser beam 
with the Fabry–Perot cavity [16–18]. 

The laser beam was spatially filtered using a 10× 
microscope objective, a 15-µm pinhole, an iris diaphragm, and 
a collimating lens before entering the interferometer. A 50:50 
beam splitter divided the filtered beam into object and 
reference arms. The object arm passed through a cuvette 
containing the ethylene glycol–water sample, while the 
reference arm bypassed the cuvette. The two beams were 
recombined at a second beam splitter and directed to a 
Thorlabs Zelux Series 1.6 MP monochrome CMOS camera 
(CS165MU/CS165MU1), positioned approximately 12 cm 
from the recombining beam splitter. The camera had a 
resolution of 1440 × 1080 pixels, a square pixel pitch of 3.45 
µm, 10-bit monochrome digitization stored in a 16-bit TIFF 
container, and an exposure time of 0.410 ms. One mirror was 
adjusted to introduce an off-axis angle of approximately 2.23° 
between the object and reference beams at the camera plane. 
The liquid path length was 10.00 ± 0.01 mm. 

 
Fig. 1. Mach–Zehnder off-axis Digital Holographic Interferometry (DHI) setup. LS – He–Ne laser source; MO – 10× 

microscope objective; PH – 15 µm pinhole; I – iris diaphragm; CL – collimating lens; BS1 – first 50:50 beam splitter; BS2 – 
second 50:50 beam splitter; M1–M2 – mirrors; S – sample (10 mm optical cuvette); CAM – Thorlabs Zelux monochrome 

CMOS camera. 

B. Digital Reconstruction 

Each recorded 30-frame TIFF stack was averaged before 
reconstruction to reduce frame-to-frame intensity variation. 

The averaged holograms were reconstructed in MATLAB 
using an off-axis Fourier reconstruction algorithm. A two-
dimensional fast Fourier transform was applied to each 
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averaged hologram, and the same fixed circular Fourier filter 
was used for all samples to isolate the positive first-order 
sideband. The isolated sideband was shifted to the centre of 
the Fourier spectrum and inverse Fourier transformed to 
obtain the complex optical field. The recorded hologram 
intensity was expressed using (1). 
𝐼(𝑥, 𝑦)  =  |𝑈ₛ(𝑥, 𝑦)  +  𝑈ᵣ(𝑥, 𝑦)|²  (1) 

In (1), 𝑈௦(𝑥, 𝑦) is the sample-modified object field, and 
𝑈௥(𝑥, 𝑦) is the reference field [8], [19–20]. 

The reconstructed complex optical field was represented by 
(2). 
𝑈(𝑥, 𝑦)  =  𝐴(𝑥, 𝑦) 𝑒𝑥𝑝[𝑖𝜑(𝑥, 𝑦)]  (2) 
where 𝐴(𝑥, 𝑦) is the reconstructed amplitude and 𝜑(𝑥, 𝑦)is the 
phase. The sample-induced phase difference relative to the 
pure-EG reference was obtained using the complex-ratio 
method in (3). 
𝛥𝜑௪(௫,௬) = arg[𝑈ₛ(𝑥, 𝑦)𝑈ᵣ ∗ (𝑥, 𝑦)]  (3) 

The reconstructed phase map obtained from (3) was 
initially wrapped within the interval −π to +π. Spatial phase 
unwrapping was applied to remove local 2π discontinuities 
within each reconstructed map. Phase unwrapping, sideband 
filtering, and reference stability are important factors in 
quantitative phase reconstruction [21–23]. 

For consistency, the same central region of interest (ROI) 
was used for all holograms. The ROI covered the central 60% 
of the 1440 × 1080-pixel image, corresponding to 𝑥 =
288–1152 pixels and 𝑦 = 216–864 pixels. A first-order 
plane, 𝑃(𝑥, 𝑦)  =  𝑎𝑥 +  𝑏𝑦 +  𝑐 was fitted to each spatially 
unwrapped phase-difference map. Only the linear tilt 
components 𝑎𝑥 + 𝑏𝑦 were removed, while the constant term 
and mean sample-induced phase offset were preserved. The 
same ROI, pure-EG reference-comparison method, and 
detrending procedure were therefore applied to all reported 
raw OPD values. 

The optical path difference (OPD) was calculated from the 
unwrapped differential phase according to (4). 

𝑂𝑃𝐷୰ୟ୵(𝑥, 𝑦) =
ఒ

ଶగ
Δ𝜑௨(𝑥, 𝑦)   (4) 

where 𝑂𝑃𝐷୰ୟ୵(𝑥, 𝑦) is the raw residual optical path difference 
at the image coordinates (𝑥, 𝑦), 𝜆 is the illumination 
wavelength, and Δ𝜑௨(𝑥, 𝑦) is the spatially unwrapped phase 
difference between the sample and the pure-EG reference. The 
factor 2𝜋 represents one complete phase cycle. 

The corresponding refractive index change relative to the 
pure ethylene glycol reference was calculated as, 

Δ𝑛 =
ை௉஽

௅
     (5) 

where Δ𝑛 is the refractive index change relative to pure 
ethylene glycol, 𝑂𝑃𝐷 is the corresponding optical path 
difference, and 𝐿 is the internal optical path length of the liquid 
sample. In the present study, the illumination wavelength 𝜆, 
and liquid path length 𝐿 were 0.6328ௗ𝜇m, and 10.00ௗmm 
respectively. 

For the raw reconstructed measurements, 𝑂𝑃𝐷 in (5) 
corresponds to 𝑂𝑃𝐷୰ୟ୵ obtained from (4). The coordinates 𝑥 

and 𝑦 denote the horizontal and vertical pixel coordinates, 
respectively, in the reconstructed phase map. 

The pure-EG hologram was used as the reference. The 
signed refractive index difference was defined using (6). 
Because water has a lower refractive index than pure ethylene 
glycol, Δ𝑛௦ is negative for the investigated mixtures. For 
concentration-response presentation, positive magnitudes 
were reported using (7); thus, an increasing |Δ𝑛| represents a 
progressively larger decrease in refractive index relative to 
pure EG, rather than an increase in the physical refractive 
index. 
𝛥𝑛௦  =  𝑛௠௜௫ −  𝑛ாீ <  0    (6) 
|𝛥𝑛|  =  |𝑂𝑃𝐷| / 𝐿 =  |𝑛௠௜௫ −  𝑛ாீ|  (7) 

Spatial phase unwrapping removes local 2π jumps across an 
image, but it does not determine the global number of 
complete phase cycles between independently recorded 
sample and reference states. In a single-wavelength system, 
the absolute OPD may therefore remain ambiguous by an 
integer multiple of the wavelength. Multiwavelength 
holography can resolve this ambiguity experimentally, 
whereas the present study used an external refractive-index 
constraint [7], [14–15]. 

Reference refractive indices were calculated for 632.8 nm 
and 30 °C. The refractive index of water 𝑛௪ = 1.331055 was 
calculated using the IAPWS formulation [24]. The refractive 
index of pure ethylene glycol 𝑛ாீ = 1.427748 was calculated 
using the corrected Sellmeier and thermal-coefficient 
parameters [25–26]. For the nominal preparation volume 
fraction 𝜑௪, missing mixture values were interpolated using 
the Lorentz–Lorenz relation in (8), which has been 
successfully applied to EG–water systems [27]. The 
calculation was performed at the nominal measurement 
temperature of 30 °C. 
(௡೘೔ೣ ²ିଵ)

(௡೘೔ೣ ²ାଶ)
=

ఝ౭(௡ೢ²ିଵ)

(௡ೢ²ାଶ) 
+

 (ଵିఝ౭)(௡ಶಸ²ିଵ)  

(௡ಶಸ²ାଶ)
  (8) 

For each concentration 𝑖, the literature-based reference 
OPD magnitude was calculated from the model-interpolated 
mixture index using (9). The published values were used only 
to identify the plausible wavelength interval and were not 
treated as independent confirmation of the DHI result. 

𝐷௥௘௙,௜  =  𝐿|𝑛௠௜௫,௜
௥௘௙

−  𝑛ாீ
௥௘௙

|   (9) 

For each non-negative integer 𝑚, a candidate total OPD was 
generated from the residual OPD magnitude reported in the 
original reconstruction analysis using (10): 
𝐷௜(𝑚)  =  𝐷௥௔௪,௜ +  𝑚𝜆,    𝑚 =  0, 1, 2, . .. (10) 

The literature-constrained order was selected reproducibly 
using (11) as the integer that minimized the residual difference 
from 𝐷୰ୣ୤,௜: 

𝑘௜
⁽⁰⁾  =  𝑟𝑜𝑢𝑛𝑑[

(஽(ೝ೐೑,೔) ି ஽(ೝೌೢ,೔))

ఒ
]   (11) 

𝐷௅஼,௜i =  𝐷(௥௔௪,௜)  + 𝑘௜
⁽⁰⁾𝜆     (12) 

∣ Δ𝑛௅஼,௜ ∣ =  
஽ಽ಴,೔

௅    
     (13) 

Here, 𝑖 denotes the water-concentration level, 𝑚 is a trial 
integer phase-cycle order, 𝐷௜(𝑚) is the candidate total OPD 
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for the 𝑖th concentration, 𝐷୰ୟ୵,௜  is the reconstructed residual 
OPD obtained directly from the single-wavelength phase map, 
𝐷୰ୣ୤,௜ is the literature-based reference OPD calculated from the 
model refractive index, and 𝜆 is the laser wavelength. The 

term 𝑘௜
(଴) is the selected literature-constrained integer phase-

cycle order that gives the smallest difference between the 
candidate OPD and the reference OPD. 𝐷୐େ,௜ is the resulting 
literature-constrained OPD estimate, 𝐿 is the optical path 
length of the liquid sample, and หΔ𝑛୐େ,௜ห is the corresponding 
magnitude of the literature-constrained refractive-index 
change. The literature-constrained OPD estimate and the 
corresponding refractive-index-change magnitude were 
calculated using (12) and (13), respectively. 

The superscript (0) identifies a literature-constrained order 
rather than an independently measured absolute fringe order. 
At 𝐿 = 10.00 𝑚𝑚, one wavelength corresponds to 𝛥𝑛 =

 𝜆/𝐿 =  6.328 ×  10⁻⁵. The ±1 °C temperature accuracy, 
±0.01 mm path-length tolerance, published-index uncertainty, 

and mixture-model uncertainty can therefore permit adjacent 
integer orders. Independent refractometer measurements or 
multiwavelength DHI would be required to verify the absolute 
order experimentally. The resulting values are consequently 
described as literature-constrained OPD and refractive-index-
change estimates. 

C. Ethylene Glycol Quality Control 

Pure ethylene glycol was used as the reference sample 
throughout the study. Distilled water was added 
volumetrically to prepare EG–water mixtures containing 0.1, 
1, 5, 10, 20, 40, and 80% v/v water. Measurements were 
performed at a nominal temperature of  30 ± 1∘𝐶 using a 
digital water bath. The stated uncertainty represents the water-
bath accuracy and was considered when interpreting the 
temperature-dependent reference refractive indices. Each 
sample was transferred into the optical cuvette for hologram 
acquisition.

Table I. Volume Percentage Composition of Ethylene Glycol–Water Mixtures Used in the Experiment. 
Ethylene Glycol (% vol) 100 99.9 99 95 90 80 60 20 
Water (% vol) 0 0.1 1 5 10 20 40 80 

For each concentration, four holograms were recorded 
under identical experimental conditions to minimize the 
effects of fringe-contrast variation, cuvette repositioning, 
beam-alignment fluctuations, and temporal instability. The 
digital reconstruction procedure described in Section B was 
used to reconstruct the recorded holograms. The reconstructed 
phase maps were then converted into optical path difference 
(OPD) and refractive-index change Δ𝑛 using (4)–(6). These 
parameters were then used to assess the optical response of the 
EG–water samples to increasing water concentration. 

III. RESULTS AND DISCUSSION 

A. Results 

The laser output remained stable along the optical path used 
for the experiment, while repeated Fabry–Perot transmission 
peaks observed on the cathode-ray oscilloscope indicated 
stable spectral operation during the measurement period. 
Following spatial filtering and beam recombination, clear, 
straight off-axis interference fringes were recorded at the 
camera plane. The fringe pattern provided the spatial carrier 

required for isolation of the positive first-order sideband 
during Fourier-domain reconstruction. These observations 
indicated that the optical system produced holograms suitable 
for subsequent ethylene glycol–water measurements [9], [28]. 

Several pure-EG holograms were assessed to establish a 
stable phase baseline for EG–water reconstruction. The final 
reference hologram was selected from the pure-EG reference 
series based on frame-to-frame intensity stability, clear off-
axis fringes, and a well-separated first-order Fourier sideband. 
This ensured that the EG–water sample holograms were 
compared against a stable pure-EG optical baseline. 

For each water concentration, the recorded hologram stacks 
were reconstructed using the same fixed workflow: 30-frame 
averaging, Fourier-domain sideband filtering, complex-field 
reconstruction, wrapped-phase extraction, spatial phase 
unwrapping, first-order plane detrending, and conversion of 
the mean residual phase to OPD. The concentration series was 
processed as hologram sets under identical reconstruction 
conditions, with reports on the reconstructed raw phase, raw 
OPD, and refractive-index-change magnitude used for the 
concentration-response analysis presented in Table II. 

Table II. Reconstructed hologram dataset used for the concentration-response analysis 
Water (% v/v) Hologram set Raw phase (rad) Raw OPD (µm) |Δn| 
0.1 11, 13, 14, 15 0.028920 0.002913 2.913e-07 
1 16, 17, 18, 19 0.256083 0.025791 2.579e-06 
5 20, 19, 18, 17 0.957762 0.096459 9.646e-06 
10 21, 22, 23, 26 1.138373 0.114649 1.146e-05 
20 31, 32, 34, 36 2.238250 0.225421 2.254e-05 
40 38, 45, 44, 40 4.411210 0.444267 4.443e-05 
80 51, 52, 53, 54 4.637119 0.467019 4.670e-05 
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The raw residual OPD values reported before the addition 
of any integer wavelength cycles in Table II represent the 
single-wavelength residual OPD obtained directly from the 
reconstructed phase maps. The OPD and refractive index 
quantities are reported as positive magnitudes. The 
corresponding refractive-index-change magnitudes were 
calculated using (7), where 𝐿 = 10,000 µm. The signed 

physical refractive index change is expected to be negative 
because water has a lower refractive index than pure ethylene 
glycol. 

Representative reconstruction panels for the 1% and 5% 
EG–water samples are presented in Figs. 2 and 3, respectively, 
to illustrate the processing sequence from the recorded 
hologram to the corresponding residual OPD map. 

 
Fig. 2. Digital holographic reconstruction of the 1% water-in-ethylene-glycol sample relative to the pure-EG reference. The 

raw residual OPD magnitude was 0.025791 µm. (a) Reference hologram; (b) sample hologram; (c) Fourier spectrum; (d) 
reconstructed amplitude; (e) wrapped phase difference; (f) spatially unwrapped phase difference; (g) detrended phase map; 

and (h) OPD map. 

\  
Fig. 3. Digital holographic reconstruction of the 5% water-in-ethylene-glycol sample relative to the pure-EG reference. The 

raw residual OPD magnitude was 0.096459 µm. (a) Reference hologram; (b) sample hologram; (c) Fourier spectrum; (d) 
reconstructed amplitude; (e) wrapped phase difference; (f) spatially unwrapped phase difference; (g) detrended phase map; 

and (h) OPD map. 
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The raw OPD magnitude increased from 0.002913 µm at 
0.1% v/v water to 0.467019 µm at 80% v/v water in the 
dataset. These raw values represent residual single-
wavelength OPD quantities obtained directly from the 
reconstructed phase maps. Although spatial phase unwrapping 
removes local 2𝜋 discontinuities within each phase map, it 

does not determine the remaining global integer-wavelength 
order between the independently recorded pure-EG reference 
and sample holograms. The raw OPD values are therefore 
reported separately from the literature-constrained OPD 
estimates in Table III. The variation of the raw residual OPD 
magnitude with water concentration is shown in Fig. 4. 

Table III. Literature-constrained phase-cycle order calculation using the reconstructed dataset from Table II. 
Water 
(% v/v) 

Raw OPD 𝐷௥௔௪  Model 𝑛௠௜௫  Reference OPD 𝐷௥௘௙ (µm) 𝑘(଴) Literature-constrained 
OPD estimate 𝐷௅஼,௜ (µ𝑚) 

∣ Δ𝑛௅஼,௜ ∣  

0.1 0.002913 1.427648 1.000224 2 1.268513 1.269e-04 
1 0.025791 1.426748 9.999030 16 10.150591 1.015e-03 
5 0.096459 1.422755 49.924038 79 50.087659 5.009e-03 
10 0.114649 1.417780 99.671413 157 99.464249 9.946e-03 
20 0.225421 1.407883 198.643536 314 198.924621 1.989e-02 
40 0.444267 1.388293 394.547786 623 394.678667 3.947e-02 
80 0.467019 1.349889 778.585201 1230 778.811019 7.788e-02 

 

Fig. 4. Raw residual OPD magnitude as a function of water concentration in ethylene glycol. The plotted values represent 
single-wavelength residual OPD magnitudes obtained directly from the reconstructed phase maps before the addition of 

integer wavelength cycles. 

The residual OPD values in Table II were used to calculate 
the integer phase-cycle order using the same external 
refractive-index procedure described in the reconstruction 
method. For each concentration 𝑖, the expected reference OPD 
magnitude, 𝐷୰ୣ୤,௜, was obtained from the model-interpolated 
EG–water refractive index using (9). Candidate OPD values 
were generated using (10), where 𝑚 = 0,1,2, … and 𝜆 =
0.6328 µm. The integer order was then calculated 
reproducibly using (11). The literature-constrained OPD 
estimate was calculated using (12), and the corresponding 

magnitude of the refractive-index change was calculated using 
(13), with 𝐿 = 10,000 µm. 

This procedure uses literature refractive-index data only to 
identify the nearest physically plausible wavelength interval. 

The resulting 𝑘௜
(଴) values are therefore literature-constrained 

estimates rather than independently measured fringe orders. 

This approach avoids treating the assigned 𝑘௜
(଴) values as 

direct experimental observations and makes the role of the 
external refractive-index constraint explicit. 
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The 𝑘௜
(଴) values in Table III should therefore be interpreted 

as literature-constrained phase-cycle orders rather than 
independently measured fringe orders. The literature-
constrained OPD estimates are useful for presenting the 
physically plausible concentration response; however, 

independent refractometer measurements or multiwavelength 
DHI would be required to validate the absolute order 
experimentally. 
The resulting literature-constrained OPD magnitude and 
refractive-index-change magnitude as functions of water 
concentration are presented in Fig. 5.

 
Fig. 5. Literature-constrained EG–water optical response calculated from the reconstructed dataset: (a) literature-constrained 

OPD magnitude and (b) magnitude of the literature-constrained refractive-index-change estimate relative to pure ethylene 

glycol. These values use the literature-constrained wavelength order 𝑘௜
(଴) and are not independent absolute refractive-index 

measurements. 

B. Discussion 

The results are interpreted by distinguishing the directly 
reconstructed residual OPD from the literature-constrained 
OPD estimate. The residual OPD values in Table II are the 
quantities obtained directly from the reconstructed single-
wavelength phase maps after frame averaging, Fourier 
filtering, spatial unwrapping, plane detrending, and 
conversion of phase to OPD. They show the observable DHI 
response of the stabilized reconstructed dataset but do not 
represent complete absolute optical path differences because 
an unknown whole-wavelength component may remain in a 
single-wavelength measurement [8], [19–23]. 

The literature-constrained values in Table III should 
therefore be interpreted as model-constrained estimates rather 
than direct experimental OPD measurements. This distinction 
prevents the raw residual response and the literature-
constrained response from being interpreted as the same 
result. The residual values demonstrate that the interferometer 
was sensitive to composition-related optical changes, while 
the literature-constrained values show the physically plausible 
order of magnitude when an external refractive-index 
constraint is applied. 

The integer phase-cycle order 𝑘 was calculated using the 
explicit rule in (11), where 𝐷୰ୣ୤,௜ was obtained from the 
external ethylene glycol–water refractive-index model and 
𝐷୰ୟ୵,௜ was the reported residual OPD. This makes the role of 

the external refractive-index information explicit and 
reproducible. 

It is important to distinguish this operation from ordinary 
spatial phase unwrapping. Spatial phase unwrapping removes 
local 2𝜋 discontinuities within a reconstructed phase map, 
whereas the 𝑘𝜆 term addresses the remaining global integer-
wavelength ambiguity between independently recorded 
reference and sample states. A single-wavelength Mach–
Zehnder DHI arrangement cannot determine this global order 
by itself; it requires either an external refractive-index 
constraint, multiwavelength DHI, or independent 
refractometer measurements [7], [14–18], [22]. 

Because the same literature model is used to select the 
wavelength interval, agreement between the literature-
constrained DHI estimates and the model should not be 
presented as independent validation. 

The hologram stacks were reconstructed using a uniform 
processing workflow to maintain consistency across the 
concentration series. The reconstruction procedure included 
30-frame averaging, Fourier-domain sideband filtering, 
spatial phase unwrapping, first-order plane detrending, and 
conversion of phase to OPD. Before the final concentration-
response values were reported, the reconstructed holograms 
were assessed for optical stability based on liquid settling, 
fringe visibility, temporal fluctuation, reference correlation, 
and first-order Fourier sideband separation. These checks 
helped ensure that the reported OPD values were obtained 
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from stable hologram records rather than from transient 
acquisition conditions [8–10], [19–23]. 

A preliminary sensitivity assessment was performed using 
stabilized pure-EG blank measurements and the low-
concentration response between 0.1% and 1% water. From 
this analysis, the preliminary limit of detection was estimated 
as 0.0115% v/v water, while the preliminary limit of 
quantification was estimated as 0.0385% v/v water. These 
values indicate that the reconstructed DHI response is 
sensitive to small water-induced optical changes in ethylene 
glycol. However, they should be interpreted as preliminary 
method-development estimates, since more complete 
validation would require a larger blank-noise dataset, full 
replicate statistics across all concentrations, uncertainty 
propagation, and independent refractive-index validation. 

The main sources of uncertainty in the present measurement 
include the cuvette path length, temperature stability, sample 
preparation, reference selection, residual carrier removal, 
Fourier-sideband filtering, and the refractive-index model 
used to determine the literature-constrained integer order 𝑘. 
For a 10.00 mm optical path length, one laser wavelength 
corresponds to 𝜆/𝐿 = 6.328 × 10ିହ in refractive-index units. 
Therefore, an error of one integer phase cycle would change 
the literature-constrained ∣ Δ𝑛 ∣estimate by 6.328 × 10ିହ. 
This effect is relatively small for the higher-concentration 
mixtures but becomes important at low water concentrations. 
In addition, the cuvette path length of 10.00 ± 0.01 mm 
contributes approximately 0.1% relative uncertainty, while the 
nominal 30 ± 1 °C measurement condition must be considered 
because the refractive indices of both water and ethylene 
glycol are temperature dependent [24–26]. 

The refractive-index changes reported in Tables II and III 
are presented as magnitudes. Since water has a lower 
refractive index than pure ethylene glycol, increasing the 
water fraction reduces the refractive index of the mixture. The 
signed refractive-index change is therefore negative, as 
defined in (6). In this study, |Δ𝑛|, as given in (7), is reported 
to show the magnitude of the optical change relative to pure 
EG. Thus, an increasing |Δ𝑛| represents a progressively larger 
decrease in refractive index, not an increase in the actual 
refractive index of the mixture. 

The literature refractive-index values used in this work 
provide an external constraint for estimating the integer phase-
cycle order. The model 𝑛୫୧୶ values in Table III were obtained 
from published refractive-index data for water and ethylene 
glycol together with Lorentz–Lorenz mixture interpolation. 
This approach provides a physically reasonable basis for 
estimating the wavelength order and the corresponding 
literature-constrained OPD values. However, the comparison 
should be interpreted as a literature-based consistency check 
rather than as independent experimental validation. Direct 
validation would require refractive index measurements of the 
same prepared mixtures using an independently calibrated 
refractometer under comparable temperature and wavelength 
conditions. 

The results therefore support a proof-of-concept application 
of off-axis DHI for detecting composition-related optical 
changes in ethylene glycol–water mixtures. The method is 
potentially useful because, unlike conventional refractometry, 
DHI can provide a spatial phase map across the sample field. 
This full-field capability may be valuable for identifying non-
uniform mixing, local contamination, or temperature-related 
refractive-index gradients. Nevertheless, routine quality-
control application would require further development, 
including a validated calibration curve, independent 
refractive-index comparison, repeatability statistics, 
uncertainty propagation, and experimentally confirmed 
detection thresholds [9–13], [28–29]. 

IV. CONCLUSION 

A Mach–Zehnder off-axis digital holographic 
interferometry system was applied to ethylene glycol–water 
mixtures and produced measurable residual phase and OPD 
responses following Fourier-domain reconstruction. The 
directly reconstructed OPD values were treated as residual 
single-wavelength quantities, while literature-constrained 
OPD estimates were used to account for the remaining integer 
phase-cycle ambiguity. 

The results showed a concentration-dependent optical 
response with increasing water concentration. The integer 
phase-cycle orders were calculated using published refractive-
index data rather than being treated as directly measured 
fringe orders; therefore, the literature-constrained values 
remain physically plausible estimates that require independent 
validation. 

A preliminary limit of detection of 0.0115% v/v water and 
a preliminary limit of quantification of 0.0385% v/v water 
were estimated from stabilized pure-EG blank measurements 
and the low-concentration response. Overall, the study 
demonstrates DHI as a proof-of-concept technique for 
ethylene glycol composition monitoring, with future work 
required to address replicate statistics, uncertainty analysis, 
refractometer validation, and multiwavelength phase-order 
confirmation.  
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