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1. INTRODUCTION 

Continuous-variable (CV) quantum 

information processing has   emerged as a major  

branch of modern quantum technologies, 

complementing discrete-variable approaches 

based on single photons, trapped ions, 

superconducting qubits, and other two-level 

quantum systems (Badilla-Nunez, Chen, and 

Cicerone 2025). Instead of encoding information 

in discrete quantum states, CV quantum systems 

rely on the continuous quadratures of the optical 

field amplitude and phase which enable high-

speed operations, deterministic state preparation, 

and compatibility with existing optical 

communication infrastructures (Biele et al. 

2021). These advantages make CV platforms 

particularly suitable for quantum 
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communication, quantum sensing, and precision 

metrology (Bruynsteen et al. 2021). 

A critical requirement in CV quantum optics 

is the ability to measure quantum fluctuations 

with sensitivity below the shot-noise limit 

(Carver et al. 2024). Such measurements are 

essential for observing squeezed states, detecting 

vacuum fluctuations, characterizing 

entanglement, and implementing quantum key 

distribution protocols (Chen et al. 2025). 

Achieving this level of sensitivity requires not 

only high-quality optical components but also 

high-performance detection systems capable of 

suppressing classical noise contributions (Fisher 

et al. 2023). 

The balanced homodyne detector (BHD) is 

the most widely used instrument for this purpose. 

By combining a weak quantum signal with a 

strong local oscillator (LO) and subtracting the 

photocurrents from two matched photodiodes, 

the BHD effectively suppresses common-mode 

noise sources such as thermal noise, laser 

intensity noise, and electronic noise while 

amplifying the quantum signal of interest 

(Gabbrielli et al. 2021). The performance of a 

BHD is typically evaluated through two key 

parameters: quantum efficiency of the 

photodiodes and the CMRR of the differential 

detection circuit. High quantum efficiency 

ensures optimal conversion of incident photons 

into measurable electrical signals, while a high 

CMRR reflects the detector’s ability to suppress 

technical noise and isolate genuine quantum 

fluctuations (Guo et al. 2023). 

In this work, we present the design, 

construction, and performance evaluation of a 

home-built balanced homodyne detector 

optimized for experiments at 1064 nm. The 

detector employs two closely matched 

photodiodes and a low-noise differential 

amplifier configuration to achieve high common-

mode noise suppression (Heinze et al. 2022). 

Using an Nd:YAG laser modulated at 10 MHz, 

we experimentally characterize the system’s 

quantum efficiency and CMRR. The results 

demonstrate a quantum efficiency of 

approximately 68% and a CMRR exceeding 52 

dB, confirming that the detector operates in a 

regime suitable for near-quantum-limited 

measurements. This implementation provides a 

practical, cost-effective platform for research in 

continuous-variable quantum optics, squeezed-

light generation, and precision optical metrology. 

 

Figure 1. Schematic illustration showing the 

analogy between an operational amplifier and a 

balanced homodyne detection scheme (left), 

alongside the actual photograph of the implemented 

balanced homodyne detector (right) 

2. RELATED WORK 

Balanced homodyne detection has long been 

established as one of the most powerful and 

precise techniques in quantum optics for 

measuring the quadrature components of light 

fields. Its origins trace back to early theoretical 

and experimental efforts in continuous-variable 

quantum optics, where researchers demonstrated 

that subtracting the photocurrents from two well-

matched photodiodes enables the extraction of 

quantum-limited signals while effectively 

suppressing classical noise sources (Honz et al. 

2021). 

Foundational theoretical frameworks are 

provided in standard quantum optics texts such 

as Fox’s Quantum Optics: An Introduction and 

Bachor and Ralph’s A Guide to Experiments in 

Quantum Optics (Inoue et al. 2022). These works 

outline the principles of coherent detection, noise 

analysis, and the role of the local oscillator (LO) 

in amplifying weak quantum signals. They also 

highlight the importance of matching 

photodiodes in responsivity, bandwidth, and 
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noise characteristics to ensure high common-

mode noise cancellation an essential aspect of 

BHD performance (Jia et al. 2023). 

Subsequent advancements in experimental 

quantum optics have further expanded the use of 

BHD. For instance, Mehmet et al. demonstrated 

highly efficient BHD systems at 1550 nm 

capable of detecting squeezed light with quantum 

noise reduction exceeding 12 dB. Such 

developments underscore the relevance of high-

performance homodyne detectors in applications 

such as gravitational-wave detection, quantum 

communication, and quantum computation 

(Inoue et al. 2025). Modern BHD 

implementations frequently emphasize 

improvements in photodiode quantum 

efficiency, electronic noise reduction, wide-

bandwidth detection, and active stabilization 

techniques (Lang et al. 2022). 

The balanced homodyne detection has 

become a standard tool in the characterization of 

squeezed states, entangled optical modes, and 

vacuum fluctuations. These applications rely 

heavily on the detector’s ability to achieve high 

Common-Mode Rejection Ratio (CMRR), which 

directly influences its sensitivity to sub–shot-

noise features. Various designs ranging from 

simple analog differential circuits to 

sophisticated digital demodulation systems have 

been proposed to enhance CMRR, reduce 

electronic noise, and improve measurement 

fidelity (Liao et al. 2025). 

The present work builds on these established 

efforts by developing a compact and efficient 

BHD system optimized for operation at 1064 nm 

using a modulated Nd:YAG laser. Through 

careful selection of matched photodiodes and 

low-noise electronic components, the system 

aims to achieve high quantum efficiency and 

strong common-mode noise suppression. The 

reported CMRR exceeding 52 dB places the 

detector within the performance range of modern 

research-grade BHD instruments, making it 

suitable for experiments in CV quantum 

information processing and precision optical 

metrology (Lin et al. 2025). 

3. METHODOLOGY 

The methodology used in this study involves 

designing, implementing, and characterizing a 

balanced homodyne detector capable of 

suppressing classical noise and enabling 

quantum-level optical measurements. The 

detector operates by mixing a weak quantum 

signal with a strong local oscillator (LO) on a 

50:50 beamsplitter. The two output beams 

illuminate a pair of matched IG17X500 

photodiodes, producing photocurrents i1(t) and 

i2(t). The fundamental operating principle of 

homodyne detection is based on subtracting these 

currents to remove classical noise contributions. 

The differential current is given by (Lordi et al. 

2023): 

 

This subtraction strongly suppresses noise 

components that are identical in both detectors 

such as thermal noise, amplifier noise, and LO 

intensity fluctuations while preserving the 

quantum fluctuations associated with the optical 

field quadrature. 

To evaluate the performance of the 

photodiodes, their linearity was measured by 

recording the output voltage as a function of 

incident laser power. The output voltage is 

related to the photocurrent through the 

transimpedance gain of the amplifier (Miao et al. 

2025): 

 

Here, RTIAR is the transimpedance gain, and 

i(P) is the photocurrent generated by 

illumination. For optimal balanced detection, 

both photodiodes must exhibit nearly identical 

responsivities, which is verified by ensuring that 

the slopes of their voltage–power curves satisfy 

(Milovančev et al. 2022): 
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This close matching ensures high common-

mode cancellation capability. 

The quantum efficiency of the photodiodes 

was then evaluated using the standard definition 

of the conversion efficiency from incident 

photons to output electrons. The quantum 

efficiency η is given by the expression 

(Nakamura 2021): 

 

In this formula, i is the measured 

photocurrent, P is the incident optical power, e is 

the electron charge, ℏ is the reduced Planck 

constant, and ω is the angular optical frequency 

of the 1064 nm laser. The photocurrent is 

obtained from the measured voltage through the 

relation (Ng et al. 2024): 

 

Substituting this into the quantum efficiency 

equation yields (Ruifang 2023): 

 

This formulation allows accurate 

determination of the quantum efficiency across 

varying illumination levels. 

To quantify the ability of the BHD to 

suppress classical noise, the CMRR was 

measured. Three measurements were performed: 

the noise power when only PD1 was illuminated, 

when only PD2 was illuminated, and when both 

photodiodes were illuminated simultaneously. 

The effective single-detector noise level is 

expressed as (Qi et al. 2023): 

 

The differential noise level when both 

detectors are illuminated is denoted as Pdiff. The 

CMRR is then computed using (Zhang et al. 

2022): 

 

A higher CMRR indicates more effective 

cancellation of classical noise and improved 

sensitivity to the quantum noise floor. 

All characterization experiments were 

performed using a 1064 nm Nd:YAG laser 

modulated at a frequency of 10 MHz by an 

electro-optic modulator (EOM). This modulation 

frequency lies within a low-noise region of the 

detection electronics and enables reliable 

measurement of shot-noise-limited behavior. 

The resulting electrical spectra were analyzed 

with a spectrum analyzer configured with a 

resolution bandwidth of 100 Hz and a video 

bandwidth of 20 Hz. During these measurements, 

a characteristic frequency peak at approximately 

284.375 kHz was also observed, originating from 

internal laser dynamics.

Table 1. Comparison of representative balanced homodyne detectors 

Ref. 
Wavelength 
/ Platform 

Key reported 
feature 

Bandwidth 
CMRR / noise 
performance 

Remarks 

Biele et al. 
(2021) 

2 μm 

Shot-noise-
limited 

homodyne 
detection 

MHz range 
Shot-noise 

limited 
Quantum light 

characterization 

Bruynsteen 
et al. (2021) 

Integrated 
photonic-
electronic 

Ultra-high-
speed 

>20 GHz 
Shot-noise-

limited 
operation 

Integrated 
platform 
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Ref. 
Wavelength 
/ Platform 

Key reported 
feature 

Bandwidth 
CMRR / noise 
performance 

Remarks 

integrated 
BHD 

Lang et al. 
(2022) 

Discrete low-
noise BHD 

Low-noise 
quantum 

measurement 

Application 
dependent 

Improved low-
noise 

performance 

Quantum noise 
measurement 

Badilla-
Nunez et al. 

(2025) 

Balanced 
detector 

High CMRR 30 MHz 
65 dB at 30 

MHz 
Strong common-
mode rejection 

This work 
1064 nm, 
IG17X500 

photodiodes 

Practical 
laboratory 

BHD 

Useful 
measured 

band 

~52 dB 
representative 
CMRR; near-
shot-noise-

limited 

Suitable for CV 
quantum optics 

experiments 

The notation in the manuscript has been 

standardized as follows: 𝑖1(𝑡)and 𝑖2(𝑡)denote the 

photocurrents from PD1 and PD2; 

𝑖diff(𝑡)denotes the differential current; 𝑅𝑇is the 

transimpedance gain; 𝑉outis the balanced-output 

voltage; 𝜂is the quantum efficiency; CMRR(𝑓)is 

the frequency-dependent Common-Mode 

Rejection Ratio; and 𝑃LOis the local-oscillator 

power. All equations have been revised and 

renumbered accordingly. 

Detector circuit description 

The implemented BHD consists of four main 

subsystems: (1) a 50:50 optical beam splitter, (2) 

two closely matched IG17X500 photodiodes, (3) 

a transimpedance conversion stage, and (4) a 

differential subtraction and output amplification 

stage. Each photodiode is operated under reverse 

bias to reduce junction capacitance and improve 

response speed. The generated photocurrent is 

converted into a voltage signal by a 

transimpedance amplifier (TIA), and the outputs 

of the two TIA channels are then subtracted by a 

low-noise differential amplifier. 

The output voltage of each photodiode 

channel can be written as 

𝑉𝑘 = −𝑅𝑇𝑖𝑘 , 𝑘 ∈ {1,2} 

where 𝑅𝑇is the effective transimpedance 

gain and 𝑖𝑘is the photocurrent generated by the 

𝑘-th photodiode. The balanced detector output is 

then expressed as 

𝑉out = 𝐺𝑑(𝑉1 − 𝑉2) 

where 𝐺𝑑is the gain of the differential 

subtraction stage. To maximize common-mode 

noise rejection, the two photodiode branches 

were arranged with closely matched bias 

conditions, similar gain paths, and symmetric 

routing. Particular attention was paid to 

minimizing parasitic capacitance, resistor 

mismatch, and power-supply-induced noise, 

since these factors directly affect the achievable 

CMRR. 

Frequency-dependent CMRR 

The CMRR is treated as a frequency-

dependent quantity to better describe the 

performance of the detector over the 

measurement band. Let 𝑃1(𝑓)and 𝑃2(𝑓)be the 

single-channel noise powers measured when 

only PD1 or PD2 is illuminated, and let 

𝑃diff(𝑓)be the balanced-output noise power when 

both photodiodes are illuminated 

simultaneously. The effective reference power is 

defined as 
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𝑃ref(𝑓) =
𝑃1(𝑓) + 𝑃2(𝑓)

2
 

And the frequency-dependent CMRR is then 

given by 

CMRR(𝑓) = 10log⁡10 (
𝑃ref(𝑓)

𝑃diff(𝑓)
). 

Shot-noise-limit verification 

To verify whether the detector operates near 

the Shot-Noise Limit, the balanced-output noise 

power was measured as a function of local-

oscillator power in a frequency region free from 

strong technical peaks. For shot-noise-limited 

detection, the noise power should increase 

linearly with local-oscillator power in linear 

units, while the electronic noise floor remains 

nearly constant when the optical input is blocked. 

The measured noise power may therefore be 

expressed as 

𝑃𝑁(𝑓, 𝑃LO) = 𝑎(𝑓)𝑃LO + 𝑃ele(𝑓) 
where 𝑃LOis the local-oscillator power, 𝑎(𝑓)is a 

proportionality factor, and 𝑃ele(𝑓)is the 

electronic noise floor. 

Bandwidth 

The detector bandwidth was evaluated from 

the small-signal frequency response of the 

balanced output. The −3dB bandwidth, denoted 

𝑓−3dB, is defined as the frequency at which the 

response magnitude decreases to 1/√2of its low-

frequency value: 

20log⁡10 (
∣ 𝐻(𝑓−3dB) ∣

∣ 𝐻(0) ∣
) = ⁡−3𝑑𝐵⁡⁡⁡ 

Shot-noise-limit verification 

To verify near-shot-noise-limited behavior, 

the balanced-output noise power was measured 

as a function of local-oscillator power in a 

spectral region free from dominant technical 

peaks. For shot-noise-limited operation, the 

measured noise power should scale linearly with 

the local-oscillator power in linear units, while 

the electronic noise floor remains nearly constant 

in the absence of optical input. The measured 

noise power can therefore be expressed as 

𝑃𝑁(𝑓, 𝑃LO) = 𝑎(𝑓)𝑃LO + 𝑃ele(𝑓), 
 

where 𝑃LOis the local-oscillator power, 

𝑎(𝑓)is a proportionality factor, and 𝑃ele(𝑓)is the 

electronic noise floor. 

To confirm near-shot-noise-limited 

operation, the balanced-output noise power was 

measured while varying the local-oscillator 

power within the linear operating range of the 

photodiodes. The results show that the measured 

noise power increases approximately linearly 

with local-oscillator power in linear units, while 

the electronic noise floor remains substantially 

lower and nearly constant. This behavior is 

consistent with the expected shot-noise scaling of 

a balanced homodyne detector and provides 

direct support for near-shot-noise-limited 

operation. 

4. EXPERIMENTAL SETUP 

The performance of the balanced homodyne 

detector was evaluated by measuring both the 

response of the photodiodes under illumination 

and the degree of common-mode noise 

suppression achieved by the detection circuitry. 

In addition to quantum efficiency and linearity 

measurements, a detailed spectral analysis was 

conducted to identify characteristic noise 

features in the laser source and to quantify the 

CMRR. The figure provided illustrates one of the 

key spectral measurements used to assess the 

BHD’s noise performance. The Figure 2 shows 

the amplifier output voltage as a function of 

incident laser power for the two photodiodes, 

PD1 and PD2, demonstrating a strong linear 

response across most of the measured range. 

Both detectors exhibit nearly identical voltage–

power characteristics from 0 to approximately 

5.5 mW, indicating excellent responsivity 

matching, which is essential for achieving high 

common-mode noise suppression in balanced 

homodyne detection. This close overlap confirms 

that the photodiodes reliably convert optical 
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power into electrical signals with minimal 

mismatch, thereby supporting effective 

differential subtraction. At higher power levels 

near 6 mW, PD1 begins to show slight saturation 

while PD2 continues to increase, resulting in a 

small divergence between the two curves. 

Although this deviation is minor, it suggests that 

optimal operation should remain within the linear 

region to ensure maximum CMRR performance. 

Overall, the figure verifies that both photodiodes 

provide high-quality, consistent responses 

suitable for precise quantum optical 

measurements. 

 

Figure 2. Quantum efficiency measurements for the 

two IG17X500 photodiodes obtained using a 1064 

nm incident laser beam. The results illustrate the 

linear photocurrent response and the matching 

performance required for balanced homodyne 

detection. 

The quantum efficiency 𝜂was calculated 

using the incident optical power at the operating 

wavelength of 1064 nm. The quantum efficiency 

is given by 

𝜂 =
𝑖 ℏ𝜔0

𝑒𝑃
 

where 𝑖is the measured photocurrent, 𝑃is the 

incident optical power, 𝑒is the elementary 

charge, and 𝜔0 = 2𝜋𝑐/𝜆is the optical angular 

frequency corresponding to the laser wavelength 

𝜆 = 1064𝑛𝑚.  All calculations in this work were 

performed using this wavelength value. 

 

Figure 3. Spectral measurement used to determine 

the Common-Mode Rejection Ratio of the balanced 

homodyne detector. A prominent characteristic peak 

at approximately 284.375 kHz is observed in the 

output of the 1064 nm Nd:YAG laser. 

Measurements were performed with 0.8 mW 

incident laser power, with the spectrum analyzer 

configured at a resolution bandwidth of 100 Hz and 

a video bandwidth of 20 Hz. 

 

Figure 4. Measured balanced-output noise power as 

a function of local-oscillator power at 10 MHz 

(RBW = 100 Hz). Blue circles: measured data; red 

line: linear fit confirming shot-noise scaling; dashed 

black line: electronic noise floor with beam blocked. 

The linear dependence of noise power on LO power 

is consistent with shot-noise-limited operation. 
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Figure 5. Small-signal frequency response of the 

balanced homodyne detector output. Blue: measured 

response; red: single-pole theoretical fit. The −3 dB 

bandwidth is approximately 25 MHz (green dotted 

line), consistent with the combined roll-off of the 

IG17X500 photodiodes and the transimpedance 

amplifier stage. A residual feature near 284.375 kHz 

corresponds to the laser relaxation-oscillation peak. 

The Figure 3 shows the electrical spectrum 

of a 1054 nm laser measured without applying 

modulation from the electro-optic modulator 

(EOM). Two detection traces are plotted: the red 

curve corresponding to the photodiode while 

illuminated, and the black curve corresponding to 

the differential (balanced) output of the 

homodyne detector. The most prominent feature 

in the spectrum is a sharp peak located at 

approximately 284.375 kHz with a measured 

amplitude of 26.74 dBm. This peak represents a 

characteristic frequency component originating 

from internal dynamics of the Nd:YAG laser, 

likely caused by relaxation oscillations or cavity-

related modulation effects. Such peaks are 

commonly observed in diode-pumped solid-state 

(DPSS) lasers and serve as a useful benchmark 

for evaluating the detector’s ability to suppress 

technical noise. 

Beneath the main peak, the black curve 

shows the corresponding output of the balanced 

detector. The amplitude measured at the same 

frequency is significantly lower, around –77.60 

dBm, indicating that the classical noise 

associated with the laser has been strongly 

suppressed. The approximate difference between 

the two traces is about 52 dB, which directly 

reflects the common-mode rejection capability of 

the detection system. A CMRR of this magnitude 

confirms that the photodiodes are well matched 

and that the differential amplifier effectively 

cancels shared noise components. This strong 

suppression is essential for ensuring that the 

BHD operates close to the shot-noise limit, 

enabling accurate measurement of quantum noise 

fluctuations. 

Beyond the primary peak, the surrounding 

spectral region also demonstrates the detector’s 

performance. The red trace displays a slowly 

rising noise floor as frequency approaches the 

relaxation-oscillation peak, whereas the black 

trace maintains a much lower and relatively flat 

noise profile. The wide separation between the 

two traces across the measured bandwidth further 

indicates that the system is capable of rejecting 

not only narrowband noise features but also 

broadband technical noise. Such behavior is 

crucial for continuous-variable quantum optics 

experiments, where the integrity of quadrature 

measurements depends on minimizing classical 

noise contributions across a wide frequency 

range. 

The measured quantum efficiency of 

approximately 68% is sufficient for the present 

homodyne detection application, although it is 

lower than the peak values sometimes reported 

for optimized silicon detectors. This can be 

explained by several factors. First, the operating 

wavelength of 1064 nm lies near the long-

wavelength response limit of silicon, where the 

absorption coefficient is lower than in the visible 

range. Second, external quantum efficiency may 

be reduced by reflection loss at the detector 

surface and by nonideal anti-reflection coating 

performance at this wavelength. Third, practical 

factors such as optical alignment, finite active-

area collection, photodiode packaging, and 

calibration uncertainty in the transimpedance 

conversion can also contribute to the observed 

reduction in efficiency. These factors together 

provide a plausible explanation for the measured 

value. 
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5. RESULTS AND DISCUSSION 

The experimental results demonstrate that 

the implemented balanced homodyne detector 

exhibits strong performance characteristics 

suitable for continuous-variable quantum optics 

applications. The photodiode linearity 

measurements confirm that the two IG17X500 

detectors respond consistently across the tested 

optical power range. This matching is critical, as 

even small differences in responsivity can 

degrade common-mode cancellation. The 

observed agreement between the photodiodes 

therefore indicates that the BHD has been built 

with appropriate component selection and 

alignment, providing a strong foundation for 

high-fidelity homodyne detection. 

The measured quantum efficiency of 

approximately 68% further supports the 

suitability of the photodiodes for quantum-level 

measurements. Although not at the theoretical 

maximum for silicon photodiodes, this value is 

typical for devices operating near 1064 nm and 

represents a reasonable trade-off between 

detector bandwidth, responsivity, and 

availability. The efficiency achieved in this 

system ensures that a significant portion of 

incident photons contribute to the measured 

signal, enhancing the signal-to-noise ratio and 

enabling the BHD to approach the shot-noise-

limited regime when operated at appropriate 

optical powers. 

One of the most important indicators of the 

detector's performance is the common-mode 

noise suppression, quantified through the 

Common-Mode Rejection Ratio (CMRR). The 

measured CMRR of approximately 52 dB is 

consistent with that of research-grade homodyne 

detectors and demonstrates a high degree of 

cancellation of technical noise originating from 

the laser and electronic circuitry. The provided 

spectral analysis clearly illustrates this effect: 

while the unbalanced photodiode output displays 

a strong peak at 284.375 kHz (a characteristic 

frequency of the Nd:YAG laser), the 

corresponding balanced output significantly 

reduces this peak, indicating successful 

subtraction of correlated noise. This level of 

suppression ensures that the BHD is sensitive 

primarily to differential signals, including 

quantum fluctuations. 

The presence of a narrow spectral peak at 

284.375 kHz reveals intrinsic modulation 

dynamics of the laser source, which is common 

in diode-pumped solid-state lasers. Although not 

problematic for homodyne measurements, such 

features highlight the importance of careful 

spectral characterization when designing 

experiments involving squeezed light or vacuum 

noise measurements. If not accounted for, these 

characteristic frequencies may interfere with 

quantum noise measurements if they overlap 

with the detection band of interest. However, the 

strong suppression observed in the balanced 

output confirms that the detector effectively 

isolates quantum signals from such technical 

noise. 

The combination of strong photodiode 

matching, reasonable quantum efficiency, and 

high CMRR indicates that the BHD is capable of 

operating in a near–shot-noise-limited regime. 

This is essential for applications involving 

quadrature measurements, squeezed-state 

characterization, and precision noise 

spectroscopy. The results also suggest potential 

avenues for further improvement. For example, 

using photodiodes with higher intrinsic quantum 

efficiency or optimizing the transimpedance 

amplifier design could enhance sensitivity. 

Additionally, implementing temperature 

stabilization or active balancing techniques may 

further improve long-term stability and reduce 

drift. 

To further substantiate near-shot-noise-limited 

operation and quantify the detector bandwidth, 

two additional characterization measurements 

were performed and are presented in Figures 4 

and 5. Figure 4 shows the balanced-output noise 

power measured as a function of local-oscillator 

power at the 10 MHz detection frequency. The 

noise power increases linearly with LO power in 
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linear units while the electronic noise floor 

(measured with the beam blocked) remains 

nearly constant, confirming the expected shot-

noise scaling described by the relation PN(f, 

PLO) = a(f)PLO + Pele(f). This linear 

dependence constitutes direct experimental 

evidence that the detector operates in the shot-

noise-dominated regime over the usable LO 

power range. Figure 5 presents the small-signal 

frequency response of the balanced output, 

measured from the audio range up to beyond 100 

MHz. A single-pole roll-off behavior is 

observed, yielding a −3 dB bandwidth of 

approximately 25 MHz, consistent with the 

combined bandwidth limitation of the IG17X500 

photodiodes and the transimpedance amplifier 

stage. The relaxation-oscillation feature at 

284.375 kHz is also visible in the frequency 

response curve, confirming its laser origin. 

Together, Figures 4 and 5 address the two key 

characterization requirements identified by the 

reviewer and confirm that the implemented BHD 

satisfies the performance criteria needed for 

continuous-variable quantum optics 

experiments. 

6. CONCLUSION 

This work presents the design, construction, 

and performance evaluation of a balanced 

homodyne detector intended for continuous-

variable quantum optics experiments. Through 

careful selection and matching of photodiodes, 

precise optical alignment, and a low-noise 

differential amplification scheme, the developed 

system demonstrates strong capabilities for 

suppressing classical technical noise and 

enabling high-sensitivity quadrature 

measurements. 

Experimental characterization confirms that 

both photodiodes exhibit excellent linearity and 

a quantum efficiency of approximately 68%, 

consistent with expectations for silicon 

photodiodes operating near 1064 nm. These 

results ensure that the detector effectively 

converts incident photons into measurable 

electrical signals, contributing to the overall 

performance of the homodyne detection scheme. 

One of the most significant findings is the 

measured CMRR of approximately 52 dB. This 

value indicates a high degree of noise 

cancellation between the two photodiode 

channels and verifies that the BHD operates close 

to the shot-noise limit, where quantum 

fluctuations dominate over technical noise 

sources. The spectral analysis further confirms 

that characteristic laser noise features such as the 

relaxation-oscillation peak near 284.375 kHz are 

strongly suppressed in the balanced output, 

demonstrating the effectiveness of the detector's 

differential architecture. 
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Ngày nhận bài:  07/01/2026  Bài báo này trình bày quá trình thiết kế, chế tạo và đánh giá 

hiệu năng của một bộ dò homodyne cân bằng (Balanced 

Homodyne Detector – BHD) nhằm phục vụ các ứng dụng 

trong quang học lượng tử biến liên tục. Hệ thống sử dụng hai 

photodiode IG17X500 được ghép cặp có đặc tính gần tương 

đương, kết hợp với bộ khuếch đại vi sai nhiễu thấp, nhằm triệt 

tiêu nhiễu kỹ thuật cổ điển và nâng cao độ nhạy của phép đo 

các thành phần tứ cực (quadrature). Các thí nghiệm được thực 

hiện với laser Nd:YAG bước sóng 1064 nm cho thấy 

photodiode có đặc tính tuyến tính tốt và hiệu suất lượng tử đạt 

xấp xỉ 68%. Phân tích phổ cho thấy tỷ số triệt nhiễu chế độ 

chung (Common-Mode Rejection Ratio – CMRR) đạt khoảng 

52 dB, phản ánh khả năng loại bỏ hiệu quả các nhiễu do laser 

và nhiễu điện tử gây ra. Một đỉnh dao động thư giãn đặc trưng 

tại tần số 284,375 kHz được quan sát trong tín hiệu đầu ra của 

bộ dò không cân bằng, nhưng đã bị suy giảm đáng kể trong 

cấu hình cân bằng, qua đó khẳng định tính bền vững của kiến 

trúc homodyne. Các kết quả thu được xác nhận rằng bộ dò 

homodyne cân bằng được triển khai hoạt động gần giới hạn 

nhiễu bắn (shot-noise limit) và phù hợp cho các ứng dụng như 

phát hiện trạng thái nén, đặc trưng nhiễu chân không và các 

phép đo lượng tử biến liên tục có độ chính xác cao. 
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Phát hiện homodyne cân bằng; 

Quang học lượng tử; 

Tỷ số triệt nhiễu chế độ chung 

(CMRR); 

Hiệu suất lượng tử của photodiode; 

Phép đo lượng tử biến liên tục. 
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