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Chapter 1

Introduction

1.1 Co-propagating Quantum Key Distribution

Quantum key distribution (QKD) has become a mature communication
technology|l], providing unconditional security[2] for data transmission
based on physical principles rather than purely mathematical assumptions.

Conventionally, most QKD architectures have relied on isolated dark
fibers to avoid interference from a classical data link. Although these
methods ensure high fidelity, they are impractical for real-world deploy-
ments due to the cost of updating facilities. Therefore, investigating how
quantum and classical signals can coexist within the same physical medium
has become a central essential in applied quantum communication.

As shown in Figure[I.1] traditional QKD requires one bidirectional log-
ical classical channel and one logical quantum channel. However, these
channels need not correspond to separate physical ones. By transmitting
classical information in the C-band (~ 1550 nm) and quantum signals in the
O-band (~ 1310 nm), where fiber-related signal attenuation is minimized,
a co-propagating protocol can be established, enabling QKD deployment
over existing optical infrastructure designed for classical communication.

Continuous-variable quantum key distribution (CVQKD) has been shown
to provide a method for establishing a secure quantum connection in co-
propagating architectures. In such schemes, the quantum channel encodes
information in the continuous states of light, like intensity. When classi-
cal and quantum signals share the same physical channel, CVQKD ben-

efits from conventional modulation and detection techniques using stan-



dard telecom components, such as coarse wavelength division multiplex-
ers (CWDM). Recent research has achieved 100 km and 120 km|3] co-
propagating connections.

Moreover, CVQKD in a co-propagating regime is easier to deploy than
discrete-variable QKD (DVQKD). One reason is that CVQKD offers a
higher signal-to-noise ratio due to its higher field intensity, allowing it to
tolerate higher co-existing classical optical power. Whereas DVQKD re-
lies on extremely weak single-photon-level pulses and detectors that are
very sensitive to stray photons or Raman background noise from classical
channels, this results in reduced robustness.

Though CVQKD offers practical advantages in co-propagating cases, it
remains inferior to DVQKD in protocol design[4]. Many highly optimized
schemes developed for discrete-variable systems, such as entanglement-
based and measurement-device-independent protocols, rely on single-photon
detection and cannot be directly implemented in CVQKD. These form the
reason why co-propagating DVQKD remains a topic worth discussing and

examining.
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Figure 1.1: Comparing conventional and co-propagation-based QKD. The quantum state
|¥) represents states used for QKD. The TX and RX labels indicate the transmitting
and receiving ports of the classical media converters. WDM represents the Wavelength
Division Multiplexer.

According to Figure [I.1], the proposed co-propagating QKD architec-



ture primarily relies on a wavelength-division multiplexer (WDM), which
partitions light into different output ports based on their wavelengths. At
the same time, the transmitting and receiving ports are designed to share

the same optical fiber bidirectionally via an optical circulator.

1.2 Issues for Co-propagating

One significant challenge in implementing this architecture is the power dif-
ference between classical and quantum signals. The optical power emitted
by a laser source in a media converter is typically on the order of milli-
watts (1072 Js™!). At the same time, single photons in the telecoms band
have an energy of approximately 107! J. During co-propagation, noise
is introduced around the O-band (quantum) wavelength from the C-band
(classical). Also, in practical QKD, the fiber length can usually reach tens
of kilometers; Raman scattering[5], back reflections, etc., can leak into the
quantum channel and are strongly dependent on the fiber length.

Several key noise mechanisms degrade the performance of a DVQKD

system in a co-propagating context[6].

e Spontaneous Raman scattering from the classical channels is a dom-
inant impairment: photons generated by this process can spectrally
leak into the quantum channel’s wavelength band, thus elevating the

quantum bit error rate (QBER).

e Cross-channel interference and back reflections from multiplexing and
fiber imperfections can directly introduce stray photons into the single-

photon detectors of the quantum receiver.

e Four-wave mixing (FWM) and other mixing effects become significant
when classical channel powers are high and channel spacing is small,

producing photons with new wavelengths near those of quantum links.

The most critical noise source in co-propagating DVQKD is spontaneous
Raman scattering, which arises from the inelastic interactions[7] between
photons of the classical channel and the vibration modes of the optical
fibers. Unlike linear crosstalk and weak FWM, Raman scattering gener-

ates broadband noise photons that extend far from the original wavelength



of the classical signal. Consequently, even when tens of nanometers spec-
trally separate the quantum channel, scattered photons can still reach the
detection bandwidth of the single photon detectors used for QKD.

The strength of Raman scattering usually scales approximately linearly
with both the classical signal intensity and the propagation length of the
fiber. When classical channels operate at several milliwatts of power, the
Raman scattering contribution becomes significant after tens of kilometers
of co-propagation, a common situation in practical QKD. As a result, Ra-
man scattering can constitute a dominant source of noise in co-propagating
DVQKD systems.

Suppose the mentioned noise factors are not carefully filtered and com-
pensated. In that case, the resulting reduction in signal-to-noise ratio (and,
correspondingly, an increase in QBER) will depress the key generation rate
in QKD. To address these issues, we first investigate methods for accurately
measuring a laser diode’s emission spectrum.

The spectrometer used in our experiments must satisfy several technical

requirements:
e Sub-nanometer spectral resolution, probably better than 0.1 nm

e Wide dynamic range capable of resolving signals from microwatt-level

optical power down to approximately 10 photons per second.
e High repeatability to ensure measurement consistency across runs.

After establishing a reliable method for measuring optical spectra over
a wide dynamic range, the spectrometer can then serve as a tool for evalu-
ating the performance of the co-propagating systems. It can be used either
to verify the filtering quality of optical components, ensuring that most of
the noise originating from the classical channel is effectively suppressed,
or to quantify how the Raman noise level changes with fiber length. This
spectral characterization provides essential feedback for optimizing wave-
length division multiplexing configurations, filter design, and overall system
stability in practical QKD implementations.

In the following chapters, we will discuss the efforts made to build the
spectrometer from both hardware and software perspectives. Additionally,
we will examine the need to construct a cascaded grating spectrometer.

Lastly, we will address noise factors present in the proposed QKD architec-



ture in both forward and backward directions, along with their respective
solutions.

Finally, with a relatively comprehensive understanding of the spectral
behavior of noise sources such as Raman scattering and back-reflection, it
will be possible to know how the ideal co-propagating QKD architecture
described in Figure [I.1 needs to be modified for deployment in production

scenarios.



Chapter 2

Grating Spectrum

Measurement

2.1 Diffraction Grating

Reflective diffraction grating mirrors, characterized by their periodically
structured reflective surfaces that spatially separate light into distinct diffrac-
tion orders [8], can be used to measure the wavelength spectrum of light.

The diffraction can be described mathematically by the grating equation
d (sinf; + sinf,,) = mA, (2.1)

where 6; is the incident angle, 6, is the diffraction angle of order m, A is
the wavelength, and d is the period of the grating groove, namely grating
spacing. A schematic representation is shown in Figure
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Figure 2.1: Diffraction Grating

Multiple spectrometer designs have been realized by others with distinct



pros and cons; some choose to rotate the mirror, while others prefer to fix

the mirror but move the detector[9).

Given the devices available and the difficulties of calibrating and pro-
gramming, the most suitable method for us would be to rotate the grating

mirror and try to couple a free-grating period that must be carefully chosen.

Numerical analysis is essential for selecting components, as inappropri-
ate choices can lead to difficulties with optical alignment and data process-
ing. Starting with the grating mirror, the grating period must be carefully
chosen to ensure that the target wavelength range, approximately 1200 nm
to 1600 nm, is mapped to a limited angular range, ideally around 10° , so

that the resolution of 40 nm/° is given.

From the grating equation given, let the wavelength difference be A\ =
1600 — 1200 = 400 nm. Assuming a normal incident angle (6; = 0) and
applying the small-angle approximation for simplicity, the variation on the

m = 1 order of diffraction angle given a period d is expressed by

Af(d) ~ %

(2.2)

Based on this conclusion, a grating mirror designed for 1000 nm with a
groove density of 600~ mm (600 grooves per millimeter) was selected for
the spectrometer. This configuration yields a total angular dispersion of
approximately 13.751° across a 400 nm wavelength range, which is close

enough to the desired ~ 10° target.

The grating mirrors described above were mounted on a K10CR1 ro-
tary stage. According to the manufacturer’s datasheet, the stage exhibits
a unidirectional repeatability of 0.1 nm[10] in measured wavelength. Given
the angle-wavelength relationship shown in equation 2.2, where d = 1666.7
comes from 600 grooves per millimeter, this corresponds to a wavelength
uncertainty of 0.1 nm. Consequently, the constructed spectrometer can be
expected to achieve a wavelength precision of ~ 0.1 nm in the absence of
other error sources, which is sufficient for the current stage of the experi-

ment.

The overall schematic of the system is illustrated in Figure The de-
tection section is left blank, as multiple measurement methods have been

developed and tested, each with its own characteristics, which will be de-



scribed in detail later in this chapter. Before that, the procedures for

constructing and calibrating the grating spectrometer are first introduced.
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Figure 2.2: Spectrometer Schematic

2.2 Build the Spectrometer

Given the measurement architecture, we define the configuration in which
the grating mirror grooves are perpendicular to the optical table as the
zero-roll, zero-pitch state, thereby simplifying alignment in the vertical
direction. When a grating mirror is mounted on the rotary stage, the yaw
can be adjusted freely while the non-zero pitch can be canceled by applying
an opposite pitch to the plane mirror shown in Figure 2.2 Consequently,
the roll (lateral rotation) remains the only degree of freedom that requires
fine manual adjustments.

Different from the other two degrees of freedom, the roll of the grating
mirror has a pronounced effect on the dependence of the spectrometer’s
overall transmission efficiency on the angles due to the geometry of the
grating. When a beam is incident on the grating mirror at zero pitch, the
diffracted monochromatic components propagate in a plane perpendicular
to the grating grooves. A mnon-zero roll angle results in a vertical spatial
walk-off for all diffracted beams with a non-zero 8,,, value.

To ensure the 6., is as close to zero as possible, a common practice is

to utilize beams corresponding to different diffraction orders m. This is
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equivalent to selecting two diffracted beams that lie on the plane perpen-
dicular to the groove direction for alignments. The alignment procedures

are:

1. Rotate the grating mirror (change its yaw) so that m = 1 and m = —1
beams diffracted from a monochromatic laser source (usually a 1310nm
coherent beam with sub-nanometer line width) are approximately

symmetric with respect to the incident beam.

2. Place a cardboard screen along the path of the m = 1 beam at a
sufficiently long distance (on the order of several meters) to amplify
any vertical spatial walk-off. Record the beam position on the screen

using an infrared (IR) viewing card and a marking pen.

3. Rotate the grating mirror so that the m = —1 diffracted beam reaches

the same screen, and mark its position as well.

4. Compare the vertical separation between the two marks. Adjust the
grating mirror’s roll angle accordingly. Repeat the procedure until the

two marks from m = 1 and m = —1 beams overlap.

Therefore, it can be reasonably assumed that the spatial walk-off resulting
from an almost zero roll angle affects transmission efficiency only to a minor

extent and in a controlled manner.

With the grating mirror set to approximately zero roll, free-space cou-
pling between the plane mirror and the fiber-optic collimator is established
using conventional alignment techniques. Coarse alignment is performed
by observing the back-reflected light, followed by fine adjustment using a

power meter.

In addition, the scanning process with the constructed spectrometer
yields only angle—voltage data pairs, indicating that a mapping between
the motor angles and wavelengths should be established. We define 6. as
the coupling angle, representing the angle between the incident beam and
the first-order diffracted beam. Since the alignment beam has a wavelength

of 1310 nm, we set 6; = 0 to correspond to this wavelength. Using equation

11



2.1, and let 6; = 0 at 1310 nm calibration wavelength:

A(0;) = d[sin; + sin(0, — 6;)] = 2d sin(%) cos(6; — %) . (2.3)
A(0) = dsinf. = 1310 nm, (2.4)
thus 6, ~ 51.8°. (2.5)

2.3 Direct Powermeter Measurements

Using the constructed spectrometer and the mapping, the next step is to
determine how to measure the output intensity. One of the most straight-
forward approaches is to directly connect the collimator output to a power
meter (PM). The deployed PM has a wavelength-dependent responsivity
characterized precisely between 800 nm to 1800 nm.

The five selectable resistors have resistances of 20 €, 1 k€, 10 k€2,
99.1 k2, and 1 MS). If necessary, a wavelength-dependent index a(\) can

be introduced to calculate the power of the laser by

V

P=————
R* a(N)’

where R is the selected resistance and V' is the nominal voltage.

The C-band source used for testing is a 1550 nm distributed Bragg fiber
laser diode, driven by a laser controller with a proportional-integral-derivative
(PID) temperature control loop. In addition, tuning the diode temperature
allows fine adjustment of the emission wavelength, as the diode’s structure
expands with increasing temperature|l1] and contracts with cooling,.

The measured spectral density is presented in Figure [2.3] where the y-
axis is plotted on a logarithmic scale while the wavelength x-axis is linear.
From the plot, it can be concluded that the dynamic range of this mea-
surement method is approximately 30 dB. Although this dynamic range is
insufficient for precise scattering measurements due to the upper and lower
limit of scattering differing far more than that, additional limitations of
the power meter have been identified. These issues can be categorized into
high-frequency and low-frequency components.

The high-frequency noise observed in the measurement can be primarily

due to thermal noise[12], also known as Johnson noise, or shot noise. This

12
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Figure 2.3: The resulting spectral density for the diode laser, when the power meter is
used for intensity detection.

type of noise is typically broadband and exhibits weak dependence on the
applied voltage, adding up as background noise. The presence of Johnson
noise significantly limits the ability to directly measure weak optical signals.
When the noise amplitude exceeds the signal level by several orders of
magnitude, repeated measurements can improve measurement accuracy.

Still, they may not be so helpful when the actual signal strength is too low.

In addition to high-frequency components, low-frequency noise, proba-
bly caused by power supply voltage drift or variations in room temperature,
and typically at frequencies on the order of mHz, is also a significant con-
cern in most measurements. For instance, a 4001-point scan usually takes
six hours. That is long enough for low-frequency noise to affect measure-

ment accuracy significantly.

Mitigating both high- and low-frequency noise through post-processing
alone is challenging. Purely script-based filtering methods are insufficient
to reduce the noise to an acceptable level. To overcome this limitation, a
measurement approach incorporating additional hardware components is

introduced in the following section.
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2.4 Lock-in Amplifier with PM

2.4.1 Filtering and Measurement Results

A lock-in amplifier is connected to the PM’s analog output to improve
signal detection. Lock-in amplifiers are widely used to extract extremely
weak signals from noisy environments, provided that the signal frequency
differs sufficiently from that of the dominating noise components [13]. This
property makes lock-in amplifiers particularly suitable for addressing the
limitations encountered in direct power-meter measurements.

To briefly illustrate the operating principle of the lock-in amplifier and

mathematically explain how it suppresses noise in our measurement system,

we let the PM output being:
S(t) = So + n(t), (2.6)
where Sy is the optical signal and n(t) is the noise.

If we modulate the optical signal with a square wave at frequency f,.:

C(t) = sgn( sin(2n ft)), (2.7)
the modulated detector signal becomes
Smod(t) = So C(t) + n(t). (2.8)

The lock-in amplifier uses a reference signal at the same frequency:

R, (t) = cos(2m f.t), R,(t) = sin(2n f,t). (2.9)
The outputs are obtained by multiplications and low-pass filtering:

X(t) = LPF{ Smoa(t) Ra(t) }, Y () = LPF{ Smoa(t) 12(1) }. (2.10)
Since Speq(t) contains a component at f., the low-pass yields

X ~ 15, Y ~ 0. (2.11)

The final lock-in output amplitude is

A=VXZ1Y? &~ 15, (2.12)

In some implementations, phase shifts can occur between the reference and
the modulated signals due to delays introduced by optical modulations or
electronic amplifications. These effects are not accounted for in the theo-
retical derivation but can be neglected in practice by taking the Euclidean

norm of X and Y as the final output.

14
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Figure 2.4: Lock-in Amplifier spectrometer.

A chopping disk, illustrated as an ellipse in Figure 2.4 is employed
to modulate the optical signal. The disk is positioned between the plane
mirror and the collimator, driven by a tunable motor driver. It has 20
evenly spaced openings and occupies half the total arc length when added
up. The motor driver simultaneously provides a square-wave reference
signal to the lock-in amplifier at a frequency equal to n times the disk’s
rotational frequency (n = 20 in our case). This configuration converts the
steady optical output into a periodic signal, which is subsequently detected
by the power meter and distinguished from background noise by the lock-in
amplifier.

The rotation frequency of the chopping disk is 8.75 RPS(revolution per second)
to ensure that the modulation frequency remains within the operational
limits of the motor driver. Under these conditions, the chopping frequency;,
namely the frequency of the square-wave modulation applied to the optical
signal, is given by 8.75 % 20 = 175 Hz.

To acquire the spectrum, the measurement is not based on a single
voltage reading, as in a PM with a direct digital output to a computer.
The output X (¢) and Y (¢) are recorded by an oscilloscope over a short
time interval to average out fluctuations arising from lock-in amplification

instability. The final PM voltage is then obtained by computing the time-

15



averaged magnitude of these components,
Ver = (X (1) + Y (t)*),

After converting the measured voltages to relative optical intensity, the

resulting spectrum is plotted in Figure [2.5]
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Figure 2.5: Spectral density of the diode laser measured by PM with a lock-in amplifier
for noise suppression.

From the plot, the noise level is about 10~% of the peak height when
it deviates from the C-band center or when the spectral density exhibits
a non-monotonic decrease, in other words. Theoretically, the noise origi-
nating from the power meter should be effectively suppressed under ideal
lock-in detection. These observations, therefore, suggest the presence of
additional noise sources that the lock-in amplification process itself may

have introduced.

2.4.2 Noise Analysis

To further investigate the source of noise, the analysis is extended from the
time domain to the frequency domain by performing a Fourier transform on

the time-series data. As an illustrative example, a fast Fourier transform

16



(FFT) was applied to the data recorded at 1310 nm and the resulting plot
is provided in Figure 2.6, Peaks can be observed, revealing the presence
of periodic components in the noise, likely from the physical or electronic

characteristics of the additional components deployed to the system.
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Figure 2.6: Top: Amplitude in the time domain. Bottom: Amplitude in the frequency
domain, by performing FFT. Spikes are marked by red dashed lines.

Given that the chopping disk rotates at 8.75 RPS, slight mechanical
imbalances are almost inevitable due to imperfect alignment between the
disk mass center and its rotational axis. Such an imbalance induces mi-
nor vibrations at approximately the same frequency as the disk’s rotation,
which in turn affects the coupling efficiency between the output beam and
the collimator through spatial walk-off. If this effect does exist in the mea-
surement, periodic peaks should appear in the frequency domain at integer
multiples of the rotational frequency. That is 8.75n Hz, n € Z" (including
8.75, 17.5, 26.25, 35, 43.75, and 52.5). This behavior is indeed observed in
the Fourier spectrum, as indicated by the vertical dashed lines in Figure
2.6l

The lock-in amplifier itself is also highly likely to be susceptible to ex-
ternal oscillating signals[14], since the mains power supply connected to it

is alternating current (AC) oscillating at 50 Hz. This frequency is clearly

17



evident in the Fourier spectrum, indicating that the AC power supply par-

tially contributes to the increasing noise level.

The origin of the peak at 25 Hz remains unexplained. It may result from
interactions between the alternating current (AC) power supply and specific
mechanical or electronic components, effectively producing a subharmonic
noise. Alternatively, there can be modulations between the 8.75 Hz motor
vibration and the 50 Hz power supply oscillation, 8.75 % a + 50 x b = 25 for
instance. A detailed analysis of this coupling mechanism requires further

investigation and is beyond the scope of the present discussion.

In summary, the dynamic range of this method approaches 50 dB. How-
ever, the noise level at the order of 1072 of the beam emission peak height
prevents the reliable detection of photon-level signals. For noise and scat-
tering measurements, it remains essential to achieve a detection threshold

of at least 10° photons s~* to offer enough sensitivity.

2.5 Tunable Attenuation Avalanche Photon Diode

Avalanche photo diodes (APDs) are widely recognized for their high sen-
sitivity|15] in detecting weak signals. However, due to the intrinsic mech-
anism of avalanche multiplication, which involves a time cost character-
ized by the avalanche time constant plus dead-time due to recovery re-
quirements, APDs exhibit a limited count-rate capability, usually around
10° cps(count per second), at a ~ 1 % detection efficiency for the InGaAs
APDs. Beyond this limit, the avalanche process cannot fully recover be-
tween successive photon arrivals, leading to overlapping detection events.
This phenomenon, commonly known as saturation, is the main challenge

in extending the system’s dynamic range.

Moreover, the relationship between count rate (cps) and optical inten-
sity cannot be assumed to be linear|16], as higher photon flux increases the
probability of temporal overlap between detection events, leading to mul-
tiple photons being counted as a single event. As a result, the count rate
must be maintained well below the saturation threshold to ensure accurate

measurements.

18



2.5.1 Variable Optical Attenuator

One effective solution is to introduce a variable optical attenuator (VOA)
before the APD, allowing the attenuation to be adjusted as needed to re-
duce the nominal detection efficiency by a known factor when the output
beam intensity is high, and increase it when the intensity is low. The VOA
used in this experiment is the V1550F from Thorlabs, which internally has
a voltage-controlled free-space beam-coupling mechanism based on reflec-
tion. Due to the high sensitivity of free-space coupling to alignment, an
attenuation exceeding 25 dB can be readily achieved.

Next, a calibration scan was conducted to establish the relationship be-
tween the applied voltage and the VOA’s actual attenuation. The measure-

ment result, showing the relationship between attenuation and the applied

voltage, is shown in Figurd2.7]
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Figure 2.7: Attenuation of the VOA as a function of voltage applied, plotted in log scale.

However, in practical measurements spanning a broadband wavelength
range, the VOA may not provide identical attenuation at a fixed control
voltage. Using the spectrometer as a selectable wavelength band-pass filter,
an attenuation-voltage scan is performed at different wavelengths. The

results are presented in Figurd2.8l As shown by the color map, the VOA
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exhibits significant wavelength dependence at higher voltages, particularly
above 4.5 V. This voltage range should therefore be avoided in the following

measurements to maintain consistent attenuation performance.
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Figure 2.8: The VOA’s attenuation as a function of applied voltage and photon wave-
length is shown in the plot. The measurement was done with 11 wavelengths and 101
voltage samplings.

2.5.2 Measurement Results and Noise Analysis

APDs also exhibit dark counts on the order of 10* cps, similar to PM dark
current. These dark counts are mainly shot-noise-limited (time-independent
Poisson noise) and are likely due to thermally generated carriers or semi-
conductor defects. Importantly, because the APD output is time-stamped
and processed digitally, these dark counts are largely unaffected by drifting
Johnson noise. Other time-dependent noise sources such as background
light, inadequate current filtering, or temperature fluctuations can be min-
imized by maintaining stable environmental conditions during measure-
ments. In summary, most random noise levels can be reduced by increas-
ing the integration time, thereby improving the statistical accuracy of the
photon-count estimate.

Following the described method, the measurement results are presented
in Figure 2.9, The plot shows that the noise level appears constant on a

log scale when the integration time is held steady at one second, suggesting
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it depends less on wavelength. Also, the noise can be further reduced by
increasing the integration time. The achieved dynamic range is approxi-
mately 50 dB, comparable to that of using the PM and lock-in amplifier,
while retaining the capability to detect photon-level signals.

In further experiments, optical filtering components will be applied to
the original C-band diode laser, resulting in significant attenuation of the
spectral density at wavelengths far from the 1550 nm center. Under those
circumstances, the combined VOA-APD detection method is the most suit-

able approach to perform high-precision spectrum measurements.
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Figure 2.9: Spectral density of the C-band diode laser measured using an APD with
controlled attenuation

2.6 Direct OSA Measurements and Quantitative Com-
parisons

An optical spectrum analyzer (OSA) is also introduced for reference mea-
surements. Up to this point, the tests have primarily focused on determin-
ing the dynamic range but not the reliability of the spectra obtained. The
OSA serves as a benchmark for evaluating the accuracy of the free-space

optical spectroscopy system’s results.
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However, OSA lacks the sensitivity required to detect photon-level sig-
nals across most of its operational wavelength range. A test showed that
a beam with power half the APD saturation count (~ 5% 10° cps) is in-
distinguishable from background noise in the OSA, even with the most
reasonable integration time and amplification applied, which is the typical
intensity range for the scattering we want to characterize.

The measurement results obtained from the OSA, illustrating the spec-
tral density of the C-band diode laser used throughout this work, are pre-
sented in Figure [2.10
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Figure 2.10: Relative spectral density measured by an OSA.

First, by examining a small segment of the spectrum along the wave-
length axis, one can observe fine oscillations added to the spectral curve,
resembling a high-frequency modulation of the main signal. These fea-
tures most likely come from reflections between fiber-coupling interfaces or
free-space optical surfaces, effectively forming miniature cavities. Similar
behaviors also presents in much larger and better optical devices[17] when-
ever there exist layers of components. Therefore, these oscillations are not
expected to form a significant challenge to the overall accuracy of the OSA

measurements.
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Moreover, a key distinction between the spectra obtained from the OSA
and those measured using the grating spectrometer is the relative peak
height at the C-band center. Here, the peak height is defined as the inten-
sity difference between the maximum point and the surrounding flat region

of the spectrum, which is ~ 60dB for the OSA case and ~ 20dB for others.

To address this discrepancy, it is essential to realize that the output col-
limator of the spectrometer does not exclusively accept photons of a single
wavelength, as would be expected in an ideal configuration [18]. In the
perfect case, the collimator instrument response function would resemble
a delta distribution. However, both collimators exhibit two-dimensional

Gaussian-like response functions in practice.

Practically, the dependence of peak height on the instrument response

function’s full width half max (FWHM) can be derived as follows:

Smeasure()\> = (Strue * h)()\), (213)

Strne(N) = Hod(A — Ao) = Smensure(\) = Hoh(A — Ao), (2.14)

Sear = Hoh(0) = h(0) (Hy = 1), (2.15)

he(\) = %gp(%) | /gp(u) du=1,T x FWHM (2.16)
1

= Speak = % x (2.17)

FWHM'

If we accept that the peak height scales linearly with the inverse of the
instrument response function’s FWHM, the OSA-to-spectrometer FWHM
ratio calculated from peak heights would be on the order of 10*, which
probably does not make much sense. A more realistic estimate follows

from the measured linewidth and normalization:

FVVI—H\/[spect rometer

~ 2.4 nm /30 pm ~ 80.
FWHMogsa nm /30 pm

This latter value is consistent with expectations, i.e., a grating spectrometer

FWHM of several nanometers versus an OSA FWHM of 30 picometers.

In most cases, the broad instrument response of our spectrometer is not
an issue because our primary interest lies in O-band noise, which exhibits

fewer spectral peaks. However, when peak amplitudes must be quantified
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accurately, the measured spectra should be deconvolved to recover the true

peak heights.

2.7 Summary

The spectral densities obtained from different measurement methods can
be plotted together in a single figure after appropriate scaling, using the
OSA result as the reference baseline. Several observations can be picked

up from Figure together with the conclusions discussed earlier in this

report.
—— Powermeter
106 4 —— PM with Lock-in Amplifier
—— APD with VOA
— OSA
10* A
e
g ,\
= |
[ 2 ]
g " J I
e __~TIL 1T
10° 19 w:»ivﬁ’F'w‘"WW"ﬂ' i
i AL AMT
ﬁ Ii mm" i MN""N‘I“’”
‘ | 1 I { |
1072 - M‘H |

1200 1250 1300 1350 1400 1450 1500 1550 1600
Wavelength (nm)

Figure 2.11: A summary of all the methods tried to perform the measurements on a
logarithmic scale. The intensity values of each curve was modified for a better visual-
ization.

First, the primary advantage of using a power meter (PM) for intensity
measurements lies in its speed. A short integration-time PM requires less
than 1 second to transmit the measured beam intensity to the computer, so
the dominant time cost during spectral scanning arises from the rotation of
the motorized stage holding the grating mirror. However, PM is vulnerable
to short- and long-term noise; the former reduces the dynamic range, while
the latter cannot be effectively mitigated. Consequently, although the PM

is suitable for hardware alignment and calibration procedures, it is not ideal
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for applications requiring high sensitivity, such as scattering or filtering
characterization.

Second, combining the PM with a lock-in amplifier and periodically
modulating the spectrometer output can effectively suppress both high- and
low-frequency noise components inherent to the PM, therefore extending
the dynamic range to approximately 50 dB. The trade-off is that the lock-in
amplifier itself brings noise into this system due to mechanical vibrations,
the main electric power supply, and possible nonlinear interactions between
them. As a result, photon-level signals at the spectral tails remain either
undetectable or require a long integration time.

Despite increasing noise level problems, measurements using a lock-in
amplifier require significantly more time than those performed with the
power meter alone. This is because the lock-in amplifier provides an analog
output that must be recorded over time. Furthermore, after each change
of the motor angle, a delay of several seconds is required for the lock-in
amplifier to stabilize.

Although the OSA offers excellent accuracy and stability, it is not an
ultimate solution for spectral measurements. Its sensitivity to low pho-
ton flux is considerably lower than that of the APD, and the OSA cannot
meet the sensitivity requirements necessary for our measurements, espe-
cially when filters and scatterings are involved.

Finally, spectral measurements in this work primarily rely on the APD
combined with a VOA, provided a sufficiently long integration time is used
to average out the dark counts. If required, an additional VOA can be

cascaded before the APD to extend the dynamic range.
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Chapter 3

Cascaded Grating

Spectrometer

3.1 Leakage from Grating Mirror - Potential Solution

However, according to the spectrometer measurements presented in Figure
[2.3] Figure [2.5] and Figure the relative intensity at the spectral tails
near the O-band wavelengths is higher than that measured by the OSA.
While this difference can be partially attributed to the broader instrument
response function, this factor is insufficient to account for the rising back-
ground observed when the scanned wavelength exceeds 100 nm the 1550 nm

center.

To verify the nature of that leakage, an optical isolator was placed after
the coherent light source to reduce the number of reflected photons entering
the laser diode, thereby improving linewidth stability. Additionally, a thick
optical cloth was deployed to cover the laser diode and several fiber couplers

to suppress ambient light leakage. These do not help reduce the leakage.

One measurement results are presented in Figure The spectrum
recorded at different temperatures exhibit similar shapes, with a wave-
length shift of a few nanometers. This indirectly verifies the wavelengths
of the photons reaching the output collimator, as the observation indicates
that the tail noise originates in the laser rather than in ambient light.
Also, this behavior aligns with the expected thermal expansion of the laser

diode structure. From these observations, it can be concluded that the
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Figure 3.1: APD count vs. Wavelength, vertical-axis is count per second measured
by the APD, and horizontal-axis is wavelength in nanometers. The two temperatures
selected for this measurement are 50 °C and 25 °C.

high-intensity tail noise primarily comes from leakage through the spec-

trometer’s grating mirror.

We also introduced a long-pass filter RG695. It has an optical density
of 3 for photons with wavelengths less than 660 nm and filters out most
visible light. The filter was placed at various positions between different
components of the spectrometer. According to the similar spectrum mea-
surements as presented in Figure [3.1] the tail spectrum remains almost
unchanged, indicating that the noise level does not strongly correspond to

stray visible light photons accidentally entering the output collimator.

In conclusion, even when the grating mirror is set to an angle correspond-
ing to wavelengths far from the C-band center (near the O-band region),
the measurements still reveal residual leakage from the C-band. This effect
is likely caused by imperfections in the diffraction grating itself[19] or by
higher-order diffraction components that coincidentally propagate toward

the output.
We can consider modeling these imperfections by letting the total mea-
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sured intensity at 1310 nm be
Liz10 = Leal + ltail,

where the [, represents the real spectral intensity and I,; denotes the
leakage from the grating mirror. The measurement process using the grat-

ing spectrometer can then be described by:

spectroscope
—

[real + Itail Y * ([real + [tail * 77)7 (31)

where v is the overall transmission efficiency of the spectrometer, and 7 is
the leakage coefficient.

If the conclusion above is valid, one solution is to construct a cascaded
grating spectrometer by adding an additional grating mirror. The mea-

surement model can then be expressed as:

spectroscope

Ireal + Itail Y Ygrating * (Ireal + Itail * 772)7 (32)

with vgrating being the efficiency of that extra grating mirror. Since n << 1,
cascading two gratings results in the leakage term being proportional to n?,
therefore reducing Ii,; by a significant amount. Finally, the contribution
of I,.a1 becomes increasingly dominant in the measured signal, reducing the

data’s sensitivity to grating leakage.

3.2 Build the Cascaded Spectrometer

Upgrading from a single-grating to a cascaded configuration requires modi-
fications to the structural design, alignment procedure, and angle-wavelength
mapping.

Starting from the configuration illustrated in Figure[3.2] the two grating
mirrors are arranged in centrally symmetric positions, with an additional
mirror pair to compensate non-zero pitch errors. This modification helps
reduce alignment complexity and improves overall optical stability.

The free-space alignment procedure, unlike that of the single-grating
one, consists of three main components: grating mirror—collimator cou-

pling, diffracted beam—mirror coupling, and forward—backward light cou-
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Figure 3.3: Steps for cascading spectrometer calibration, refer fig3.2] for step III.

The first step is to ensure that the incident directions of the collimators
are aligned with the normal of the diffraction surface of the grating mir-
ror. Under this condition, the zeroth-order diffracted light returns to the
fiber connected to the collimator, providing a stable reference for assessing
whether further alignment is required.

However, since infrared (IR) viewing cards are the primary tools avail-
able for visualizing telecom wavelength light and are insufficiently sensitive
to detect the weak light leaking from fibers, visible light is preferred for
the collimator—mirror alignment process. An additional advantage of using
visible light in this setup is that the collimators employed in the cascaded
grating spectrometer are standard reflective types that use parabolic mir-

rors rather than lenses to couple the free-space beam into the fiber, thereby
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avoiding chromatic aberration in lenses used with a polychromatic beam.
This reflective design minimizes wavelength dependence, allowing nearly
identical behavior across different wavelengths|20].

Accordingly, the single-mode fiber (SMF) attached to the collimator
is temporarily replaced with a red-light (~ 600 nm) SMF, whose end is
connected to a visible laser source bright enough to be observed by the
naked eye.

SMEF' consists of a concentric core surrounded by cladding. When the
reflected photons are significantly misaligned from the fiber core, no no-
ticeable effect occurs. However, if the photons strike the cladding instead,
imperfect propagation within the fiber causes strong scattering, leading to
visible light leaking through the fiber buffer and jacket, observable to the
naked eye. As alignment improves and the reflected beam couples more
effectively into the fiber core, the scattering intensity decreases.

Based on this phenomenon, the alignment procedure is performed as

follows:

1. Adjust the grating mirror yaw by adjusting the motor angle while
tuning the collimator pitch. Stop when visible light leaks from the
fiber.

2. Fine-tune the grating mirror pitch to locate the minimum scattering

4

intensity (the “valley”) between two peaks of leakage brightness.

3. Perturb motor angle and repeat previous step to try minimizing the

valley intensity.

4. Terminate when the minimum leakage is achieved, indicating optimal

red-light coupling between the mirror and fiber.

At this stage, the mirror normal can be considered approximately aligned
with the collimator incident beam direction.

To achieve reliable beam—mirror coupling, a 1310 nm coherent beam is
transmitted through the two collimators so that grating diffraction occurs
again. The first-order diffracted beam is then observed from a top-down
perspective to trace its propagation path. A reference optical axis is defined
to pass through the center of the central symmetry and to be approximately

parallel to the incident beams from collimators. The two intersection points
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between the diffracted-beam trajectories and this reference optical axis are
the optimal positions for the two mirrors to reflect the beam.

We perform beam overlapping for forward—backward coupling. A beam
splitter divides the original beam and sends it to collimators. Only the
two plane mirrors are adjusted. An IR viewing card is placed between the
mirrors for simultaneous observation.

With the three coarse couplings, we remove the beam splitter and finalize
the fine alignment by carefully adjusting the plane mirrors to optimize beam

coupling to maximize transmission through the system.

3.3 Calculate Wavelength from Motor Angles

We need a new mapping function from motor angle to measured wave-
length—a Littrow-like estimation|21] can be used to simplify the deriva-
tions. The two motor angles ¢; and ¢, are assumed to be equal, where
each angle is defined relative to the yaw position corresponding to the mir-
ror—collimator coupling alignment. Under this approximation, the wave-

length—angle relationship can be expressed as:
)\¢ =2xd* Sin(@lglo + ¢), d= 1/600 1min. (33)

Here, 6319 represents the coupling angle. In non-ideal conditions, perfect
central symmetry cannot be achieved because the incident directions of
the two collimators may not be strictly parallel, and no mechanical con-
straint ensures that the two plane mirrors are perfectly symmetric. These
imperfections can be modeled as beam deflections along the propagation
path.

For mathematical simplicity, this deflection is treated as a single bend-
ing event occurring midway between the two gratings. A two-dimensional
ray-tracing algorithm is then employed to determine the motor angles corre-
sponding to photons of different wavelengths that reach the detector under
various nonzero k values, where x denotes the beam-bending angle. The
solutions are obtained using a bisection method.

The results of the numerical simulations are shown in Figure [3.4, Even

under the most extreme conditions, x = 20°the simulated curve shifts only
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slightly away from that of the perfectly aligned case. This indicates that
deviations from central symmetry have a negligible effect on the mapping

function between motor angles and wavelength.

Angle Dependence on Photon Wavelength

Motor angle ¢ (°)
[\]

0 -
Kk = 0 degree
k = 1 degree
k = 20 degree
27 k = 60 degree

1200 1250 1300 1350 1400 1450 1500 1550 1600
Wavelength A (nm)

Figure 3.4: Numerically solved relationships between motor angle ¢ and wavelength
needed for a photon to reach the detector, with or without a bent diagonal ray.

3.4 2-D Convolution and Response Function

In this section, we quantitatively examine the spectrometer’s resolution
characteristics. In a single-grating spectrometer, the spatial walk-off of
diffracted beams is angular; thus, increasing the free-space propagation

length after the grating can enhance spectral resolution.

We begin with a quantitative analysis of the angle-wavelength mapping

functions. The relationship is given:

A(6;) =2d Sin(%c) cogf; — %c)
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for the single grating case and
)\¢ = 2% d* sin(01310 + §b)

for the cascaded grating case. Given 6. ~ 51.8°,0,319 can be derived by

1310 * 107°

10-3
600

01310 = sin~*( ) &~ 0.403 rad = 23.141°. (3.4)

2 %

With the constants fixed, we differentiate both mapping functions with
respect to their motor angles to obtain the wavelength—angle sensitivities

near the O-band and small motor rotations:

dz(:i) = dxsin(f; + 64.1°)xcos (%) +2xdxcos(6; + 64.10)*Sin(%) (3.5)
and
d\, .
To = 2rdcos(o+23.141°). (3.6)

Within the approximate angle range we measure from —2° to 6°, the
cascaded-grating spectrometer demonstrates much higher wavelength sen-
sitivity to changes in motor angle. Consequently, the cascaded-grating
spectrometer provides a lower angular resolution than the single-grating

system when the free-space propagation lengths are identical.

Rather than increasing the angular separation of polychromatic photons,
an alternative approach is to optimize the collimators’ response functions.
The IRF of each collimator can be modeled as an isotropic Gaussian func-

tion, with any blocked region assigned a value of 0.

With the collimator position fixed and the beam translating along the

x-axis through the collimator aperture:

IRchollimator = IRF(%, Yy, o, d) (37)
A — )2 — 12 0, z<d

= Nuorm exp( (z ;02) Y )H(x —d), H= . (3.8)
g 1, z>d

Here, N,,orm is a normalization constant, and H is a unit step function rep-

resenting the blocking effect of the blade. Meanwhile, the beam translated
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along the x-axis can be described by:

(3.9)

_ _ _ 2 _ .2
A(%y,mS)::AoeXp( (@ = 5 = o) y)

202

Ag is the intensity coefficient and s represents the position of the beam
on the x-axis. The overall non-normalized instrument response function

IRF0t(s) can be obtained by performing a spatial integral of IRF(x, y, o, d)A(x,y, 0, s):

IRF(d) = // IRF(z,y,0,d)A(x,y,0,s)dxdy (3.10)
s
00 0o . o o 2 o 2 2 2
:NnormAO/ / exp( (x — s —x) 2<ZIZ' o) ) )d$ dy
y=—o00 Jx=d 20
(3.11)
e )2
_Nnorona\/_/ exp (z — s —@0)* — (x — o) dx
202
(3.12)
let 2y = 0 temporarily, (3.13)
e3Py
IRF 0t (d) = NpormAoo /T exp 5o dx (3.14)
- o
_ —(r — )2
= NpormAoo /T exp = exp il 2 dr, (3.15)
o? 202
y bringing zq bac :
by bringi back, 3.16
/\fnoron— exp<4_—s2> erfc —to T 5), (3.17)
o o
with erfe(x) = \/%? fxoo e~ dt denotes the complementary error function.

By evaluating IRF;.(s) as a functional of d, we can see by how much the
FWHM of the instrument response can be reduced and what the cost of

transmission efficiency we need to pay as a trade-off is.

We perform an experiment to verify the setup: a blade held vertically by
a movable clamp adjusts from partially to fully blocking the output colli-
mator. The spectral density of a coherent beam at each blade position will
be measured to fit the spectral peak position and amplitude as functions

of blade position.

The comparison in Figure 3.5 shows close agreement between simulated
and experimental results, indicating that the model reliably predicts how

blade blocking affects the collimator IRF.
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Figure 3.5: i) and iv): Spectral densities for different blade displacements and corre-
sponding fitted or measured Gaussian wave packets for the expected and measured cases.
ii) and iii), v) and vi): Fitted or measured Gaussian amplitude and mean (peak center)
vs. blade displacement for expected and measured cases.
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Consider adding a tunable-radius iris concentric with the output colli-
mator to reduce the IRF FWHM. The FWHM and iris size relationship
can be modeled by examining the IRF of the collimator without the iris

and the incoming Gaussian beam:

_z2+y2 _(zfs)2+y2

IRFiris(m7 y) = N@ 202 9 A(I’, Y, S) = Aoe 202 ; (318)

By adding an iris, the overall IRF of the system output is

IRF o (r) = //2 s IRFyis(z,y) A(z,y; ) de dy (3.19)
zo+y<<r

2 2 (17§)2+y2
= N Ages/04o%) // e dudy. (3.20)
22 4y2<r2

Numerical evaluation of the aperture-limited model shows that the sys-
tem response FWHM approaches v/20 when r — oo and ¢ when r — 0.
Thus, even with an infinitesimally small iris|22], the maximal FWHM re-
duction is limited to a factor of v/2 with a trade-off of zero transmission.

Consequently, further enhancement must rely on post-processing ap-
proaches such as deconvolution during data analysis. However, these meth-
ods are inherently limited by the presence of noise that cannot be entirely

suppressed.

3.5 Wavelength Dependence of Transmission

It is also necessary to characterize the wavelength dependence of the trans-
mission efficiency, since all previous conclusions regarding convolution ef-
fects, blade blocking, etc., were derived under the assumption that the
incident photons have a wavelength of 1310 nm and that the motor angles
are fixed at ¢ = ¢ = 0°.

The transmission efficiency can be considered constant across motor an-
gles only under a two-dimensional approximation. In three dimensions,
it is impossible to guarantee that the rolls of the diffraction gratings are
perfectly zero: nonzero motor angles introduce vertical spatial walk-off.
Furthermore, since plane mirrors necessarily have a nonzero pitch to com-
pensate for the height difference between the two collimators, their reflec-

tive performance in beam-fiber couplings cannot be assumed to remain

36



identical across all motor angles.

To address this, we introduce a tunable laser (TSL) capable of sending
beams with wavelengths ranging from 1260 nm to 1360 nm at adjustable
intensities. The TSL serves as a reference, given its power stability around
O-band, which allows precise characterization of the performance of the
optical components and the overall spectrometer system.

For each wavelength, the efficiency is measured. The input TSL beam
is first set to the desired wavelength. A spectral density scan is then per-
formed over a sufficiently wide range to include the peak. The resulting
spectrum is fitted with a one-dimensional Gaussian profile to extract the
peak amplitudes and peak center angles. Ideally, efficiency should remain

high and flat, while the peak angle should follow the theoretical calculation.

1.0 1 —— Measured

—— Predicted
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Figure 3.6: Top: Measured and predicted wavelength vs. angle relationship. Bottom:
Absolute Detection transmission efficiency vs. wavelength measured.

The measurement results are presented in Figure |3.6| For the angle-
wavelength curve, the fitted data points align reasonably well with the the-
oretical curve with a linear coefficient. However, the efficiency-wavelength
curve is not flat. The minimum transmission efficiency, approximately 0.05

at certain wavelengths, indicates potential difficulties in detecting photon-
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level signals across the full spectral range, and there is potential to improve

this.

3.6 Maximize Efficiency by 2-D Scanning

Allowing the two motor angles to differ could help compensate for vertical
spatial walk-off and improve beam—collimator coupling efficiency, given the
existence of roll errors left unaddressed during spectrometer calibrations.
Based on the concept described above, two-dimensional scans of wave-
length data points will be performed using a control script. The procedure

is outlined in the following procedure:

wavelengths = linear_space (1260, 1360, 51)
scan_slope = 0.021 # approzimated g% (°/nm) at O-band
for wavelength in wavelengths:
TSL.set(wavelength=wavelength, intensity=10dB)
# center angle of 2-D angle map
center_angle = scan_slope * (wavelength - 1310)
for left_angle in
linearspace (center_angle-span/2, center_angle+span/2, 21):
for right_angle in
linearspace(center_angle-span/2,
center_angle+span/2, 21):
# rotate two motors
motors.goto(left_angle, right_angle)

measure_via_PM()

This measurement generates a 2-D color map for each wavelength, show-
ing the PM’s relative intensity as a function of the left and right motor
angles. Examples are shown in Figure [3.7 Ideally, high-transmission-
efficiency regions form a diagonal band from the lower left to the upper
right. However, the plots show offsets from this pattern, indicating resid-
ual misalignment or asymmetries in the spectroscope.

Computing the offset as a wavelength-based Manhattan distance be-
tween the local maximum position and theoretical motor angles reveals a
sinusoidal pattern (see Figure . This suggests that transmission effi-
ciency can improve by updating the script rather than adjusting the spec-

trometer’s mechanical calibration.
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Detected intensities vs. motor angles
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Figure 3.7: Plots showing the measured intensity vs. motor angles under specific TSL
working wavelengths. The Viridis color map was used, and brighter areas indicate higher

intensity.

High Efficiency Band offsets vs. Wavelength

0.02

0.00 A

Offset (°)

—0.02

—0.04

1260 1280 1300 1320 1340 1360
Wavelength (nm)

Figure 3.8: The band offset as a function of measured wavelength.
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3.7 Updated Spectrum Measurement Script

Examining the sampled intensity maps shows that each local maximum
corresponds to the motor-angle pair that yields the highest transmission
efficiency at that wavelength. The high-efficiency bands in these maps can
be modeled as anisotropic two-dimensional Gaussian packets. Similar to
the 1-D Gaussian fits used to determine peak centers and heights in wave-
length space, a 2-D Gaussian fit in the (¢1, ¢2) plane yields the continuous
coordinates of the local maximum. For each measured wavelength, this pro-
cedure returns (¢, max, ¥2, max); interpolating these pairs across wavelength
provides smooth functions ¢ max(A) and @2 max(A). The script implement-

ing these steps is outlined

# measured data. T and y are motor angles, v %S meansured wvoltage
data = {’1260°: [[x], [yl, [v]]l, °1260.2°: [...], ...}
wls = 1list ()
angles_max = list() # motor angles where maz v %s achieved
for wl in data:
wls.append (wl)
x0, yO, AO = gaussian_2d(*datalw]) # fitting

angles_max.append ([x0, y01)

# given any angle in [1260:1360], returns two angles for measurement.

def wl2angles_interpolate(wl, extrapolation=False):
assert wl <= 1360 && wl >= 1260
function_wl2angles = interpolate(wls, angles_max)

return function_wl2angles (wl)

# updated scanning script
def scan():
for wl in linspace (1260, 1360, n):
X, y = wl2angles_interpolate (wl)
motors.goto(x, y)

measure_via_APD ()

The interpolation results and the corresponding relative efficiency color
map are presented in Figure [3.9] Using these interpolations, the updated
spectrum-scanning script selects motor-angle combinations that yield the

highest transmission efficiencies for each wavelength. The color-coded map
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shows the optimized efficiencies, which are now flatter across wavelengths,

with a minimum of about 0.12, indicating effective sampling and interpo-

lation.
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Figure 3.9: The best motor angle pairs coming from fittings and interpolations for each
wavelength, with a color map indicating absolute detection efficiency. Here the dots
means where the samplings took place.

3.8 Collimator Back Reflection Noise

The collimator can introduce noise during measurements due to back reflec-
tions from a fiber with a PC connector, which acts as a mirror. This effect
worsens as motor angles approach zero alignment center or other specific
values.

We first performed a spectral scan of the 1550 nm diode laser with the
alignment center set to 1310 nm. Ideally, the resulting curve should exhibit
an upward slope similar to that shown in Figure [2.10[assuming no reflective
noise is present. However, as illustrated in Figure [3.10 pronounced noise
peaks are observed at 1312 nm and 1355 nm. The noise is overwhelming
the tail spectral density we want to measure, which is a problem that needs

to be addressed.
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Measured Spectral Density of C-band Laser
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Figure 3.10: Relative spectral intensity for the C-band beam without filtering using the
spectrometer, having its alignment done with a 1310 nm reference beam.

To verify whether the photons corresponding to the observed noise peaks
indeed originated from the 1550 nm diode laser spectrum peak, a confirma-
tion scan was conducted using the tunable semiconductor laser (T'SL). In
this measurement, the TSL wavelength was adjusted to each of the wave-
lengths at which the spectral density had been measured. As shown in
Figure [3.11], the measured intensity remained nearly constant, at a level
comparable to the APD count noise. This result confirms that the pro-
nounced noise features observed in Figure [3.10] primarily originate from
the coherent 1550 nm laser, rather than from external or random noise
sources.

Because reflection noise exhibits strong wavelength-dependent coupling
determined by the system geometry, the alignment wavelength can be
shifted to a region where spectral density measurements are less critical.
For example, the alignment can be performed using a 1360 nm coherent
beam from the TSL.

Following the alignment procedure and using the transmission efficiency

data, a new spectral scan of the C-band beam was performed. The mea-
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Measured Spectral Density of Varying TSL
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Figure 3.11: Relative spectral intensity for the varying TSL beam without filtering using
the spectrometer having its alignment done with a 1310 nm reference beam.

surement in Figure [3.12] shows that the spectrum is less dominated by
reflection noise peaks and better reflects the beam’s intrinsic tail noise, as

referenced to the OSA measurement.

Although reflection-induced noise is still expected to occur near 1360 nm,
it is not distinguishable in the spectrum shown in Figure [3.12| In the sub-
sequent filter characterization chapter, we aim further to reduce the tail
noise level of the C-band beam, enabling a more decisive verification of the

back-reflection noise hypothesis.

In conclusion, back-reflection noise can be effectively compensated by
adjusting the wavelength of the reference beam used for grating spectrom-
eter alignment. The strategy is to select a reference wavelength for align-
ment at which precise spectral intensity measurements are not mandatorily

required.
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Measured Spectral Density After Recalibration
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Figure 3.12: Relative spectral intensity for the C-band beam without filtering using the
spectrometer, having its alignment done with a 1360 nm reference beam.

3.9 Losses and Compensation

Because transmission depends on wavelength, we must identify other fac-
tors that reduce efficiency. We aim to create a comprehensive model that
accounts for all contributions — constant or state-dependent — and links
measured voltage or count rate to the actual spectral intensity. This will
enable consistent calibration.

Tracing the optical path, the beam sequentially encounters the input
collimator, first grating, first plane mirror, second plane mirror, second
grating, and the output collimator with their attenuation denoted as Ajj,
Ag1, A, Ame, Ago, and Agys.

For telecoms wavelengths, A;, they can be treated as constant because
reflective collimators exhibit negligible wavelength dependence. The plane
mirror factors A, and A, are also effectively constant within our mea-
surement wavelengths (< 0.1 dB). However, the diffraction efficiencies of

grating mirrors are both wavelength-dependent and polarization-dependent.
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Figure 3.13: The best motor angle pairs coming from fittings and interpolations for each
wavelengths, with color map indicating relative intensities. Here the dots means where
the samplings took place.

The fiber lengths may affect beam polarization non-uniformly across
wavelength, especially when they are long enough (> 10 m). To further
understand the mechanism, polarization states across different wavelengths
are measured for two lengths: no extra fiber (effectively zero meters as a

reference) and a 20 km SMF.

In polarization measurements, the parameters ¢ and 7 describe the di-
rection and ellipticity of the polarization ellipse. The polarization ellipse
represents the trajectory traced by the electric field vector at a fixed point
in space, given by

2

+ -2 cos d = sin? 4,
ng Egy ED:(;EOy

where Ey, and Ey, are the field amplitudes in z and y axes, and ¢ is the
phase difference. The ellipse’s orientation angle ¢ describes the rotation
of its major axis, indicating the dominant polarization direction, and the
ellipticity angle n quantifies the ratio of the minor to major axes, such that

tann = b/a. By measuring the wavelength stability of these two param-
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Figure 3.14: Polarization parameters vs. wavelength for a beam without propagating
along a long fiber.

eters, one can determine how much a long SMF affects the polarization
modes, driven by factors such as birefringence and polarization-mode dis-
persions.

For the short-fiber case in Figure the polarization dependence of
wavelength remains relatively stable. The minor fluctuations observed can
be attributed to diode instability and instrumental sensitivity. The overall
result suggests that at short distances, the polarization state is preserved
across wavelengths, consistent with expectations for low-birefringence fibers

over limited lengths.

In contrast, for a 20 km fiber, the polarization state measured is shown
in Figure[3.15|, which exhibits strong wavelength dependencies. The polar-
ization angle varies significantly across the O-band, indicating cumulative
birefringence and mode dispersion along the fiber length. These variations
may arise from mechanical stresses due to bending, temperature changes,
and fiber-core imperfections. As a result, longer fibers reduce polarization
stability during wavelength-dependent measurements and pose a problem

when grating mirrors are used.
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Figure 3.15: Polarization parameters vs. wavelength for a beam after traveling through
a 20 km fiber.

However, under the short-fiber approximation, the polarization state
can still be assumed constant. Figure [23] shows that the grating mir-
ror has maximum diffraction efficiency when polarization is perpendicular
to the grooves. To address polarization-dependent attenuation, the input
polarization is manually adjusted with a fiber polarization controller before
each measurement, ensuring the blue curve (perpendicular polarization) is

used for post-processing.

The factor A,y depends on the beam-collimator and coupling efficiency.
Since this coupling has already been optimized through two-dimensional
peak fitting and interpolation, we let Ay = Aous(A) a function determined

by the efficiency presented in Figurd3.9|

Finally, the total attenuation is
Atot - Ain Aml Am2 Agl()‘> Ag2<)‘) Aout()\>‘ (321)

Taking A = 1310 nm as an example, the value of Ay, according to mea-

surements, equals 19.37%.
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3.10 Summary

In this chapter, we discussed the design, construction, and calibration of a
cascaded grating spectrometer, which theoretically reduces C-band leakage.
Due to the complexity of numerically relating motor angles to measured
wavelengths, given alignment errors, a T'SL was introduced to experimen-
tally verify how well the proposed model describes the grating spectrome-
ter’s behavior.

Subsequently, TSL-based testing shows that the detection efficiency
strongly depends on the target wavelength. To address this, we explored
methods to optimize the efficiency behavior by abandoning the symmet-
ric angle assumption and significantly improving both the magnitude and
stability of the transmission efficiency. The optimal angle pairs for each
wavelength can be determined by performing 2-D scan samplings followed
by interpolation across the measured data.

Finally, to achieve more accurate quantitative measurements, the fac-
tors contributing to efficiency loss during beam propagation in the grating
spectrometer were analyzed. The calculated overall attenuation will be ap-
plied to the measured spectrum to compensate for all modeled sources of

optical losses in the spectrometer during data analysis.
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Chapter 4

Noise Filtering

4.1 Noise from Transmission

Filters are required on the transmission side in co-propagating QKD sys-
tems. The architecture illustrated in Figure includes a media con-
verter on the left that encodes classical bits into photons at a wavelength
of 1550 nm. Beside this converter is a coherent light source operating at
1310 nm, in which the quantum state |¥) is encoded. The two indepen-
dent optical sources are combined using a wavelength-division multiplexer
(WDM), allowing both signals to propagate simultaneously through the
same fiber.

However, a problem arises when another WDM demultiplexes the co-
propagating signal on the receiving side. Similar to the C-band diode laser
used in our setup, the media converter’s emission spectrum is not ideally
confined to a delta function at its nominal operating wavelength; instead, it
exhibits significant intensity far from the peak. Photons carrying classical
information having wavelengths near 1310 nm may enter the same port
of the receiving WDM that is designated for photons carrying quantum
information[24]. This leakage introduces noise, degrading the signal-to-
noise ratio (SNR). The process is illustrated schematically in Figure [4.1]
where the noise level is overwhelming the signal at the 1310 nm WDM
output port.

Several approaches can be proposed to lower the transmission noise.
One option is to place a filter after the media converter to block photons

with wavelengths near 1310 nm, thereby reducing spectral leakage reaching
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Figure 4.1: Top: Spectrum of two sources co-propagating in the fiber between two
WDMs. Middle: Spectral response function of two ports on an ideal WDM. Bottom:

Output spectrum of two WDM ports.
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the single-photon detector. However, this method assumes that the WDM
exhibits an ideal spectral response function: the optical density (OD) is
high (> 8) for all wavelengths except the designated output channels. Since
this assumption requires further verification, filtering out only a narrow
spectral band may not be the most reliable approach.

An alternative method is to use a band-pass filter after the media con-
verter, allowing only photons within a narrow wavelength range centered
around 1550 nm to pass without significant attenuation. This approach
filters the output more effectively and minimizes cross-effects between the
classical and quantum channels.

The response functions of various filtering profiles can be evaluated to
determine which are most effective in reducing transmission noise. This
analysis can be conducted using the constructed spectrometer together with
the scanning script. In the following sections, we discuss the characteristics
and performance of the wavelength-division multiplexer (WDM), the dense
wavelength-division multiplexer (DWDM), and the free-space band-pass
filter.

4.2 (D)WDM and Band Pass Filter

4.2.1 (D)WDM

In addition to their roles in multiplexing and demultiplexing, WDMs can
also contribute to tail noise suppression through their wavelength selectiv-
ity.

Typically, WDMs are used in pairs to enable the co-propagation of clas-
sical signals rather than for filtering single-photon-level noise. Therefore,
measurements are necessary to characterize their spectral response, partic-
ularly around 1310 nm. A straightforward approach is to send a C-band
beam and measure the spectral density at the output to assess the amount
of leakage after filtering. However, since the tail noise level varies with
wavelength, an alternative and more accurate method is to use the TSL
to perform a wavelength scan, similar to the procedure used for estimating
the transmission efficiency of the cascaded grating spectrometer.

According to the WDM operating principle, the TSL output goes to
the WDM’s COM port, and spectral intensity is measured at the C-band
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Measured Spectral Density After (D)WDM Filtering
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Figure 4.2: TSL relative spectral density when filtered by a WDM or DWDM.

output. To determine OD at a specific wavelength, the TSL is set to
that wavelength with constant output intensity. The grating mirrors ro-
tate based on the wavelength-angle relationship, and any attenuation in
the signal is compensated to enhance accuracy. Using these measurements,
the relative wavelength-dependent optical density of the WDM can be cal-

culated.

In Figure 4.2, which shows the measured spectral response of the WDM,
the optical density should stay nearly constant across the wavelength range.
However, results show otherwise, with increased photon leakage in certain
spectral regions, especially around 1310 nm. This leakage affects filtering
noise in co-propagating QKD systems. Even with ideal WDMs, reduced
attenuation in these regions allows more photons from the classical chan-
nel to leak into the quantum channel. If leaked photons outnumber the

quantum signal at the detector, it could raise the QBER.

To further investigate the phenomenon, a dense wavelength-division
multiplexer (DWDM) was tested under similar conditions. The DWDM
used is primarily designed for the C-band, having eight narrowly spaced

52



channels centered around 1550 nm. Its spectral characteristics in the O-
band are not defined by its design, so evaluating its response in this range
provides valuable insight into its out-of-range behavior. If the DWDM ex-
hibits similar irregular attenuation near the O-band, the leakage is more
likely due to the WDMs. According to the curve for DWDM in Figure [4.2]
the measured transmission spectrum of the DWDM was obtained from a
wavelength-swept scan. Given its finer spectral division, the DWDM pro-
vides a valuable means to distinguish whether the previously observed leak-
age originates from the WDM device’s specific design or from wavelength-
dependent propagation effects along the optical path.

Spectral inconsistencies likely stem from the design limitations of com-
mercial (D)WDM devices, which are optimized for standard output wave-
lengths. At intermediate wavelengths, performance degrades, leading to

reflections and spectral leakage.

4.2.2 Band-Pass Filter

To find a feasible way of suppressing the spectral leakage and tail noise
observed in Figure a free space band-pass filter with an optical density
exceeding six outside its passband was added after the diode laser. The
filter is designed to have a narrow transmission spike centered at 1550 nm,
ensuring that only photons within this region are transmitted, while all
others are attenuated. This configuration effectively purifies the signal
wavelength from broadband background light and other potential noise
sources in the transmission direction.

When the C-band diode laser spectrum was measured after passing
through the free space band-pass filter, the resulting transmission spec-
trum in Figure demonstrates that the filter effectively suppresses tail
noise outside its designed passband. The spectral intensity remains flat
and indistinguishable from the APD dark count within the 1310 + 30 nm
range, indicating that background noise has been reduced to the detection
limit, consistent with the off-band optical density of 6.

Spectral peaks around 1265 nm and 1360 nm are attributed to weak
back reflections from the collimator surfaces. As previously discussed, these
peaks were not visible in Figure because they were overwhelmed by

the tail noise. However, after having the band-pass filter, they become
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Measured Spectral Density After Free Space Filter

1.0 A

0.8 1

o
(=p}
1

I
=
1

Relative Intensity

0.2 +

0.0 1

1260 1280 1300 1320 1340 1360
Wavelength (nm)

Figure 4.3: Relative tail spectral density measured for the C-band beam when filtered
by a band pass filter.

distinguishable. Since their positions correspond to the known collimator
back reflection effect, these peaks can be safely ignored in the spectral
analysis.

In conclusion, the chosen band-pass filter filters broadband tail noise
while preserving the beam’s coherence. It will be a valid method for tail-

noise suppression, reducing transmission noise.

4.3 Properties of Raman Scattering

The filtering efforts described so far have primarily focused on eliminating
tail noise induced by the C-band laser source to the media converter before
it enters the co-propagating fiber. However, even if the classical channel
exhibits an ideal spectral profile after filtering, the possibility of its photon
leaking into the O-band, where the quantum signals propagate, remains.
The leakage arises not from imperfections in the light source itself, but
from the properties of the optical fiber used for co-propagation. Nonlinear

processes such as spontaneous Raman scattering[5] and four-wave mixing
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within the fiber can up-convert a small fraction of C-band photons toward
shorter wavelengths, including those within the O-band window. These
factors can introduce additional background photons into the quantum
channel, forcing us to evaluate the fiber-related spectral modifications.

To establish reference points for the following scattering analysis, two
baselines were defined. The first corresponds to a zero kilometer case,
represented by the tail spectrum measurement after the band-pass filter
shown in Figure The second baseline involves transmission through
a 20 km telecoms SMF, which serves as the reference for evaluating fiber-
induced scattering intensity. In both cases, a C-band coherent diode laser
with an output power of approximately 3 mW after filtering was used as
the input source.

Three major factors potentially related to in-fiber scatterings are
e Fiber length, which accumulates scattered photons.

e Input power shifting scattering intensity.

e Role of input polarization state on scattering.

These measurements provide evidence of how fiber properties can influ-
ence the amount and spectrum of unwanted photon generation, thereby
characterizing the transmission noise due to beam propagation in fiber.

The first set of measurements tests how increasing fiber length affects
the amount of scattering detected around the O-band. The attenuation
due to fiber length was linearly compensated, yielding a spectrum that
represents the relative scattering.

The results plotted in Figure show that the number of scattered pho-
tons increases linearly when the fiber length goes from 10 km to 20 km |,
but appears to rise super-linearly when the length increases from 20 km to
50 km. The reason could have been the cumulative nature of spontaneous
Raman scattering and the re-scattering of the photons it generates. In sum-
mary, we say that while the scattering process is approximately linear for
short fiber lengths, secondary effects may cause it to grow super-linearly[25]
when the length exceeds several tens of kilometers.

The second part of the characterization tests how the C-band laser in-
tensity affects the scattering around the O-band. The same VOA we have

been using for APD detection was used to modulate the input power. The
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Figure 4.4: Measured relative spectral density after transmission through long segments
of SMF. The y-axis has been linearly scaled to the corresponding fiber attenuation,
highlighting variations in scattering intensity rather than absolute power loss.
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Figure 4.5: Measured relative spectral density with different pump power. The y-axis
has been linearly scaled according to the VOA attenuation. The fiber length used is 20

kilometers.
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Figure 4.6: Measured relative spectral density for different polarizations due to fiber
stress.

resulting spectra in Figure 4.5 show that as the pump power decreases,
the overall amplitude of the scattered signal decreases proportionally. This
observation aligns with the theoretical expectation that the strength of
spontaneous Raman scattering is linearly dependent on the input optical
power. After compensating for the VOA attenuation, the relative spec-
trum display shows similar shapes across applied voltages, indicating that
the scattering process is highly power-dependent. The results confirm that
Raman noise around the O-band scales directly with the classical channel
intensity, implying that reducing the C-band intensity can help decrease
the QBER in co-propagating QKD systems.

The third measurement examines how fiber-induced polarization changes
(see Figure for visualization) affect the spectral intensity of scatter-
ing. Mechanical stress applied to 20 km of SMF induced a polarization
perturbation by altering birefringence, thereby changing the polarization
state. Figure shows spectra before and after this perturbation, which
remain nearly identical with minor amplitude changes, indicating minimal
impact on spontaneous Raman scattering. Fluctuations are likely due to

polarization-dependent losses at connectors and bends, as well as varia-
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tions in grating mirror efficiency. In conclusion, changes in polarization
induced by mechanical stress in the fiber do not significantly destabilize

transmission noise levels.

4.4 Proposed Filtering Scheme for Transmission Noise

In a co-propagating QKD architecture, as illustrated in Figure [I.1 two
sources of transmission noise have been characterized. The first one origi-
nated from the spectral tail of the transmit source media converter, whose
emission extends toward shorter wavelengths such as 1310 nm. This tail
leakage results in photons entering the quantum channel, and they are in-
distinguishable from quantum photons. The second primary source comes
from the co-propagating fiber: spontaneous Raman scattering is the domi-
nant process generating photons throughout the O-band when the C-band
classical signal (even with perfect spectral behavior) propagates over long
distances. Both mechanisms increase the number of noise photons reach-
ing the APD, thereby reducing the signal-to-noise ratio and corrupting the
QBER.

The first type of transmission noise occurs before the signal even enters
the shared fiber. Filtering should be applied immediately after the media
converter’s optical output to reduce it. The most effective method is to
add a narrow-band band-pass filter centered at 1550 nm with high optical
density (OD>6) when outside its passband; cascade the same filtering if
necessary, as long as the attenuation level remains acceptable. This filter
narrows the spectrum to a peak around the designated wavelength and
removes tail noise.

These together create spectral purification on the transmitter side, en-
suring that the light entering the co-propagating fiber carries minimal off-
band photons. The trade-off is increased insertion loss or free-space cou-
pling loss, which is acceptable given a sufficient reduction in the noise level
reaching the receiver to avoid potentially blinding the APD.

The second source of noise comes from the transmission medium. Spon-
taneous Raman scattering intensity increases with both the input optical
power of the classical channel and the fiber length. Mitigation should focus
on controlling the power that travels through the fiber and filtering at the
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receiver to reject scattered photons outside 1310 nm.

On the transmitter side, power management is the simplest solution.
Keeping the classical intensity low enough while ensuring the signal is de-
tectable at the receiver’s media converter linearly reduces Raman-related
photon generation. After the de-multiplexing (D)WDM, an O-band band-
pass filter centered at 1310 nm needs to be installed before the APD to

reject residual signals.

4.5 Backward Noise Estimation

In addition to the forward noise discussed earlier, co-propagating QKD can
be affected by backward-propagating noise. Such noise originates primarily

from two sources

e Back-reflected light from the receiver-side media converter due to im-

perfect WDM
e Backward Raman scattering|26] occurring within the shared fiber

Although these effects are expected to be weaker than their forward coun-
terparts, their influence becomes non-negligible when the system operates
at photon-sensitivity levels. Filtering designs must be added along back-
ward noise-propagation paths to ensure fewer stray photons reach the APD
input via reverse optical coupling.

Back-reflections can arise at multiple points in the receiver module, in-
cluding fiber connectors, circulators, collimators, and even in the optical
interfaces of the media converter. Given that the converter operates at the
micro-level of optical power, due to attenuation applied to reduce forward
scattering, a reflection coefficient of approximately —60 dB is sufficient to
bring 1072 W the signal into the quantum channel. These reflected pho-
tons can re-enter the fiber and, after multiple scattering or WDM imperfec-
tions, reach the APD. The effect is most pronounced when the wavelength
of the reflected light matches the proposed detection band near 1310 nm,
especially in the absence of additional isolation elements.

Backward Raman scattering is an intrinsic nonlinear process in which
some of the backward-propagating C-band light emitted by the receiver-side

media converter is scattered into the forward direction. This mechanism
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generates photons that can eventually reach the APD. Its intensity scales
via the same parameters as the forward Raman process, including clas-
sical optical power and fiber length, but it may have a different spectral

distribution.

Though the intensity of backward noise depends on the reflectivity
and scattering coefficients of the optical components, its magnitude can
be estimated by extending the known Raman relationships from forward-
propagating characteristics[27]. Usually, for SMFs, the backward-forward
Raman scattering ratio is typically around 10%. Assuming a classical
launch power of 30 uW and a fiber length of 20 km, the backward Ra-
man intensity reaching the receiver port can be estimated to be on the
order of 10%cps, corresponding to about 10%*cps detected by the APD. This
level is comparable to that of the APD dark count. If unfiltered, it could
increase the QBER by several percent, especially in systems without tem-

poral gating.

4.6 Backward Noise Mitigation

Additional isolation elements can be deployed at key points in the architec-
ture to suppress backward noise. The most effective approach is introducing
an optical isolator immediately after the quantum-channel WDM on the
transmitting side. This isolator allows forward propagation of the quan-
tum signal while attenuating any backward ones. A second isolator can be
placed after the receiver-side WDM to prevent reflections from the media

converter from re-entering the shared fiber.

For even better noise suppression, we prefer using angled physical con-
tact (APC) fiber connectors wherever reflection reduction matters to reduce

reflections at fiber interfaces.

Additionally, the level of backward Raman scattering can be decreased
by reducing the optical power emitted from the TX port of the receiver-
side media converter. This method follows the same principle used to
suppress forward Raman scattering: reducing the classical optical intensity

proportionally decreases the number of photon-generation events in the

shared fiber.
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4.7 Summary

Building on previous discussions of forward and backward noise filtering
to enhance QKD quality, the overall co-propagating architecture becomes
a comprehensive multistage noise-cancellation system in both directions.
Forward transmission noise is reduced through spectral filtering at the
source and Raman suppression, while backward noise is minimized via op-
tical isolation and reflection control. Collectively, these methods decrease

the number of unwanted photons reaching the APD in lab components.

61



Chapter 5

Conclusion

This work presents investigations on the feasibility and optimization of
co-propagating QKD, focusing on the characterization and mitigation of
optical noise in shared-fiber environments. Through both theoretical anal-
ysis and experimental implementation, the study identifies and quantifies
the main challenges arising: tail emission from classical transmitters, spon-
taneous Raman scattering in the fiber, and back-reflection from optical
interfaces.

To enable precise noise evaluation, a high-resolution grating-based spec-
trometer was deployed and validated. The instrument’s design evolution
from a single-grating to a cascaded one has improved spectral selectivity,
dynamic range, and sensitivity to photon-counting levels. Experimental
calibration using a tunable laser source confirmed wavelength-dependent
transmission efficiency and revealed optical attenuation mechanisms asso-
ciated with polarization and geometrical alignment.

After that, we compared multiple noise-filtering components, includ-
ing wavelength-division multiplexers (WDM/DWDM) and free-space band-
pass filters, and estimated their limitations and applicable spectral regions.
Measurements across 10-50 km fiber further confirmed that spontaneous
Raman scattering scales approximately linearly with both fiber length and
optical power but exhibits nonlinear growth beyond several tens of kilo-
meters. By combining these filters, the signal-to-noise ratio can be signifi-
cantly improved. These findings provide both a quantitative and architec-
tural foundation for designing practical co-propagating DVQKD systems

capable of secure operation in existing telecom infrastructures.
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Future research extends the current analysis to refined estimations of
backward Raman scattering, combined with systematic estimations of back-
reflected light from the receiver side, forming a complete noise map in
co-propagating architectures. Furthermore, integrating new filters, active
polarization stabilization, and real-time spectrum monitoring could help in

long-term system stability.
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