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Continuous-variable (CV) quantum communication is an important branch of quantum informa-
tion technology and promises information-theoretical secure communication. High-performance and
lightweight CV quantum devices are one of the keys to realizing quantum networks. Among them, the
Gaussian-modulation module still has problems such as cumbersome photoelectric calibration and incon-
venient use in the experimental stage, which introduces modulation noise and brings additional excess
noise to the system, reducing the signal-to-noise ratio of the system and thus reducing system perfor-
mance. To this end, by designing a field-programmable gate array and integrating all optical components
(except the laser source), we achieved a miniaturized and low-cost Gaussian-modulation unit compati-
ble with the existing fiber-optic communication infrastructure, realizing quantum signal modulation under
adaptive photoelectric calibration. Taking CV quantum key distribution as the verification object, we ana-
lyzed the signal characteristics and the stability of the unit experimentally. The experimental results show
that the proposed scheme exhibits quality Gaussian properties and correlations. Moreover, the temporal
stability of the device is relatively high (the mean fluctuation is on the order of 1073 and the variance
fluctuation is 0.0363), which provides more possibilities for the subsequent popularization of quantum

communication and the development of quantum information networks.
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I. INTRODUCTION

Quantum communication is an important branch of
quantum information science and aims to use quantum
states as information carriers for information interaction
technology. Compared with traditional communication, it
has incomparable advantages, and its security is guaran-
teed by quantum mechanics. The Heisenberg uncertainty
theorem [1], the noncloning theorem [2], and the theorem
of nonseparability of nonorthogonal quantum states in
quantum mechanics can theoretically ensure the uncon-
ditional security of quantum communication [3,4]. Typi-
cal application forms of quantum communication include
quantum key distribution (QKD) [5] and quantum secure
direct communication (QSDC) [6,7].

QKD enables both parties to share a secret key through
a quantum channel, which is the product of the com-
bination of cryptography and quantum mechanics [5].
QSDC means that both parties use a quantum state as
the information carrier and use a quantum channel to
directly transmit a secret message safely [8]. In associ-
ated research, the early stage is based on discrete-variable
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quantum signals. Much progress has also been made in
related theories and experiments [9—14]. Because of the
difficulty and high cost of preparing and detecting sin-
gle photons in discrete-variable quantum communication
systems, research on quantum communication based on
continuous-variable (CV) quantum signals has begun to
emerge.

Continuous-variable quantum communication systems
are mainly embodied in CVQKD and CVQSDC. In 1999,
the idea of CVQKD was proposed by Ralph [15], and it
has attracted attention since then [15]. In 2002, Grosshans
and Grangier [16] proposed the CVQKD protocol (GG02)
based on a Gaussian-modulated coherent state and bal-
anced homodyne detection, which was the first feasi-
ble CVQKD protocol under existing technical conditions
and is currently the mainstream protocol. Subsequently,
reverse reconciliation and entanglement equivalent mod-
els were successively proposed, which provided a more-
comprehensive theoretical basis for experimental realiza-
tion [17]. Thereafter, experiments with the GG02 protocol
under the fiber channel and free space were realized.
Among them, a scheme based on a fiber channel has made
a bold attempt to realize an optical fiber network with
CVQKD technology [18-20].

© 2023 American Physical Society


https://orcid.org/0000-0002-9805-5020
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.054037&domain=pdf&date_stamp=2023-11-17
http://dx.doi.org/10.1103/PhysRevApplied.20.054037

GENG CHAl et al.

PHYS. REV. APPLIED 20, 054037 (2023)

The preparation of CVQKD quantum states mainly
includes the preparation of squeezed states, entangled
states, and coherent states [16,21,22]. At present, the
preparation and realization of the first two are more dif-
ficult, and so experimental research into systems based on
coherent states is more extensive. In the field of QSDC.
Quantum states can be prepared by semiconductor lasers
in classical optical communication, followed by Gaussian
modulation through optical modulators, and can then be
detected by balanced homodyne detectors when received
[23-26]. Meanwhile, CVQSDC can be well compatible
with fully developed optical communication technology,
which is also a big advantage of continuous-variable quan-
tum communication [27,28]. In 2008, a coherent-state-
based secure quantum direct communication scheme was
proposed and its security was briefly discussed [29]. QSDC
schemes based on a compressed state, a dual-mode com-
pressed state, etc., have also been developed [30-32].
For QSDC, the introduction of continuous-variable forms
makes research in this field more meaningful.

Gaussian modulation of a quantum signal is particularly
important, so it is necessary to realize microsystemati-
zation, low cost, and high precision of the Gaussian-
modulation unit. The modulation scheme uses cascaded
amplitude modulators (AMs) and a phase modulator (PM)
to load the control signal [24,33]. To stabilize the modula-
tion, a feedback module needs to be added, so the structure
is difficult to simplify. Inspired by the inherently bias-free
drift of an AM, an amplitude and phase modulator was
proposed that can achieve bias-free amplitude and phase
modulation [34]. Later, a scheme using a ring structure to
complete Gaussian modulation was proposed; it used two
PMs, but the cost was still not controlled [35]. Further-
more, a scheme to realize Gaussian modulation based on
a Sagnac loop and a PM was proposed; this increased the
stability of Gaussian-modulated-coherent-state generation
and reduced the implementation cost since only one PM is
used [36].

However, it is worth noting that in existing research,
the modulation module still needs to be tediously aligned
with the optical and electrical signals, and the chopping
is still highly dependent on the characteristics of the AM
used to achieve pulse modulation before Gaussian mod-
ulation, and a microsystematic design has not yet been
realized, which results in complex operation, high cost,
limited accuracy, inconvenience, etc. Therefore, it is very
necessary to realize the microsystematic design of a low-
cost continuous-variable quantum signal modulation unit,
aiming to complete the hardware platform with regard to
high precision, low cost, microsystematization, and suit-
ability for research and application of a CV quantum
communication system.

In this work, a corresponding miniaturized experimental
platform is designed that is based on a field-programmable
gate array (FPGA), which needs only to connect the input

light source and the host computer to realize the trans-
mission of optical signals, which achieves miniaturization
and low cost of the device. The platform is mainly com-
posed of a Universal Serial Bus (USB) communication
block, an FPGA, a data-processing module, and an opti-
cal device. The unit is tested and verified mainly for
the CVQKD system, mainly including functional verifi-
cation and performance verification. Firstly, the module
can achieve photoelectric adaptive calibration within 18.4
m. Secondly, the control signal can be processed with the
10% duty cycle, and then the detected output extinction
ratio can reach 31.54 dB. Subsequently, the characteris-
tics of the two control signals obey a uniform distribution
and a Rayleigh distribution, respectively. Meanwhile, the
transmitted and received signals both have Gaussian char-
acteristics and have a high correlation of 0.97. Finally,
Finally, temporal stability is verified; that is, the time aver-
age of the device fluctuates by an order of up to of 1073!
and the variance fluctuates by up to 0.0363, confirming
that the device is stable over time. The unit is suitable
for different continuous-variable quantum communication
systems and can be adjusted according to needs. It provides
more possibilities for low-cost, scalable, and lightweight
quantum networks.

II. MICROSYSTEMATIC DESIGN OF GAUSSIAN
MODULATION

A. System architecture

In CVQKD and CVQSDC systems, there are still
problems such as separation of electro-optical design,
cumbersome electro-optical synchronization, and a non-
lightweight Gaussian-modulation unit. To solve the prob-
lem of cumbersome debugging in electro-optical inter-
modulation, we designed and built a microsystematized
Gaussian-modulation unit (MGMU) based on an FPGA to
realize the Gaussian-modulation function of continuous-
variable quantum signals by systematizing the electro-
optical part for electro-optical synchronization. The struc-
ture of the MGMU is shown in Fig. 1, and consists mainly
of a USB communication block, an FPGA, and opti-
cal devices. The Gaussian-modulated optical signal can
be output directly by feeding the MGMU with the host-
computer sequence as input 1 and the laser-source signal
as input 2.

The random sequence as input 1 from the host computer
enters the USB communication module, which then gener-
ates packets that can communicate with the FPGA. Then,
the FPGA can be used to parse the data to generate control
signals for the optical modulator, as well as for electrical
signal processing, data caching, and timing control. Input
2 represents the input continuous light source and relies on
optical devices to generate the Gaussian-light-source sig-
nal. Finally, output 1 and output 2 can be subsequently
transmitted to the quantum channel through multiplexing
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FIG. 1. Microsystematized Gaussian-modulation unit. Input 1
and input 2, respectively, represent the random sequence input by
the host computer and the input light source with a wavelength of
1550 nm. Output 1 and output 2 refer to Gaussian signal light and
local-oscillator light, respectively. BS, beam splitter; CLK, clock
cycle; DC, direct-current power supply; PLL, phase-locked loop.

technology (time-division multiplexing and polarization
multiplexing) for information transmission, or output 1 can
also be directly sent to the channel for transmission.

Inside the FPGA, the USB data-receiving module is
responsible for receiving, parsing, and sending the input
random sequence to the timing-control module. Specifi-
cally, the timing-control module provides clock signals for
data processing and sends data to the data-processing mod-
ule. The pulse-signal output module provides pulse signals
to the outside. The phase-locked loop converts the input
50-MHz clock into clock signals of different frequencies
required by each module to drive each internal module.
The 120-MHz clock is provided to the USB communica-
tion module, and the data-processing module is driven by
an 80-MHz clock signal, which is maintained at a sampling
rate of 2 x 10% samples per second.

The continuous pulse signal generated by the FPGA
has the same frequency and synchronization as the con-
trol signal generated by the data-processing module. The
pulse signal is then added to AM1 with a high extinction
ratio. AM1 makes the power of the optical signal maxi-
mum at a high level and lowest at a low level, thereby
generating an optical pulse signal where the high and low
levels are a representation of voltage in digital circuits.
High level indicates a state of high voltage, generally spec-
ified as 3.5-5 V; Low level indicates a state of low voltage,
generally defined as 0~0.25 V. The optical pulse signal is
split by a beam splitter (90:10), 10% of which is used for
the generation of signal light and 90% of which is used
as output 2. The control signal loaded onto AM2 can be
circuit-modified internally by the FPGA to achieve the
same duty cycle as the pulse signal to enhance extinction

and reduce light leakage. After loading, Gaussian modula-
tion is completed together with the optical pulse generated
by AM1 after 10% beam splitting to obtain output 1. Out-
put 2, which can be used as local-oscillator (LO) light, is
sent to the receiving end together with the quantum signal
(i.e., the transmitted local oscillator scheme), which can be
directly transmitted to the channel after multiplexing. Out-
put 2 can also not pass through the channel. We directly
generate LO light from the receiver Bob, which avoids all
attacks on the LO light of the system (that is, the local local
oscillator scheme).

The control part of acquisition of the data on Bob’s side
is also involved internally in the microsystemized design.
The timing-control module within the FPGA ensures syn-
chronization of sampling between the analog-to-digital
conversion (ADC) and the digital-to-analogue conver-
sion (DAC) when information is collected on Bob’s side.
At the same time, the ADC timing module implements
two successive averaging filters on the ADC sampling
results, which increases the immunity of the system, while
maintaining synchronous sampling. In addition, a trans-
mitter module within the USB communication module is
designed to package the data received by the ADC mod-
ule and send it to the host computer at Bob’s end when the
system is receiving.

B. Photoelectric adaptive calibration

In an actual platform, there is an optical path difference
AL from the chopped optical pulse to AM2, which varies
according to different-optical-path platforms.

There is a time delay A¢ between the optical signal and
the electrical signal when the modulation is realized,

At= ALY, (1)
C

where 7 is the refractive index in the fiber and c is the speed
of light. In view of the different photoelectric delays cor-
responding to different platforms, and the inconvenience
of adaptive and flexible calibration in the currently pack-
aged Gaussian-modulation control unit, a photoelectric-
adaptive-calibration scheme is proposed. After AM2 mod-
ulation, the output light field £, is given by

Eout = Ene™? cos (w V) , )

where A¢p = [(o; — ap)/2]V and o) + ay = 7/ V,, where
a1 and «; are the phase coefficients of the two waveguides
inside AM2, V, is the half-wave voltage, and V' is the volt-
age loaded on AM2—thatis, V' = V() + V;, where V(¢) is
the control signal loaded on AM2 and V} is the bias volt-
age. It can be seen from the above that the corresponding
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FIG. 2. The case where the optical and electrical signals are
not calibrated. For state A, the control signal is loaded on a low-
pass-rate optical pulse. For states B and C, different amplitudes
of the control signal are loaded on the same high-pass-rate opti-
cal pulse. Here the amplitude of the control signal corresponding
to state A is the same as that of state B but is not the same as that
of state C. The horizontal coordinate refers to the time (nanosec-
onds). The vertical coordinate represents the voltage amplitude
(millivolts).

output light intensity can be expressed as

Iin
Lo = I3 (cos(ar +a) V+1), 3)

where y is the correlation loss factor of AM2. If there is a
delay, the uncalibrated light intensity corresponds to three
types, as shown in Fig. 2.

Here we give three states of photoelectricity mismatch:
A, B, and C. States A and B, respectively, represent
the misalignment and the alignment of the control-signal
amplitude and the high level of an optical pulse. State C
refers to the amplitude of the next control signal loaded by
the optical pulse due to misalignment. According to Fig. 2,
the corresponding light-intensity formulas for states A, B,
and C are obtained as follows:.

A

out

8=y Z o+ +1
out_y2 Cos 74 @O+ )+ P

=0, (4a)

(4b)

C [in b3
15 = y? (cos (Z (V(t+ A+ Vb)) + 1) . (40)

The light field in the Ar segment of the optical-
path delay is denoted by ES, = Eye? cos ((r/2)Vy
(V(t+ A1) + Vp)), and the corresponding light intensity
is not equal to 0, I, # 0, which will disturb the modula-
tion result of the overall AM2. In response to this situation,
the optical-path difference needs to be fed back to the
inside of the FPGA, and then the electrical signal out-
put is adjusted through the DAC timing-control module to
achieve synchronization between the optical signal and the
electrical signal and achieve IS, = 0. Then, we extract the
desired 72, and complete the calibration verification with
the chopped optical pulse. According to different adap-
tive schemes of photoelectric calibration, the function of
the adjustable delay under different-optical-path platforms

is realized. When implemented, different AL is reflected

| Contrel unit FPGA |
ALy Delay 1
o DAG tinal i paa 2 Control-signal- N
Variable alg om:;‘ > Delay 3 processing module >
— EZ vemeation
extender
ALy Delay n
ight » AM2 Detector
FIG. 3. Photoelectric self-adaptive calibration. Z1, resistance-

capacitance time delay.

by addition of a variable optical fiber delay, and the self-
adaptive calibration as shown in Fig. 3 can be completed
on the basis of the FPGA.

The increased different AL values are fed back into the
FPGA. Through its internal DAC timing-control module,
the corresponding different delays are precisely controlled,
which requires resistance-capacitance time delay Z1 to
complete different delays. The data after timing control
are sent to the control-signal processing module to realize
the final processing of the data, which is specifically com-
pleted by the internal DAC module and the corresponding
driving module. The RC time delay is used in the time-
delay calibration, which can be precisely adjusted accord-
ing to different optical-path differences. Subsequently, the
control signal is loaded into AM2. Then the results of adap-
tive calibration are compared and verified. For ideal optical
pulse modulation, if the pulse carrier is an impulse pulse
sequence, the sampling theorem is the principle of pulse-
amplitude modulation. Since the real impulse pulse train
cannot be realized, the real impulse pulse can be realized
only by a narrow pulse train. To be as close as possible to
the ideal impulse pulse signal, the pulse signal and the con-
trol signal can be made at the same frequency on the basis
of photoelectric calibration, so that the duty cycle can theo-
retically be infinitely reduced. The problem of the existing
transmitting device is solved due to the mismatch between
the code rate of the control signal and the frequency of the
optical pulse, which is also convenient for subsequent ideal
collection of data.

C. Data-processing module based on an FPGA

Inside the FPGA, the data are parsed and the timing is
controlled. Then the data and the clock information parsed
in the FPGA are sent to the data-processing block to com-
plete the processing and then drive the optical device, as
shown in Fig. 4.

The processing part consists of a DAC chip and a pro-
cessing block to realize data conversion (digital-to-analog
conversion). The converter is a dual-channel precision
current-type multiplier digital-to-analog converter with an
inverted-T-shaped R-2R resistor network as the core, a 16-
bit DAC bit width, 0.5-js setup time, a reference voltage
range up to £12 V, and a rated operating frequency of
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FIG. 4. Simplified design of the data-processing module based
on an FPGA. POPROCESSING converts the DAC output current
signal into a voltage signal (0 to £ V), and through an inverse-
proportional-amplifier circuit for driving the subsequent driver
module. DRIVER processes the voltage signal to a voltage range
that can drive the light modulator. Within DRIVER, V; is the
input voltage signal and ¥, is the output drive voltage signal.
C, capacitor; Q1—QS5, triodes; R1-R4, resistors; AD, digital to
analog conversion chip; D1-D2, diode; D, duty cycle; SMD3225,
gas discharge tube; GND, reference ground.

50 MHz. To meet the requirement that the control voltage
in quantum communication is not less than the minimum
driving voltage of the optical modulator, the drive-module
DRIVER linear amplifier is designed to increase the driv-
ing power of the output signal. Therefore, a precision
operational amplifier is used together with a push-free-
type power-amplifier circuit, which has higher accuracy
and smaller ripple voltage than a class-D amplifier. The
whole system is then optimized by our controlling the duty
cycle of the control signal loaded on AM2, which is named
“DACI1.” When the optical path is implemented, the opti-
cal pulse signal may not be extinguished enough, resulting
in a power residual at the position where the tuned signal
should have been zero. Therefore, when the data-control
block is being designed, the output control signal is pre-
processed, as in Fig. 4, to synchronize the duty cycle of
the optical pulse by introducing the pulse signal as Vi
into the DAC module so that the control signal DACI
has the same duty cycle as the pulse signal to achieve
Gaussian modulation while finishing the extinction at the
Gaussian-modulator end.

III. RESULTS

A. Calibration verification

The optical-path difference can be changed by extend-
ing the optical fibers to different lengths. At the same
time, the specific situation before and after calibration
is detected and recorded to complete the inspection of
adaptive calibration. Since the optical pulse is set to syn-
chronize with the control signal at the same frequency,
the duty cycle of the two can be compressed indefinitely.
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FIG. 5. Comparison of waveforms before and after adaptive
calibration. (a),(b) Signals before calibration. (c) Result after cal-
ibration. The red line corresponds to the optical pulse signal and
the blue line corresponds to the output DACI. The green line
corresponds to output optical signal of AM2, which fluctuates
in a staircase manner. Theoretically, the larger the optical-path
difference, the stronger the fluctuation.

For easy observation, the duty cycle is adjusted to 10%,
and the signal detection results before and after calibra-
tion can be obtained from Fig. 5. It can be seen from the

Optical pulse |
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FIG. 6. Real-time waveform of optoelectronic signal after
adaptive calibration. The lower trace corresponds to the control
signal DACI1 and the upper trace corresponds to the modulated
output optical signal. The change trend of the two is the same,
and the AM2 output optical signal is stable, indicating complete
calibration.
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detection results for the front and rear optical signals that
the optical signal before calibration will fluctuate. After
calibration, the optical signal and the electrical signal are
completely aligned, and the output waveform is stable.
After adaptive calibration, the AM2 output results can be
seen in Fig. 6.

To measure the calibrated boundary in the scheme, cal-
ibration verification is performed by our taking multiple
sets of different sets of optical-path differences, starting
from 0 m and then increasing the optical-path difference
in 1-m intervals. At 19 m, the specific calibration result
is no longer perfect (i.e., deviation begins), so the detec-
tion is performed with use of the idea of dichotomy and
continuous recursion, and the boundary value of adaptive
calibration is finally obtained to be about 18.4 m. When
less than or equal to the boundary value, the actual calibra-
tion is consistent with the ideal calibration result, otherwise
the calibrated delay reaches the upper limit and does not
change, as shown in Fig. 7, where y; and y, refer to the
ideal state and the actual situation, respectively, where the
turning point in y, is at about 18.4 m.

B. Output verification

During data processing, the FPGA completes the data-
parsing process of the original random sequence, tim-
ing control, analog-to-digital conversion, and driving the
amplification process to output the pulse signal and the
control signals DAC1 and DAC2 required by AM2 and
the PM, respectively. Internally, to reasonably and suf-
ficiently improve the extinction effect, a preprocessing
process is introduced; that is, the pulse signal is intro-
duced as the reference voltage signal V. of the converter

140 -

120 t 2 ”
Y Ideal calibration
Actual calibration
w0 |2 .

2
= 80 Y, .
N’
~
60 - 1
40 %
89.8
89.6 Y,
20 + 89.4 |
89.2
18.2 18.3 18.4 18.5
5 10 15 20 25
AL (m)
FIG. 7. Adaptive calibration results. y;, y,, and the green cir-

cle, respectively, refer to the agent’s desired calibration result,
the actual calibration result, and the actual calibration limit.
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FIG. 8. Output optical pulse (signal 1) of AM1 and signals
(signals 2 and 3) output by AM2, for which the duty ratios are
uncompressed and 10%, respectively.

to synchronize the duty cycle of the optical pulse, so that
the cascaded Gaussian modulator can not only complete
Gaussian modulation but can also achieve extinction. After
addition of the pulse and control signals to AM1 and AM2,
respectively, the output is detected and verified. Before
this, the control signals before and after optimization were
loaded on AM2 to photomeasure its output, while we kept
AMI1 loading the pulse signal unchanged and measured the
output; the specific results are shown in Fig. 8.

The AM1 chopper output is detected to get signal 1,
which should have had a millivolt signal at zero pass rate,
and the actual extinction ratio is about 18.20 dB. Signal
2 is the result of AM2 output detection in traditional cas-
cade modulation, and its extinction effect after cascade is
slightly improved, but there is still residual optical sig-
nal, which will pose a threat to signal light. Signal 3 is
then obtained by our loading the optimized control sig-
nal DACI and probing the output of AM2, which has an
amplitude of nearly 0 at low levels compared with signals 1
and 2. The extinction ratio can reach 31.54 dB at this time,
indicating that the extinction effect has been improved,
which provides a certain guarantee for the safe and accu-
rate transmission of the subsequent overall system signal.
In summary, the optimization of the scheme allows AM2 in
Gaussian modulation to complete further chopping while
achieving modulation.

When the output of the modulation unit is being vali-
dated, it is also necessary to analyze and verify the overall
characteristics as well as the partial output data characteris-
tics. Firstly, we verify DAC1 and DAC2 added to the upper
ends of AM2 and the PM by sending 3000 groups of cor-
responding random numbers from the host computer. The
waveforms and characteristics are shown in Fig. 9.

When the output of the modulation unit is being verified,
a frame of data needs to be sent, and then the detection
light signal is detected by the detector. The frame head
and frame tail are positioned, and a frame is collected
every 20 min. The sample is Xpi and its size is 1000; that
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FIG. 9. Output results for the control signal. DAC1 and DAC2

in (a) refer to control signals loaded on AM2 and the PM,
respectively, and their characteristic distributions are a Rayleigh
distribution and a uniform distribution, respectively, as shown
in (b). The unit of abscissa in (b) is millivolts.

is, Xpi (p = 1-1000). The collected dataset is X = {X;} =
{X1,X,,...,X,}, where n = /20 min, where ¢ is the total
measurement time and » groups are collected here. Char-
acteristic analysis and verification of the data collected
every 60 min are performed by means of the Kolmogorov-
Smirnov (K-S) test [37], the Shapiro-Wilk (S-W) test [38],
the Jarque-Bera (J-B) test [39], and the quantile-quantile
(Q-Q) plot [40].

The detection results of the K-S test, the S-W test, the
J-B test, and the Q-Q plot are given in Table I. Firstly,
we make the assumption M: the sample data conform to a
Gaussian distribution. Then, we calculate the significance
p for the K-S test, and accept the hypothesis M if p > 0.05.
To meet the data-length requirements of the S-W test, the
samples need to be tested in groups; that is, m = X /n (m
is the total number of subsamples after division and # is
the size that should be controlled between 3 and 50). Here
the significance p for the S-W test is calculated, and if
p > 0.05, the test is passed, and finally the success rate
of m groups of subsamples is counted. For the J-B test, if
the variable follows a Gaussian distribution, the skewness
is 0, the kurtosis is 3, and the value of the J-B statistic £
is 0, otherwise 4 is a gradually increasing value. A dummy
variable r is used to indicate whether the Q-Q plot satisfies
the linear characteristics. If it does, » = 1, otherwise it is 0.

After output of the modulation unit has been ensured
that the module conforms to Gaussian characteristics, it

TABLE 1. Feature verification at different times. r is used to
indicate whether the fitted result is linear or not linear. If it is
linear, it is represented by 1, otherwise it is represented by 0. p =
0.200* means the lower bound of true significance, p > 0.05.

Q-Q
‘ S-W test J-B test plot
i(i= 50 ) K-Stest(p) (success rate) (h) (r)
1 0.200* 0.94 0 1
2 0.200* 0.92 0 1
3 0.200* 0.96 0 1
4 0.200* 0.92 0 1

is sent to the receiver through the channel. The signal is
collected from the receiving end, and then the data rela-
tionship between Alice and Bob is drawn as shown in
Fig. 10.

Alice’s data and Bob’s data directly obey a linear model,
such as in the inset in the plot on the left in Fig. 10. We ran-
domly select any piece of Alice’s data, corresponding to all
possible data of Bob under the same length, and then cal-
culate the correlation coefficient and draw the correlation
diagram. When the positions correspond, the correlation
is the largest, and the correlation coefficient is about 0.97.
The correlation coefficients of other positions are close to
0, indicating that Alice’s data and Bob’s data have high
correspondence.

Finally, the stability of the entire device must also be
considered. The characteristics of the transmitted signal

07+ 4

0.6 [

Bob's data
o

!
)
0
)

Alice's Data

Bgb's data

5 0 |,
0 2000 4000 |

0.1 N
0.0
-1500 -1000 =500 0 500 1000 1500

FIG. 10. Correlation between Alice’s data and Bob’s data
where the horizontal axis represents the delay between Alice
and Bob data points, the vertical axis represents the correlation
between data points. The inset on the left represents the data
relationship between Alice and Bob. The inset on the right is
a real-time display of the sender’s data and the receiver’s data
where the horizontal axis represents the data point.
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FIG. 11. Time stability of the system performance where the

unit of ordinate is shot noise unit. The time interval is 20 min.
The triangular distribution represents the change in the mean
of the samples collected at different times, and the lower line
represents the mean of this change. The dot distribution repre-
sents the change in sample variance over time, and the upper line
represents the central tendency of this change.

over time still need to be analyzed. The X; all obey the
Gaussian distribution, and the changes of the mean and
variance over time can reflect the time-stable characteris-
tics according to the equations

1 P

my, = — (ZX,-p) , (5a)
p 1
1 (< 2

Vi, = — (Z (X, —my;) ) . (5b)

P\
The mean and variance of each {m,,my,,...,my,} and
{Vxl, Vigsoovs Vxn} are obtained, and Fig. 11 is drawn. As

the system running time increases, we get

1 n
= - Vx. = 10.329 6
m " 21: X; s (6a)

n
1

o = (l > (7 - m1)2> = 03751,  (6b)

|
C, = — =10.0363, (6¢)
m

where m; represents the central tendency of all variances,
and the volatility of the data variance is 0.0363. In data
statistics and analysis, the larger the coefficient of varia-
tion, the stronger the discreteness of the data, and the more

unstable the data will be. This means that the data differ-
ence is small if coefficient of variation is less than 5%.
Similarly, the variation characteristics of the mean value
of the data can be calculated, m, = —2.324 x 10~!7. Since
this is close to 0, the volatility can be directly represented
by the mean square error, which is about 2.116 x 1073!
The magnitude of the data mean fluctuation over time is
107!, and it can be approximately considered that the
volatility of the data mean is O (i.e., the data mean is stable
over time). Therefore, the data characteristics of the output
of the MGMU at different times are stable and in line with
expectations.

C. System-performance analysis

The method of chopping extinction is improved in
the scheme, which increases the extinction ratio of the
signal, improves the anti-interference of the signal, and
strengthens the robustness of the transmission system. In
addition, because of the support of adaptive photoelectric
calibration, Alice and Bob can send and receive signals
synchronously at the same frequency, which makes the
system duty cycle controllable and has good synchroniza-
tion characteristics when receiving. The following analysis
is performed in accordance with the above description.

Firstly, if there is calibration inaccuracy, the code rate
R used by Bob in the reconciliation and error correction
phase will be reduced, making the reconciliation efficiency
B decrease under decrease under certain Cecpannel accord-
ing to B = R/Cchannel, and thus the key rate will eventually
decrease. Additionally, the improvement of the extinction
effect through circuit modification will reduce the leak-
age of residual photons between the LO and the signal
light, which affects the signal light by an order of mag-
nitude, resulting in excess noise & that cannot be ignored.
The effect is reduced to a certain extent by the improved
solution, making the overall system excess noise ¢ smaller.
According to Eq. (7), the improved solution reduces ¢, so
the signal-to-noise ratio (SNR) is increased:

TnV4Ny ™V,

No+Tne +va 1+T"§V—nge"

SNR =

()

where V is the modulation variance, N is the shot noise,
and vy 1s the electrical noise.

Furthermore, if sufficient extinction is not achieved dur-
ing the experiment, the average intensity of the LO light
will be too high, which will lead to the measured shot noise
Ny being too large, thus reducing the SNR. In summary,
the overall CVQKD system with the proposed scheme
increases the SNR to a certain extent. For CVQKD, which
usually measures system performance in terms of K, if
there is an erroneous frame, the entire frame will be dis-
carded in the postprocessing stage, so the actual key rate
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FIG. 12. Key-rate curve of the CVQKD system under the
improved scheme. K| is the key rate without photoelectric cali-

bration, K is the key rate without improved extinction ratio, and
Kj is the key rate of the proposed scheme.

can be expressed as
Kactual = (1 — Po(R,SNR))(BL4p — XBE)» 3

wherel z is the Shannon mutual information of Alice and
Bob, Xpg is the maximum of the Holevo information that
Eve can obtain from information from Bob P, (-) is the
frame error rate at R and the error function concerning the
SNR as seen in the following equation:

P,() = %[1 — erf(k x v/SNR)], 9)

where erf(-) is the error function and & > 0, where £ is
determined by different coding in postprocessing. P, (-)
decreases with increasing SNR in this scheme, which
further increases communication quality.

To sum up, the key-rate curves under different condi-
tions are analyzed and plotted in Fig. 12, which shows
that the key rate K; without the microsystemization is the
lowest overall and differs considerably from the ideal case,
Kigeal- With the completion of the adaptive calibration, the
efficiency of the negotiations undertaken by the system
increases and the accuracy of the data becomes higher,
resulting in improved performance of the overall solution
as shown in K3, but also showing that the key rate of the
system 1is easily overestimated when it is not calibrated.
Moreover, the circuit modification in the proposed scheme
not only increases the SNR by increasing the extinction
ratio but also increases the identification accuracy at the
receiver side, thus allowing the overall improved scheme
to be optimized again after calibration has been achieved,
as can be seen in the K3 curve. The specific parameters

involved in the realization of Fig. 12 are V; = 10, n = 0.6,
Vo = 0.01, R=0.5, and k = 1/«/5, and the data block is
10,

Compared with traditional cascade modulation, this
scheme can reduce the number of AMs and reduce the
control cost to a certain extent.

IV. CONCLUSION

A Gaussian-modulation module is the core compo-
nent in a continuous-variable quantum communication
system, and its performance is closely related to the
characteristics of the system. However, in the cur-
rent Gaussian-modulation module for continuous-variable
quantum communication, there are still problems such
as cumbersome photoelectric calibration, unstable perfor-
mance, and a nonlightweight device. In this regard, a
microsystematic design scheme for a Gaussian-modulation
module for continuous-variable quantum communica-
tion based on an FPGA is proposed, aiming to real-
ize a microsystematic and high-performance Gaussian-
modulation module. On the one hand, the module involved
has adaptive optoelectronic calibration, which is achieved
by feedback for different distance differences. Subse-
quently, on the basis of the calibration results, the duty
cycle of the optical pulse signal is theoretically compressed
infinitely, paving the way for subsequent ideal sampling.
On the other hand, the processing and output of the core-
control-module data play a driving role to increase the
system extinction ratio and reduce the dependence on the
chopping-phase AM in the local LO scheme by adjusting
the control-signal DACI1 duty cycle.

In the experimental validation, we firstly find that the
limit of adaptive calibration of the MGMU is 18.4 m,
within which adaptive calibration can be fully realized.
Secondly, a 10% duty cycle is used for the DAC, and then
the output extinction ratio after detection is changed from
18.2 to 31.54 dB, with a significant extinction effect. Sub-
sequently, the data characteristics are analyzed, in which
the characteristics of the two control signals obey a uni-
form distribution and a Rayleigh distribution, respectively.
At the same time, the Gaussian characteristics of the data
collected at 20-min intervals are verified by the K-S test,
the S-W test, the J-B test, and the Q-Q plot. Also, it is
verified that the received signals have Gaussian charac-
teristics and the correlation between the transmitted and
received signals is high at 0.97. Finally, temporal stabil-
ity is verified, with time mean of the device fluctuating by
order of up to an of 103! and with the variance fluctu-
ating by 0.0363, confirming that the device is stable over
time. The designed microsystematic Gaussian-modulation
module is stable and compatible with the existing fiber-
optic-communication infrastructure, providing more pos-
sibilities for the development of high-performance and
microsystematic CV quantum communication systems,
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and further facilitating the construction of communication
networks.
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