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Abstract: In the continuous-variable quantum key distribution (CV-QKD) system with a local local
oscillator (LLO), the center frequency of the sender and the receiver’s source are not exactly the same
and a certain frequency drift exists over time, resulting in the frequency of the signal received near
the intermediate frequency. Therefore, the LLO system needs an intermediate-frequency balanced
homodyne detector (BHD), which needs better symmetry of the arms of the BHD, to obtain the
less-common mode noise. Moreover, the traditional intermediate-frequency receiver in classical
communication is not available in the CV-QKD system because of the low quantum-to-classical noise
ratio. In view of this, in this paper, we construct a broadband intermediate-frequency BHD based
on ratio frequency and integrated circuit technology, whose bandwidth can exceed 270 MHz and
whose quantum-to-classical noise ratio can reach 14.9 dB. Meanwhile, the BHD has an excellent
linear performance with a gain of 22.4 k. By adopting our intermediate-frequency BHD, the secret
key rate of the pilot-sequential Gaussian modulated coherent state CV-QKD system with an LLO
can reach over 430.8 kbps of 60 km at the standard fiber length, which paves the way to achieve a
high-performance LLO CV-QKD system with intermediate-frequency BHD.

Keywords: continuous-variable quantum key distribution; local local oscillator; intermediate-frequency;
balanced homodyne detector

1. Introduction

Quantum key distribution (QKD) [1,2] is one of the most creative technologies in
quantum information and quantum cryptography. It enables the legitimate sender, Alice,
and the receiver, Bob, to generate a sequence of shared keys in an untrusted environment.
QKD is classified into discrete-variable (DV) and continuous-variable (CV) protocols, based
on the type of information carrier. The first proposed protocol of DV, known as the BB84
protocol, was introduced by Bennett and Brassard in 1984 [3]. Although continuous-
variable quantum key distribution (CV-QKD) was proposed later, in 2002 [4], it has gained
much more attention in recent years. Theoretical research [5-14] and experiments have
made significant progress quickly [15-17]. Classic digital signal processing methods have
been proven to be secure in CV-QKD, greatly increasing the practicality of CV-QKD [13].

According to the modulation methods of the coherent state, two practical CV-QKD
schemes have been proposed. One is based on the Gaussian modulation coherent state
(GMCS), and the other is based on discrete modulation coherent state (DMCS) [7,8,10].
In the GMCS CV-QKD protocol, the receiver usually adopts homodyne or heterodyne
detection. As for the homodyne detection scheme, only one quadrature component X or P
needs to be measured. In the heterodyne detection scheme, both quadrature components X
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and P need to be measured. The GMCS and homodyne detection has been implemented
in the laboratory [15]. The DMCS also has made great progress in the experiment [18] in
recent years. With the great progress of the theories and experiments, it paves the way for
networking [19,20].

According to the location of the local oscillator (LO), CV-QKD is divided into two
types, one is transmitting LO (TLO) and the other is the local local oscillator (LLO). The
transmission structure in which both the high-power LO and signals are transmitted
together is commonly known as the TLO scheme. However, the scheme has a certain
disadvantage that LO will attenuate through long-distance transmission and also has some
security problems. The eavesdropper may utilize the potential loopholes to perform a
LO fluctuation attack [21] or calibration attack [22]. While most of the attacks against
shot-noise unit calibration could be resisted by adding a monitoring scheme [23]. The
LLO scheme where LO is produced from a separate laser at Bob’s side avoids the above
problems but is also faced with the difficulty in eliminating the frequency offset between
Alice’s and Bob’s individual lasers. Since the first two proposals in 2015 [24,25], numerous
local-local-oscillator experiments have been realized by researchers [26-31], and various
pilot schemes are designed to reduce the frequency offset and phase noise, including pilot
sequences and pilot multiplexing.

In the CV-QKD system with LLO, as mentioned above, the center frequency of the
sender and receiver’s lasers are not exactly the same, and also exist at a certain frequency
drift over time, resulting in the frequency of the signal received being near the intermediate
frequency. Thus, an intermediate-frequency balanced homodyne detector (BHD) plays an
important role in the LLO system. Before designing a BHD, several factors need to be consid-
ered: quantum-to-classical noise ratio (QCNR), common mode rejection ratio (CMRR) [32],
and bandwidth. In the field of intermediate-frequency BHD, the general BHD without
the down-conversion is not suitable. Meanwhile, the traditional intermediate-frequency
receiver is not available in CV-QKD because the gain can not meet the requirements. Al-
though there are some big bandwidth BHDs used in CV-QKD, they are not suitable for
intermediate-frequency detection. It is quite challenging to continue to keep broadband
and high QCNR for a BHD with a mixer.

Considering the widespread application of high-speed local local oscillator CV-QKD,
in this paper, we demonstrate a broadband local local oscillator CV-QKD scenario where
there is a frequency difference between the LO and quantum signal, and dual quadratures
of the quantum signal are detected simultaneously through two BHDs. We design an
intermediate-frequency BHD suitable for this ‘real” heterodyne detection integrating the
function of down-converting in the electrical domain the quantum signal band centered on
intermediate-frequency to the base band. The intermediate-frequency BHD is implemented
by employing a pair of PIN photodiodes of high quantum efficiency, combined with the
radio frequency voltage amplifiers, a frequency mixer. The bandwidth of our detector can
reach approximately 270 MHz, which surpasses that of other traditional BHDs. Otherwise,
other key performances of this intermediate-frequency BHD are well optimized so that it can
meet the requirement of the broadband local local oscillator CV-QKD scenario, including
the quantum-to-classical noise ratio about 14.9 dB and an excellent linear performance with
a gain of 22.4 k. Meanwhile, the common-mode rejection ratio of the detector is 28.6 dB,
which is an important parameter to measure the balance and symmetry of the two arms
of the detector intuitively. In order to improve the performance of the BHD, we added
the same VOA before the input of the two arms of the detector in the experiment, so as to
adjust the delay and output power of the two arms of the beam splitter in real time.

The rest of the paper is organized as follows. In Section 2, we show our local lo-
cal oscillator CV-QKD system. In Section 3, the construction and performance of the
intermediate-frequency BHD are introduced, including the circuit design and test results.
In Section 4, we show the performance of our system utilizing this intermediate-frequency
BHD. Finally, the conclusion of this paper is drawn in Section 5.
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2. Local Local Oscillator CV-QKD Scheme

Here, the setup of the local local oscillator CV-QKD system with the intermediate-
frequency BHD inspired by [33,34] will be introduced. We adopt the GMCS and heterodyne
detection scheme where there exists a frequency difference between signal laser and local
LO laser. The structure of the LLO CV-QKD scheme is shown in Figure 1. At Alice’s
side, the continuous-wave laser (Laser1) at 1550.12 nm produces coherent light. Then, the
light source is modulated by an amplitude modulator (AM1) at a repetition rate of fsym to
generate pulse trains of width wsym, including signal pulses and time-multiplexed pilot
pulses of higher optical power. To implement the overall Gaussian modulation, another
phase modulator (PM) and amplitude modulator (AM2) utilize the electrical modulation
signals generated by the digital-to-analog converter (DAC) to modulate the signal pulses,
respectively, according to a uniform distribution and a Rayleigh distribution. Note that
at this stage, the pilot pulses are further modulated to carry the information used for
frequency offset and phase compensation. Then, a variable optical attenuator (VOA)
is utilized to attenuate the signal pulses into a weak quantum signal with an optimal
modulation variance V and attenuate pilot pulses.

Pulse Gaussian
modulation modulation

I_D_Iil_, VoA IF BHD |
4%

Bob LO Frequency

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1. Diagram of the simplified local local oscillator CV-QKD architecture. AM: amplitude
modulator, PM: phase modulator, BS: beam splitter, VOA: variable optical attenuator, DPC: dynamic
polarization controller, PD: photodiode, TIA: trans-impedance amplifier, LO frequency: the local
oscillator frequency of the mixer, ADC: analog-to-digital converter.

After transmitting over a quantum channel of optical fiber, they are received by the
other legitimate user Bob. In the receiver, we use a dynamic polarization controller (DPC) to
align the state of polarization (SOP) of the quantum signal, in order to maintain the optimal
polarization state of the signal to improve the quality as high as possible. Then, the signal
pulses interfere stably with the LO produced by the laser at 1550.12 nm (Laser2) through the
50:50 beam splitter (BS). Then, two VOAs after the output of BS are used for compensating
the unbalance and symmetry of the BS in front of the intermediate-frequency BHD and
then fed into the BHD. Note that the frequency offset between the laser at the sender and
the laser at the receiver can be seen in the frequency spectrum, which is about 200 MHz in
our experiment. Therefore, our self-developed 270 MHz intermediate-frequency BHD is
suitable for our experiment system.

In the following, the output of the intermediate-frequency BHD will be derived [35].
For simplicity, we take the x quadrature as an example. First, the complex electric field of
the quantum signal before entering into BS is represented by

Es(t) = As(t) exp(iwst + 0s(t)), (1)

where Ag(t) and ws are the amplitude and frequency of the signal field, respectively, 6 is
the initial phase of the quantum signal. The complex electric field of the LO before entering
into BS is similarly represented by

Ero(t) = Aroexp(iwrot + 0Lo(t)), 2)
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where Arp and wi o are the constant amplitude and frequency of the LO field, respectively,
610 is the initial phase of the LO.

The balanced detection stage consists of a 50:50 beam splitter, a pair of PDs, and the
subtractor, which suppress the direct current component and amplify the weak quantum
signal by multiplying the strong LO. After interfering through the 50:50 BS, the electric
fields injecting the PD1 and PD2 are derived as

B = %(Es + Ero) Ea = \2(155 ~ Ero), 3)

and the resultant photocurrents are therefore given by

_ As(t) exp(iwst + 05(t)) + Ao exp(iwrot + 0ro(t)) | 1™
I(f) = kR {Re{ ﬁLO Lot +0Lo }]

4)
_ g[Ps(t) - Pio 424/ Pu(t) PLo cos{wipt + 6 (1) — B0 (D)},
_ oJ As(t) expliwst + 65(t)) — Aro exp(iwrot +6o(H) 1™
o : .

_ g[Ps(t) + PLo —24/Pu(t) Pro cos{wrt + 6 (£) — Bro(£)}

where “Re” represents the real part, “ms” represents the mean of the square with respect
to the optical frequencies, wir is the intermediate frequency from the frequency difference
between signal and LO given by wir = ws — w0, R is the responsivity of PD, Ps(f) and
P o are the optical power of the signal and LO. Thus, the output from the subtractor can be
obtained

I(IF) = I;(t) — L(t) = 2R/ Ps(t)PLo X cos{wrpt + 0s(t) — B o(t)}. (6)

We find from Equation (6) that the output photocurrent is proportional to \/Ps. Fur-
thermore, the intermediate-frequency BHD moves the intermediate-frequency output to
the base band via a mixer and the intermediate-frequency LO, which gives:

7

I(t) = I1(t) — Ip(t) = Ry/Ps(t)PLo x cos{6s(t) — Oo(t)}. ()

3. High-Performance Intermediate-Frequency BHD

In this section, the schematic diagram of intermediate-frequency BHD is introduced,
which is mainly composed of a radio frequency-integrated circuit. Moreover, we design an
optical test structure to prove the high performance of intermediate-frequency BHD in the
telecommunication wavelength region.

3.1. Circuit Design

The simplified electronic circuit schematic of the intermediate-frequency BHD is
shown in Figure 2, which is mainly composed of three parts. The first part is the pho-
toelectric conversion section, which includes two reverse-biased InGaAs photodiodes
(Hamamatsu, G9801-32, bandwidth: 2 GHz, junction capacitance: 1 pF, sensitivity ratio:
90% and quantum-efficiency: 72.2% at 1550 nm). The PDs generate the current signal, which
is amplified by the circuit amplification part. The second part is the circuit amplification sec-
tion, which consists of a resistor and a triple-stage ratio frequency (RF) amplification chip.
First, the current signal is amplified by the ground resistance to achieve current-to-voltage
conversion. Then a triple-stage RF amplification chip (ADI, ADL5523) is used to amplify
the voltage signal. Traditional design prefers to use the trans-impedance amplification
chip, and the trans-impedance amplifier (TTA) performs well in the low frequency, typically
around tens of MHz. However, for intermediate-frequency BHD, the trans-impedance
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amplification chip cannot meet the requirements. Because of the limitation of the gain-
bandwidth product (GBP), the gain of the amplifier decreases as the operating frequency
increases. For the trans-impedance amplification chip, the value of the GBP is fixed, so
the balance of the gain and operating bandwidth needs to be considered. The bandwidth
of general TIA starts from DC to a variable frequency, and typically stops at tens of MHz.
Moreover, the designed working frequency of the intermediate-frequency BHD is not in
the base band, so the TIA chip is not the right choice.

V+ v+ V+ v+

B R1 Cl”j_j— R7 CJI iT R8 Cﬁl 1
J R3I

Mixer
A P LPF
- _( ——= ~ \ p—Output
m Y}
a
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e
Figure 2. Simplified electronic circuit schematic of the intermediate-frequency BHD. V+: positive
supply voltage, V-: negative supply voltage, PD: photodiode, ADL5523: ratio frequency amplification
chip, JMS: frequency mixer chip, LPF: low-pass filter.

To resolve this problem, we decided to use a more suitable RF amplification chip
because it can meet the design requirements of the circuit amplification section. However,
the RF amplification chip also has several disadvantages. Taking the ADL5523 RF ampli-
fication chip as an example, the gain and bandwidth of the chip are fixed, which causes
difficulties in adjusting the amplifier’s circuit flexibly according to the design requirements.
The purpose of the down-conversion section is to shift the intermediate-frequency signal to
the base band, which is the last part. Considering the working frequency and the conver-
sion loss, it is an excellent choice to use the frequency mixer chip (JMS) from Mini-Circuits.
Moreover, we can not ignore the impedance mismatching of the frequency mixer, which
has a significant influence on the bandwidth of the intermediate-frequency BHD, so it is
quite essential to design the surrounding circuit of the frequency mixer.

The whole intermediate-frequency amplification circuit, apart from the RFIC, has an
enormous impact on the performance of the circuit, considering the influence of the junction
capacitance of PD and the parasitic capacitance of the PCB are also significant. To reduce
the impact of these factors, we decide to select the Hamamatsu G9801-32 PD, which has
excellent performance, and its junction capacitance of PD is only 0.5 pF. Meanwhile, we take
some other measures (such as decreasing the length of the PD pins, optimizing the designed
PCB structure, using a smaller package to make the structure more compact) to reduce
the value of parasitic capacitance. Finally, the solder PCB is placed in an electromagnetic
shielding box to minimize the electromagnetic radiation.

Figure 3 shows the diagram structure of the optical experiment. First, the laser
generates a 1550 nm continuous-wave light, and a VOAL1 is utilized to attenuate the
signal power. The pulsed signal generated by an arbitrary waveform generator (AWG) is
modulated into the continuous-wave light by an amplitude modulator. Then, the signal
light interferes with the vacuum through the 50:50 BS after which the outputs are followed
by a variable optical delay (VOD) and a VOAZ2 for keeping a perfect balance of two arms.
The amplified intermediate-frequency signal is moved to the base band by a mixer, and a
low pass filter (LPF) is utilized to filter out the useless signal. Finally, we use the spectrum
analyzer (Rigal DSA815) and the oscilloscope (Keysight Technology MSOS804A) to analyze
the output signal.
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Figure 3. Diagram of the optical experiment. The red lines are optical paths, and the black lines are
electrical paths. Laser: 1550 nm continuous-wave fiber laser, AWG: arbitrary waveform generator,
VOA: variable optical attenuators, VOD: variable optical delay, AM: amplitude modulator, BS: beam
splitter, PD: photodiode, LO: local oscillator, LPF: low pass filter.

3.2. Bandwidth and QCNR

To prove the designed intermediate-frequency BHD can be applied in the local local
oscillator CV-QKD, we have taken several relevant measurements on the frequency domain
and time domain to obtain the information about QCNR, noise, and bandwidth. The test
structure diagram can be obtained by removing the AM in Figure 3. The frequency mixer
is indispensable for intermediate-frequency BHD, so the test results should include the
measurement without the frequency mixer and the measurement with the frequency mixer.
Figure 4a shows the bandwidth and noise power of the intermediate-frequency BHD with-
out the frequency mixer. In this part, the bandwidth of the band pass area is from 300 MHz
to 800 MHz. The output noise power of the amplification circuit starts to rise slowly
from around kHz, reaching a high point at 300 MHz, and beginning to drop sharply from
800 MHz. Nevertheless, the downtrend from 900 MHz to 1200 MHz is not intuitive, and the
main reason is that the frequency response design of the intermediate-frequency amplifica-
tion circuit is not perfect. Although the intermediate-frequency amplification circuit has
some defects, the whole performance of the circuit is excellent compared with other BHDs.
Figure 4b shows the bandwidth and noise power of the intermediate-frequency BHD with
the frequency mixer. The LO input of the mixer is a 500 MHz sine signal, which is necessary
to obtain the down-conversion signal. Because the effect of low-frequency 1/f noise is
eliminated, the quantum noise curve starts from DC rather than kHz. Simultaneously,
the electronic noise of the intermediate-frequency BHD reaches a low level, which is quite
crucial for the local local oscillator CV-QKD. For intermediate-frequency BHD, the band-
width is about 270 MHz, and the amplification gain is quite flat. The quantum noise power
rises with the increase of the input optical power and starts to fall from 270 MHz. We also
obtain the QCNR information of the intermediate-frequency BHD in Figure 4b. As the
optical power increases, the output noise ranges from DC to 270 MHz rises, then rolls down
owing to the limitation of the bandwidth. The QCNR of the intermediate-frequency can
attach 14.9 dB when the optical power is 9 mW. When the optical power reaches a certain
threshold, the noise spectrum starts to increase. If the optical power is much higher than
the threshold, the noise spectrum becomes the background noise spectrum of the spectrum
analyzer. The main reason is that the amplification circuit has already saturated when the
optical power exceeds the threshold.
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Figure 4. (a) Measured noise power of intermediate-frequency BHD without a mixer ranging from
kHz to 1.5 GHz. BHD noise spectrum at CW LO powers of 0.5,1, 2, 3, 4, 5, 7, 9 mW (from the third
lowest to highest curve). Bg noise: Spectrum analyzer background noise spectrum, Ele noise: BHD
electronic noise spectrum, resolution bandwidth: 100 kHz. (b) Measured noise power of intermediate-
frequency BHD with mixer and LPE. Intermediate-frequency BHD noise spectrum at CW LO powers
0f0.5,1,2,3,4,5,7,9 mW (from the third lowest to highest curve). LPF: DC-270 MHz. Resolution
bandwidth: 100 kHz.

The electronic and quantum noise in BHD are subject to Gaussian distribution. Mean-
while, the intermediate-frequency BHD is AC-coupled, so the mean of the noise is zero.
In practice, the quantum noise variance cannot be measured in complete isolation from
source of classical noise, so for intermediate-frequency BHD, the measured total noise
variance of intermediate-frequency BHD by the oscilloscope is the sum of the quantum
noise variance and the electronic noise variance. The electronic noise consists of the back-
ground noise of the instrument and electronic noise of intermediate-frequency BHD, which
is mainly composed of the electronic noise of BHD. We obtain the electronic noise of
intermediate-frequency BHD by the oscilloscope when the optical path is blocked, and the
total noise is measured in different input optical powers. It is not difficult to obtain the
corresponding quantum noise by subtracting the electronic noise from the total noise. We
use the Keysight oscilloscope to measure the total noise and the electronic noise in the time
domain. In order obtain enough data to analyze, we set the oscilloscope sampling rate to
10 GSa/s and set the time base to 1 us. First, we need to measure the electronic noise voltage
when the optical power is zero under these test conditions. Then we can obtain the total
noise voltage by changing the optical power. During the data processing, one data point is
selected every 10 data points in the raw data to avoid correlation. It is vital to obtain the
electronic noise and the total noise variance from the selected data. As shown in Figure 5a,
it is clear that the quantum noise variance increases with the increase of the local oscillator
power in an area, and we obtain the rough linear region of the intermediate-frequency
BHD. The measured value of QCNR in the time domain is about 15 dB at a LO power of
9 mW. The limitations of measuring instruments cause the different values of the QCNR
in the frequency domain and time domain. However, the QCNR in the time domain still
has a perfect agreement with that in the frequency domain. After analyzing the above test
results, it is evident that the idea of designing an intermediate-frequency BHD with high
speed is achievable.
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Figure 5. (a) Noise variance as a function of the CW LO power in the time domain. The red curve is
the total noise composed of electronic noise and quantum noise. The black line is electronic noise
from the BHD and other instruments. The green curve is quantum noise obtained by subtracting the
electronic noise from the total noise. The quantum noise variance to the electronic noise variance ratio
is 15.0 dB at a LO power of 9 mW. (b) Intermediate-frequency BHD output voltage as a function of
the optical power. The “PD+" and “PD—" are reversely biased photodiodes to generate the opposite
current. The black squares are the output voltage when only “PD+" is illuminated, and the red
triangles are the output voltages when only “PD—" is illuminated. The black line represents the
fitting line of the output voltage.

3.3. Linearity and Gain

In CV-QKD, random bits are encoded to the signal pulse at Alice’s side and recovered
by the BHD at Bob’s side [36]. In order to minimize the measurement error, it is essential to
guarantee that the intermediate-frequency BHD can work in a linear region. If the output of
the intermediate-frequency BHD is not linearly dependent on the input, the measurement
of the pulse quadrature will not be accurate. The performance of PD and the amplification
chip both affect the linearity of the intermediate-frequency BHD. For PD, it has a linear
region of photoelectric conversion. Simultaneously, the RF amplification chip also has a
linear region to amplify the signal. So it is necessary to ensure that both the PD and the
amplification circuit work in the linear region. We obtain the linearity test structure by
making a small change to the structure in Figure 3. The optical test power should not
be too large to ensure that the PD and amplifier can work in the linear region as well.
The designed BHD works in the intermediate frequency, so an AWG is used to generate a
sine wave with a frequency of 550 MHz, and the duty cycle is 50%. In the test, the pulsed
light is sent to one photodiode of intermediate-frequency BHD when another photodiode
is blocked. The amplitude of the output voltage is recorded by the oscilloscope and saves
the corresponding optical power. Then, the same pulsed light is sent to another photodiode
and measures the output voltage again. Figure 5b shows the output voltage of the two PDs
at different optical power ranging from 3 pW to 25 pW. The trans-impedance gain of BHD
is approximately equivalent to the slope of the line, which is about 22.4 k.

4. System Performance with Intermediate-Frequency BHD

Based on the above introduction about the performance of the intermediate-frequency
BHD, the security analysis of Gaussian-modulated coherent states and heterodyne detection
against collective attacks under an asymptotic scenario is given, and we make a simulation
to evaluate the performance of local local oscillator CV-QKD system with the application
of the designed intermediate-frequency BHD. As mentioned in Section 3, the measured
electronic noise v is 0.0384, the detection efficiency # is 0.612, and the bandwidth of
the detector is 270 MHz. Combined with the variance of the EPR state [37] V = 4 =
Va + 1 where Vj is the modulation variance, channel transmittivity T = 10~4L/10 where
« = 0.2 dB/km is the loss coefficient of optical fiber, excess noise ¢ = 0.05 corresponding to a
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more general environment, we can evaluate the final secret key rate by using the following
formula:

K = fsym(BIaB — XBE), ®)

where f is the reconciliation efficiency in the post-processing stage, fsym is the aforemen-
tioned repetition rate, Iop is the mutual information between legitimate users Alice and
Bob, and xpg is the Holevo bound. Iap is represented by

V+Xtot)

9
1+Xtot ( )

I AB — IOg 2 (
where X0t is the total additional noise defined at the channel input, which can be calculated
by Xtot = Xline + Xhet /T, where Xjine = (1+Te)/T —1=1/T — 1+ ¢ represents the total
channel-added noise defined at channel input, xpet = [1 + (1 — 77) + 20| /17 represents the
total detector-added noise defined at channel input, and T is the channel transmittivity,
in which ¢ is the excess noise, v, is the electric noise of the detector, # is the detection
efficiency. As for the calculation of xgg, it is as follows

2 L 5 A
XBE:ZG(AIZ 1)_ZG<A12 1) {10)
i=1 i=3

where G(x) = (x + 1)log ,(x + 1) — xlog ,x, A; represent the symplectic eigenvalues of
covariance matrices given by

1
Mo =[A% VA2 4B, A3, =

where for heterodyne detection case

[C++/C2—4D], A5 =1, (11)

NI =

A =V2(1—2T) + 2T + T2(V + Xiine )2
B = Tz(VXline + 1)2

= [AX?. +B+1+2 VVB+T(V + Xiine) ) +2T(V2 -1 12
T o AR b ( (V+ Xine) ) +2T(V2=1)]  (12)

2

T(V + Xtot )

According to the above calculation, we make a simulation about the secret key rates
as a function of distance of Gaussian-modulated coherent states and heterodyne detection
against collective attacks. The simulation results of adopting such intermediate-frequency
detectors in the local local oscillator CV-QKD scheme is shown in Figure 6. The blue solid
curve, blue dot-dashed curve, and blue dotted curve correspond to the block lengths of
N = 108, N = 107, and the asymptotic effect. The PLOB bounds that demonstrate the
fundamental limit of repeaterless quantum communications are also drawn in the Figure 6.
It can be seen that the secret key rate of the block length N = 108 reaches 1.506 Mbps at
40 km. When the block length is N = 10%, a key rate of 430.8 kbps can be achieved in
our 60 km optical fiber transmission system. As can be seen from the above results, the
designed intermediate-frequency BHD can help to obtain a high secret key rate, which is
enough to support the metropolitan applications.
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Figure 6. Secure key rate as a function of the transmission distance-based intermediate-frequency
BHD. The blue curves from left to right represent the achievable key rate considering the finite-size
effect with N = 108, N = 10, and the asymptotic effect. Besides, the black curve corresponds to the
PLOB bound [38,39]. Other parameters in our results are as follows: the modulation variance V5 = 3,
the electronic noise v,; = 0.0384, the detection efficiency 17 = 0.612, the loss coefficient of optical fiber
a = 0.2 dB/km, and the excess noise ¢ = 0.05.

5. Conclusions

In this paper, we design a new intermediate-frequency balanced homodyne detector
for local local oscillator continuous-variance quantum key distribution. For local local
oscillator continuous-variance quantum key distribution system, the designed intermediate-
frequency balanced homodyne detector can help reduce the complexity of the system, de-
crease the noise, and expand the capacity of the system. The bandwidth of the intermediate-
frequency balanced homodyne detector is about 270 MHz, the quantum-to-classical noise
ratio is around 14.9 dB and the trans-impedance gain is around 22.4 k. By adopting
the intermediate-frequency BHD, the secret key rate of the pilot-sequential Gaussion-
modulated coherent state (GMCS) CV-QKD system with a local local oscillator can reach
over 430.8 kbps of 60 km. From the results, we can intuitively see the superior performance
of the intermediate-frequency BHD.
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