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In a quantum key distribution system, it is crucial to keep the extinction ratio of the coherent pulses stable. This
means that the direct current bias point of the electro—optic modulator (EOM) used for generating coherent pulses must
be locked. In this paper, an autobias control system based on a lock-in-amplifier for the EOM is introduced. Its drift
information extracting theory and control method are analyzed comprehensively. The long term drift of the extinction ratio
of the coherent pulses is measured by a single photon detector, which indicates that the autobias control system is effective

for stabilizing the bias point of the EOM.
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1. Introduction

Since quantum key distribution (QKD) provides an ulti-
mately secure communication based on the laws of quantum
mechanics, it has received great attention and different proto-
cols have been proposed. In 1984, Bennett and Brassard pre-
sented the first QKD protocol known as the BB84 protocol. ]
In 1992, Bennett presented the protocol using two nonorthog-
onal states known as B92.1?) In 2003, Inoue et al. propounded
the protocol differential-phase-shift quantum key distribution
(DPS-QKD) using coherent pulses,?! which has been widely
studied for its advantages of communication efficiency!®! and
robustness against different attacks.*! Beside protocols, prac-
tical implementation methods of dealing with technical limi-
tations to improve the performance of the QKD system have
also been presented.>~7! In this paper, we pay attention to the
technical limitation: the drift of the electro—optic modulator
(EOM).

In QKD systems, especially DPS-QKD systems, an EOM
is commonly used to convert a continuous-wave (CW) laser
beam into pulses to produce coherent pulses, as part of the
coherent pulse source.*#°1 However, there is a critical prob-
lem with the EOM pulsing. The EOM direct current (DC)
bias point drifts over time.!!%!!] That means that the extinction
ratio (ER) of the coherent pulses would decrease with time,
causing interference visibility degradation and a higher quan-
tum bit error rate (QBER),['?] and also reducing the QBER
margin.

Different methods have been proposed to solve this
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problem.[!3-151 Considering the fact that the CW laser beam
in a DPS-QKD system is commonly weak, to measure
the EOM drift accurately, the method based on a lock-in-
amplifier (LIA) is a good choice for its characteristic of noise
compression.[!®17] Nevertheless, the quantitative analysis of
its drift information extracting theory has not yet been reported
to the best of our knowledge.

In this paper, we make a comprehensive analysis of the
autobias control system based on LIA, especially considering
the influence of an RF signal, reveal the drift information ex-
tracting theory and its application condition, build an autobias
control system, apply it to a coherent pulse source, and test its

effectiveness through four experiments.

2. Coherent pulse source in the DPS-QKD sys-
tem

In a DPS-QKD system, when weak coherent pulses that
are randomly phase-modulated are sent from a transmitter to a
receiver, they are attenuated to less than one photon per pulse
on average. To generate coherent pulses, a coherent pulse
source is commonly formed by a CW laser and an EOM as
shown in Fig. 1.[481 The EOM converts a CW laser beam
into coherent pulses with controllable pulse width and extinc-

tion ratio.
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Fig. 1. Schematic diagram of a coherent pulse source.

3. Drift of the electro—optic modulator

An EOM is characterized by taking a cosine function as

its transfer function: '8!
aP; oP,

P(,u[ (t) — m + m

2 2

cos { VE[VDC FVee(1)] + 9} e

where Poy(t) and P, are the powers of the output light and
input light respectively,  is the insertion loss of the EOM, V.
is the half-wave voltage of the EOM, Vpc and VRp(z) are the
DC bias voltage and RF modulating signal respectively, and 6
is the initial phase of the EOM.

In a DPS-QKD system, the EOM needs to be biased at
its minimum point by adjusting the DC bias voltage. How-
ever, electrical inhomogeneities or working condition (temper-
ature, humidity, stress) variation of the EOM lead to a drift of
the EOM with a change of the initial phase 6 in Eq. (1) as a
function of time.!'%!1:13] Figure 2 shows the drift phenomenon
and its influence on the output optical pulses. In the figure,
Vrr is the RF modulating signal. Over time, the transmission
curve drifts from curve 1 to curve 2. The output optical pulses
change from pulse 1 to pulse 2, resulting in ER degradation
and higher QBER in the DPS-QKD system. So the EOM must
be locked.

Pou

curve 2 | curve 1 pulse 1

pulse 2

Fig. 2. Drift phenomenon of the EOM.

4. Autobias control system
4.1. Setup

An LIA is capable of extracting the signal at a specific
frequency. It outputs a voltage that is proportional to the
amplitude of its input signal at the reference frequency and
is dependent on the phase difference between the input and

e.[16.19] Therefore, generating a special signal at a par-

referenc
ticular frequency whose amplitude indicates the drift of an
EOM together with an LIA makes it capable of measuring the
EOM’s drift.

Figure 3 shows an autobias control system based on LIA.
It contains a detector, an LIA, a control unit, an adder, and a
function generator. The LIA based on AD630 (Anolog De-
vices) is composed of an amplifier, a phase-sensitive detector
(PSD) multiplier, and a low pass filter (LPF). The control unit
is comprised of an AT89C51 microcontroller unit (51 MCU),
an analog-to-digital converter (ADC), and a digital-to-analog

converter (DAC). The autobias control system works as fol-

lows.
Py
P, P, coherent pulse train
CW lase bias RF
L | P,
%
Vir(t)
b
3 LIA
VD(,’
Vi (t PSD Viu(t) o L V()
DAC W51 MCUe= ADC LPF multipliter amplifier; detector
control unit 4

V(1) Vi(t)

function generator

autobias control system

Fig. 3. Schematic diagram of the autobias control system based on LIA.
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(i) A function generator: which provides a testing signal
(Vr(7)). Tt is superimposed on the DC bias voltage and ap-
plied to the EOM for carrying out the EOM drift information.
V() should be of low amplitude and low frequency so that its
influence on the output of the EOM can be ignored.

(i1) A detector: which converts part of the EOM output
into an electrical signal (Vi,(¢)) for the following circuit.

(iii) A function generator: which provides a reference sig-
nal (Vg(r)).
phase as Vp(¢). It is applied to the LIA for extracting an ex-
tracted signal (Vexe(#)) which carries the EOM drift informa-
tion from Vi, (¢).

(iv) An ADC: which converts Vex () into a digital sig-
nal so that it can be read by the 51 MCU. According to the
variety of the extracted signal Vex(¢), the 51 MCU adjusts
its output codes (its control algorithm is described in Subsec-
tion 4.3) to drive the DAC generating a DC bias voltage (Vpc)
to the EOM’s bias electrode to lock it.

Vr(¢) has the same frequency and same initial

4.2. Drift information extracting theory and control
method

In this part, we will describe the process to extract the
drift information of the EOM in detail, showing the drift infor-
mation extracting theory and control method.

According to the discussion in Section 3, the output of the
EOM in Fig. 3 can be expressed as

aP, aP, T
Pou(t) = —— u cos{

— (W
> + ) V”[DC

+ Vre(t) + Vr(1)] +9(z)}, 2

since the linearities of the beamsplitter, detector, and ampli-
fier, the input signal of the PSD multiplier can be expressed as
a similar expression as follows:

Vin(t) = BN GPou(t), €)

where f is the ratio of P, to P; + P> (Fig. 3), which is deter-
mined by the beamsplitter’s splitting ratio, o’ is the insertion
loss of the beamsplitter, 1 is the conversion efficiency of the
detector, and G is the gain of the amplifier.

The PSD multiplier multiplies its input V;/ (¢) by the ref-
erence signal Vg(¢). According to trigonometric transforma-
tions, we obtain its output signal as follows:

()
= AVR(t) +ACcos L’/TVDC + G(I)} cos [JVRF(I)} V(1)

V3 T

— ACsin LZVDC + 9(I)} sin |:‘ZVRF(1)] V(1)

— ADsin {ﬂVDC + G(I)} cos [EVRF(t):|
er Vﬂ'

— ADcos [‘ZVDC + B(I)} sin [‘ZVRF(I)] ) “)

where A = 0.5P,afo’'nG, C = cos[nVr(t)/Vz], and D =
VR (t) sin[zVr(t) / V).

In this control system, signals Vr(¢) and Vg (¢) are square-
wave signals with the same frequency, the same initial phase,
the same zero mean power, and the same duty ratio of 50%.
Based on even and odd qualities of the trigonometric func-
tions, we obtain that C and D are constants.

In a DPS-QKD system, coherent pulses are commonly of
a GHz repetition rate and femtosecond width.[?>2!] The RF
modulating signal of its EOM could be described as

Vi ([)* V17 nTRF_ngtgnTRF"’_TWv
REV) = Vo, others,
n=0,+1,42,43,..., 5)

where Ty, is half of the pulse width, Trr is the period of Vrp(7),
and Vj and V] are stable voltages.

According to the laws of Fourier transform, the Fourier
transform of y(¢) is

AC
Y(0) = AVg (o) + Pl Fi(0) *Crr(@) * Vi (@)
AC

— m X Fz(w) *SRF(Q)) *Vé(m)

AD
— E X Fz(a)) *CRF(G))
AD
2r

x Fi(®) * SRr(@), (6)

where Vi (0), Fi (), F>(®), Crr(®), Srr(®) are the Fourier
transforms of Vg (¢), cos[(7/Vz)Vpc + 0(¢)], sin[(7/Vz)Vbe +
0(t), cos[(m/Vz)Vrr(t), sin[(7/Vyr)VrE(t)] respectively.

The components of Y (@) are listed in Table 1.12?!

Because the drift of the EOM is slow, Fj (@) is not zero
only within a small range of low frequency, neither is F>(®).
Because Vrp(f) is of a high frequency, the value of wgp is
much larger than @wg. Therefore, components 1, 2, 4, 7, and
9 will be eliminated by the LPF, if the following inequalities
hold:

{ R > 2-max{Wico, Dds } 7
max{®4co, Wast} < Wgp < Wr —max{Wyco, Bgsi },

where @Wqco and @qgsy are the cut-off angular frequencies of
Fi(®) and F>(®), o is the angular frequency of Vg (), and
Mqp, is the bandwidth of the LPF.

For component 3, only the
|moR + korp| < Ogp + Ogco could pass through the LPE. Ow-
ing to the huge value of wrr and the low value of wg, these

items which meet

items have m of huge value and negligible amplitude. They
could be neglected. Component 5 is of the same situation.

The angular frequencies of component 6 and component 8
are lower than @gy. So, the output of the LPF is
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Table 1. Components of ¥ ().

Components of Y (o)

No.
Expression Detail
2sin0.
AV (o) Ang Y 20T 50— k) |
70 km
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R is the angular frequency of Vg (7). AR is the amplitude of Vg (7). wgF is the angular frequency of Vgg(7).

2Tw > Vo 2Ty Vi ]
COS COS

modulating signal Vrp(#) influence the amplitude and phase of

Vextr (1)-
According to Eq. (10), if the mean values of

cos(nVrp(7)/Vz) and sin(nVrp(7)/Vy) are zero at the same

time, “H” will be identically zero and Vi (¢) also becomes

Trr Vi Trr Vx identically zero. This will cause the autobias control system
% COS [EVDC + 9(,)} ) @8) to be invalid. Hence for using this autobias control system ef-
Vz fectively, “H” must not be zero, which means that the mean

According to trigonometric transformations, equation (8)
turns into

Vexu(t) = —ADH sin [(D + ”XDC + e(r)} , 9)

T

where

2T, 2T, 2
H = { Kl—) cos—nVO +7 nVl]
Trf Ve Trr Vr
2T, Vo 2T, % 172
+{<1 )si”°+wsi ”1} }
TR Ve Trr Vr

2T, 2T, (Vi — Vo) )
= J1a22 (12 ) (cos A0 1) (10
\/ TRF ( TRF> < Va 10

values of cos(nVrp(7)/Vr) and sin(nVrp(f) /Vy) should not be
zero at the same time.

If “H” is not zero, Vex(#) is a function of 6(¢) and Vpc.
The autobias control unit could lock the EOM by adjusting the
DC bias voltage to counteract the drift of 6(¢) according to
the variety of Ve (7). Hence this autobias control system is
appropriate for the systems in which “H” is not zero.

The DPS-QKD system is a typical example of apply-
ing this autobias control system, because it employs electrical
pulses of duty ratio much less than 50% and the peak-to-peak
value of |V} — Vy| = V to drive the EOM to generate coherent
pulses. According to trigonometric transformations, after ap-

plying |V} — Vp| = Vi in Eq. (9) the resulting expression turns
Kl - 2T> A n 2Ty . 717V1:| into
_ TrRr Va TRF Vz
& = arctan .1
|:< 2Ty ) Vo 2Ty 7L'V1:| Vexer (£)
1——)cos— + T— v extr
Tre ) Va RF T 4T, vy 1V
— _AD (1 —W) sin ( 0, 27bC +9(r)>. (12)
According to Eq. (9), the voltages and duty ratio of the RF T Va Va
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4.3. Control algorithm

The control algorithm of the control unit is described as
follows.

i) Find the EOM minimum point

When the EOM works without an RF modulating signal,
Vo and V; in Eq. (8) will be zero and the resulting Eq. (8) turns
nto

13)

Vexue(t) = —ADsin [Q(t) 4z VDC} .

T

Meanwhile, to bias the EOM at its minimum point, 8 (¢) +
Vpc/Vz should be 7w + 2km (k = 0,+1,+2,+3) according to
the EOM’s transfer function Eq. (1). Thus, the zero points
with a negative slope in the relation curve of Vpc and Ve (¢)
(as described in Eq. (13)) indicate that the EOM is biased at its
minimum point, if D < 0 (when the amplifier is an inverting
amplifier).

Therefore, without applying the RF signal to the EOM,
scan Vex () by increasing the output (Vpc) of the control unit
step by step until the minimum point of the EOM is found.

i) Store the value of Ve (¢), with the RF applied to the
EOM.

After finding the minimum point of the EOM maintain
the value of Vpc, apply the RF modulating signal Ve (¢) im-
mediately, read the value of Vex(f) and store it in a memory.

iii) Lock the EOM

Constantly read Vex(7), compare it with the value stored,
adjust Vpc once the read and stored values are unequal. If the
read Vex(¢) value is larger than the value stored, increase Vpc;
otherwise, reduce Vpc.

5. Experiments and results

In this section, a coherent pulse source with an autobias
control system based on LIA is built. The setup scheme for
testing its performance is shown in Fig. 4. Firstly, an InGaAsP
diode laser which delivers a 1550-nm laser is employed as the
CW laser. Then, a polarization controller (PC) (SFFPCO10,
Shenzhen Shinemits Technology Limited) is used for better
coupling the CW laser output into the EOM (SMS-55-SS-SP,
Shenzhen Shinemits Technology Limited). Then the beam-
splitter (WBC-22-135-50-1-09-FC/PC-B, WRI) splits the out-
put of the EOM into two: one for the autobias control sys-
tem and the other for testing. The variable attenuator (FVA
3100, EXFO) attenuates one of the beamsplitter outputs to en-
sure that the input of the single photon detector is less than
0.1 photon per gate on average. The single photon detector
(id-201 SPDM, IDQ) measures the output of the variable at-
tenuator. The digital delay generator (DG535, SRS) is used
to synchronize the trigger signal of the single photon detector
with its input optical pulse train. The RF signal generator de-
signed by our laboratory provides synchronization signals: the
RF modulating signal Vrg(¢) for the EOM and the trigger sig-
nal Viy; (1) for the single photon detector. The fibers connecting
the different apparatuses are single-mode fibers.

Since the EOM is polarization-dependent, for excluding
the drift of the EOM’s input light from the experimental re-
sults, its power and polarization states are monitored long term
by the setup shown in Fig. 5. The PC controls the polarization
state of the CW laser output. The beamsplitter splits the output
of the PC into two parts: one is for power testing and the other
is for polarization state testing. The types of the PC and the
beamspliter are the same as those in Fig. 4 respectively.

coherent pulse source

CwW EOM
laser bias RF

50:50

RF signal
source

beamsplitter

autobias
control system

Vii(t) digital delay
generator

single photon
detector

variable
attenuator

Fig. 4. Setup scheme for testing the performance of the autobias control system.

power
meter 1
CW 50:50
Ly PC 50:50
laser beamsplitter . power
polarizer
meter 2

Fig. 5. Setup for stabilization test of the CW laser.

According to the Stokes vector, the degree of polariza-

tion (DOP) and polarizing angle () of a light can be obtained

from the following expression: (%3]

v (lo—1I50)? + (Ius — I35)?

DOP =
Ip+Ioo

)
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Iys — I35 (14)

o = 0.5arctan ,
0 —1Ioo

where [y, Iys, lyo, and I35 are the intensities of the light in the
polarizing directions of 0°, 45°, 90°, 135° respectively.

Firstly, set the CW laser output power to be some value.
In this experiment, it is set to make power meter 1 (XR1882,
XIRON) receive a light of 56.585 uW. Then note the values
of power meter 2 (PM-1600, EXPO) when the direction of
the transmission axis of the polarizer is located at angels of
0°, 45°, 90°, 135°, and note the value of power meter 1 ev-
ery 15 min for 7 h. During the experiment, the fibers between
different apparatuses are kept still and the room temperature
is kept between 19 °C and 22 °C. The results are shown in
Figs. 6 and 7.

meter 1/pW
> % o

ot Ot Ot Ot Ut O O
ot O =

Input of power

ot
~

Fig. 6. Evolution of the power meter 1 input.

—12
0.8 WWH
—14
—— DOP .
A 0.7 o
@) - O ~
A —16 ©
0.6
—18
0.5 llllllllllllllllllllllllllll

Fig. 7. Evolution of the CW laser polarization state.

As shown in Fig. 6, the input light of power meter 1 has
a drift of 2.471 uW at the first 15 min. Then it fluctuates be-
tween 59.056 uW and 60.478 uW. As shown in Fig. 7, « has
a drift of —2.15° at the first 45 min. Then it fluctuates between
—18.37° and —17.18°. The DOP fluctuates between 7.91 and
8.25 in 7 h. The drift of o and the fluctuation of DOP may be
due to a small change of the room temperature, the birefrin-
gence effect of the fibers, a recovery of the fibers after being
strained or just an error due to the error in locating the polar-
izer at different angles each time. These results suggest that
after the CW laser works for 45 min, the input light of the
EOM in Fig. 4 would be more stable and the drift of the in-
put light of the EOM can be excluded from the experimental
results.

For testing the performance of the autobias control sys-
tem, we measure the drift of the pulse base and the drift of
ER of the coherent pulse source when the EOM works with-
out or with the autobias control system. Here the pulse base is
the output of the coherent pulse source, when the EOM works
without the RF modulating signal and is biased at its minimum
point. In these experiments, the CW laser has been working
for more than 45 min before testing. The fibers between differ-
ent apparatuses are kept still and the room temperature is kept
between 19 °C and 22 °C during these experiments. All these
are done to exclude the drift of the input light of the EOM from
the testing results and ensure that a similar working condition
of the EOM is maintained during the testing.

In the first experiment, the pulse base drift of the coher-
ent pulse source is measured when the EOM works without
bias control. Since the linear relationship between the coher-
ent pulse source output and the single photon detector input,
the pulse base drift of the coherent pulse source can be mea-
sured by monitoring the drift of the photon counting of the
single photon detector, when the average photon number per
gate is less than 0.1.1>*] The experiment is carried out as fol-
lows. Firstly, the RF modulating signal Vgg(¢) in Fig. 4 is
turned off. The power of the input light of the EOM is set to
be 101.81 uW. The single photon detector works with a 2.5-ns
gate width and 107142.6-Hz trigger frequency. Its dead time
is set to be invalid. Its dark counting (Cyy ) is 2.18 Hz. Then
the EOM is biased at its minimum point by a DC bias voltage.
It is kept during the experiment. The photon counting of sin-
gle photon detector (Cphoto) is noted every 15 min for 7 h. The
result is shown as line 1 in Fig. 8.

400
N
T 300
=
<)
| 200 . .
2 —— line 1 without control
<) —e— line 2 with control
100
0 [hersoooniosonoossooeossooense
0 90 180 270 360
Time/min

Fig. 8. Comparison of the pulse base evolution of the coherent pulse
source between without (line 1) and with (line 2) bias control.

In the second experiment, the pulse base drift of the co-
herent pulse source is measured when the EOM works with
the autobias control system. For ensuring the comparability
of the results between the first experiment and the second ex-
periment, the second experiment is done exactly in the same
manner as the first one, except the EOM works with the auto-
bias control system. The result is shown as line 2 in Fig. 8.
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According to Fig. 8, without bias control, the pulse base
of the coherent pulse source has an evident drift. Cphoto — Cdark
drifts from 1.51 Hz to 599.08 Hz. Since the stabilization of
the input light of the EOM has been proved above, this drift is
mainly due to the drift of the EOM. Working condition vari-
ation or electrical inhomogeneities of the EOM could cause
its drift. Since the working condition in this experiment is
kept similar, the drift is mainly due to the electrical inhomo-
geneities. Electrical inhomogeneities of the EOM cause a re-
distribution of the electrical charge, yielding the occurrence of
a time-dependent depolarizing electric field, when a bias volt-
age is applied.['3] That means that there will be an unstable
inner field if the DC bias voltage keeps still. In other words,
the voltage is actually used to modulate the input light changes
over time, leading to a change of the phase 6 in Eq. (1). Thus,
the pulse base of the coherent pulse source drifts. Working
with the autobias control system, the pulse base of the coher-
ent pulse source fluctuates within a small range. The EOM is
locked around its minimum point. Cphoto — Caark is kept be-
tween 0.79 Hz and 1.44 Hz. That is because the autobias con-
trol system adjusts the DC bias voltage to compensate for the
changing of the inner electric field, thereby maintaining the
actually modulating voltage.

In the third experiment, the ER drift of the coherent pulse
source is evaluated when the EOM works with an RF mod-
ulating signal and without control. According to the linear
relationship mentioned in the first experiment, the ER of the
output of the coherent pulse source can be gained from the
following expression:

ER=101Ig (15)

where N and M are the photon countings of the single pho-
ton detector, which relate to the pulse top and the base of the
coherent pulse respectively.

Therefore, we can evaluate the ER drift by monitoring
the values of N and M. The power of the EOM input light
is set to be 102.78 uW. The EOM is biased at its minimum
point and the DC bias voltage is kept still. An RF modulating
signal Vrp(r) with a 2.2-V amplitude and 704-ps pulse width
is applied to the EOM. The single photon detector works in
the same manner as that in the first two experiments. Every
15 min, we adjust the delay time of the digital delay generator
to synchronize the single photon detector with the pulse top
and the base of the coherent pulse, recording the values of N
and M respectively. The drift of the ER gained from M and N
is shown as line 1 in Fig. 9.

In the fourth experiment, the ER drift of the coherent
pulse source is evaluated when the EOM works with an RF
modulating signal and with the autocontrol system. For ensur-
ing the comparability between the results in the third experi-
ment and those in the fourth experiment, the input light of the

EOM, the RF modulating signal and the single photon detector
work in the same manner as those in the third experiment. N
and M are recorded every 15 min for 7 h. The result is shown
as line 2 in Fig. 9.

35

30

25
20

—— line 1 without control

—e—line 2 with control

15

ER of the
coherent pulse/dB

10
5

) S S S S S S S S S

0 90 180 270 360

Time/min

Fig. 9. Comparison of the ER evolution of the coherent pulse source
between without (line 1) and with (line 2) bias control.

As shown in Fig. 9, without bias control, the ER changes
from 29.87 dB to 9.97 dB in 7 h. That is because the drift of
0 (referring to the first experiment) degrades the ER, as ex-
plained in Section 3. While working with the autocontrol sys-
tem, it is kept between 29.64 dB and 32.18 dB. The unstable
inner field due to electrical inhomogeneities is compensated
by the autobias control system. The ER remains still.

The experiments indicate that by using the autobias con-
trol system presented in this paper, the EOM is locked and the
output of the coherent pulse source is stabilized.

6. Conclusion

In this paper, we present an autobias control system based
on LIA. The comprehensive analysis of the process to extract
the drift information verifies the feasibility of this drift mea-
surement and control method. The relationship between the
extracted signal and the RF modulating signal is obtained, and
so are the application conditions of the autobias control sys-
tem. This autobias control system is applied to the EOM used
in a coherent pulse source. Experiments show that the EOM
is locked and the ER of the coherent pulses is kept between
29.64 dB and 32.18 dB in 7 h.
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