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Abstract—Satellite-based quantum key distribution (QKD) has
made significant strides in the past few years, and an international
space race toward practical quantum networks has begun. Being
one major encoding method, highly robust, high-performance and
miniaturized polarization modulation is critical to meet the needs
of future satellite applications. Here, we employ the Sagnac-based
method to realize inherent-stable polarization modulation and pro-
pose a novel optical design to achieve a state-of-the-art repetition
rate of 2 GHz. This value approaches the theoretical repetition
frequency limit with commercially-available phase modulators.
Furthermore, the polarization encoder is miniaturized into a robust
6.0 cm × 6.5 cm module and two commercially mature phase
modulators. A 90-min consecutive test was successfully performed,
verifying the robustness of this scheme with an average quantum
bit error rate as low as 0.42%. The presented intrinsically stable
high-speed polarization modulation provides an effective solution
for future satellite applications.

Index Terms—Quantum key distribution, high-speed
polarization modulation, Sagnac.

I. INTRODUCTION

S INCE the first quantum key distribution (QKD) protocol
proposed in 1984 [1], remarkable breakthroughs have been

made in the past few decades, including fiber links [2], [3],
[4], [5], [6], [7], [8], [9], free-space links [10], [11], [12], [13],
[14], and even satellite-based links [15], [16], [17], [18], [19].
Recently, an international space race toward practical quantum
networks has begun, and several proposals for satellites and
quantum constellations have been reported [20], [21], [22], [23],
[24], [25], [26]. Polarization encoding, due to the advantage
of high fidelity and negligible loss in outer space, is widely
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applied in satellite-based QKD. For future satellite applications,
the space-borne polarization encoder has to be highly robust to
withstand the harsh environments during satellite launch and
in-orbit operations, has to achieve high repetition frequency
and low quantum bit error rate (QBER) to maximize the key
generation rate, and has to be miniaturized to reduce the required
volume and weight.

Thus far, several encoding schemes have been proposed [27],
[28], [29], [30], [31], [32], [33], [34], [35], [36], [37], which can
be generally classified into two categories. The first one is based
on the balanced Mach–Zehnder (MZ) interferometer [37] or on
the lithium niobate (LiNbO3) phase modulator (PM) with the
polarization-maintaining fiber (PMF) input aligned at 45◦ [28],
[31], [32], [33]. Due to the two orthogonal light components
transmitting in different MZ interferometer arms or different
axes of the modulator, this polarization modulation is sensitive
to external environmental disturbances. The requirement of strict
working environments leads to complex structure thermal iso-
lation and temperature control, resulting in large resource costs.
This method also suffers from polarization mode dispersion
(PMD), and additional compensation is required [31], [32], [33].

The other is based on interferometers that use either Sagnac
loops [34], [35], [36] or Faraday mirrors [27], [30]. Because the
typical time scale of the phase noise introduced by the transmis-
sion medium [38] is significantly longer than the propagation
time (tens of nanoseconds) in the Sagnac interferometer, the
phase difference between the two interferometer arms can be
well canceled after transmission through the Sagnac loop. As a
result, this method exhibits inherent robustness and can achieve
long-term stability without any adjustment or compensation,
which has been demonstrated in [34], [35], [36], [38]. Although
remarkable achievements have been made in Sagnac-based po-
larization modulation [34], [35], [36], most of them are imple-
mented by discrete modules with insufficient integration, while
the repetition frequency can be further improved to approach the
theoretical limit with commercially-available modulators.

In this paper, we have conducted, to the best of our knowledge,
the first in-depth analysis of the repetition frequency limit of
Sagnac-based polarization modulation. To overcome the elec-
tronics challenges when approaching the limit, we proposed a
novel two-stage polarization modulation scheme through flex-
ible optical design. Two sets of simplified binary electrical
signals and two PMs are adopted to prepare the four polarization
states utilized in the BB84 protocol. The proposed polarization
encoder is composed of a customized 6.0 cm × 6.5 cm module
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Fig. 1. Schematic of the typical polarization modulation based on a Sagnac
interferometer. PMF, polarization-maintaining fiber; SMF, single-mode fiber;
PM, phase modulator; SMA, SubMiniature version A; CW, clockwise; ACW,
anti-clockwise.

and two commercially mature phase modulators, which are
miniaturized and fit the demands of future satellite applications.
We conducted a successful 90-min consecutive test at a repetition
frequency of 2 GHz, which approached the repetition frequency
limit with a commercially-available PM and was a state-of-the-
art value for Sagnac-based polarization-encoding QKD systems.

This paper is organized as follows: in section 2, we analyze
the repetition frequency limit of the Sagnac-based polarization
modulation; in section 3, we introduce the proposed two-stage
polarization modulation scheme; in section 4, we provide the
experimental implementation and results; finally, we conclude
and discuss in section 5.

II. REPETITION FREQUENCY LIMIT OF SAGNAC-BASED

POLARIZATION MODULATION

Schematic of the typical polarization modulation based on
a Sagnac interferometer is presented in Fig. 1, consisting of a
polarization module and a PM inside a Sagnac loop [35].

After entering the Sagnac interferometer, the incident optical
pulses are divided into two portions, and both aligned to the slow
axis of the polarization-maintaining fibers (PMFs). The verti-
cally (|H〉) polarized portion travels in the clockwise (CW) di-
rection, while the horizontally (|V 〉) polarized portion travels in
the anti-clockwise (ACW) direction. The PM is a commercially-
available high-bandwidth traveling-wave LiNbO3 phase mod-
ulator. The modulating electrical signal is input to the SMA
(SubMiniature version A) connector and propagates clockwise
in the strip electrode with a terminal load resistance of 50 Ω.
When the optical pulses are transmitted in the PM waveguide,
additional phases are applied to them by precisely matching the
timing of the modulating electrical pulses and the optical pulses,
resulting in the four polarization states (|D〉, |A〉, |L〉 and |R〉)
in the BB84 protocol.

Ideally, the electrical pulses interact only with the CW optical
pulses and are completely interleaved with the ACW. However,
as the repetition frequency increases, the interaction between the
electrical pulses and the ACW optical pulses is inevitable. An
electrical pulse, while acting on a CW pulse, also interacts with

Fig. 2. Schematic of the repetition frequency limit of a Sagnac interferometer.
For an electrical pulse, while acting on a CW pulse, it also interact with the
corresponding ACW pulse.

the corresponding ACW pulse. When exiting the Sagnac loop,
these two optical pulses will interfere with each other, and the
phase modulation effect between them is partially neutralized,
resulting in a decrease in the overall applied phase. As shown
in Fig. 2, we assume that the ACW pulse n− enters the PM at
t0 = 0, while the corresponding electrical pulse of the CW pulse
(n− 1)+ exits the PM simultaneously. At t1 = TPM/2 + To/2
(TPM represents the propagation time of the optical pulse along
with the PM electrode and To refers to the duration of the optical
pulse), the ACW pulse n− propagates to the middle of the
PM, and the electrical pulse acting on the CW pulse n+ will
also interact exactly with the ACW pulse n− completely. At
t2 = TPM + To, the ACW pulse n− exits the PM completely,
while the corresponding electrical pulse of the next CW pulse
(n+ 1)+ just enters the PM. The Δt in Fig. 2 is twice the min-
imum system repetition period. Therefore, the corresponding
maximum repetition frequency is given by

fmax =
2

Δt
=

1

T
PM

+ To

2 + Te

2

, (1)

where Te refers to the duration of the electrical pulse, T
PM

=
l
PM

c/n0
(l

PM
refers to the PM length), c represents the speed of light

in a vacuum, and n0 is the refractive index of the PM waveguide.
fmax is the intrinsic repetition frequency limit of the Sagnac
loop, which is determined by TPM , To, and Te. Note that in
order to obtain the maximum repetition rate, the loop delays of
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the two arms inside the Sagnac must be finely controlled to be
equal, within a tolerance of a few millimeters.

According to equation (1), considering a commercial
LiNbO3 PM with a length of 40 mm, a typicalTo of 70 ps andTe
of 220 ps, respectively, the theoretical repetition frequency limit
fmax is 2.27 GHz. Limited by the length of the LiNbO3 PM
and the width of the modulated electrical signals, it is hardly to
break through this repetition frequency limit with state-of-the-art
commercial modulators. Besides, the previous works [34], [36]
adopted the bidirectional configuration to prepare the polar-
ization states. However, this scheme suffers a lower repetition
frequency limit because the modulating electrical pulses must
be wide enough to enable independent modulation of the reverse
optical pulses.

III. IMPLEMENTATION OF TWO-STAGE POLARIZATION

MODULATION

For high-speed drive electronics, multi-amplitude signals are
generally generated by the superposition of multi-channel sig-
nals [39]. The research in [35] adopted the single-stage scheme to
realize the polarization modulation requires multi-stage electri-
cal pulses to prepare the polarization states. However, generating
a perfect multi-amplitude square wave signal to modulate light
pulses is extremely challenging. Harsh electronic crosstalk and
noise caused by the superposition of signals can degrade modu-
lation performance and increase QBER. Moreover, as mentioned
above, for Sagnac-based polarization modulation, the phase
modulation effect will be partially neutralized when approaching
the repetition frequency limit, which results in an equivalent
half-wave voltage increase. This further increases the difficulty
in achieving higher repetition rates.

To achieve modulation rate close to the limit, We have pro-
posed a novel two-stage scheme, which consists of a customized
polarization module and two Sagnac-based interferometers. We
have completed the key technologies such as high polarization-
maintaining fiber alignment and high-efficiency optical path
coupling, and finally realized the integration of the polarization
module. Schematic of the polarization modulation scheme is
shown in Fig. 3(c). The polarization polarization process is as
follows:

1) Linearly polarized optical pulses propagate along the slow
axis of the input PMF. After being rotated by 45◦ and passing
through a circulator (Cir1), the optical pulses are incident on port
1 of a polarization beam splitter (PBS1). The input polarization
state can be expressed as

|ψ0〉 = 1√
2
(|H〉+ |V 〉). (2)

2) The optical pulse is then divided into two portions by PBS1.
The reflected (transmitted) portion is vertically (horizontally)
polarized and is coupled into the slow axis of the PMF at port 2
(3). The portion then propagates along the first Sagnac interfer-
ometer (IF1) in the CW (ACW) direction. In the CW direction,
the LiNbO3 phase modulator introduces an additional phase
ϕ1 to the optical pulses by precisely matching the relative delay
between the optical pulses and the driving electrical signals.

Fig. 3. (a) Photograph of the customized polarization module with a size
of 6.0 cm × 6.5 cm. The insertion loss of the custom device is 6.56 dB. (b)
Schematic of the polarization analysis module used to analyze the four gener-
ated polarization states for the BB84 protocol. (c) Schematic of the two-stage
polarization modulation scheme. BS, beam splitter; PBS, polarization beam
splitter; ATT, attenuator; PC, polarization controller; SNSPD, superconducting-
nanowire single-photon detector. The fibers of the two arms inside the Sagnac
are set to be of equal length.

Meanwhile, since both the CW and ACW portions travel along
the slow axis of the PM fiber, no PMD is observed, and a single
polarization mode propagates in the PM. After both portions
pass through IF1, the polarization state can be expressed as

|ψ1〉 = 1√
2

(
ei(ϕ1+δc1)|s〉c1 + eiδa1 |s〉a1

)
, (3)

where the subscripts c1 and a1 refer to the CW and ACW
portions of IF1, respectively. Due to the Sagnac loop path, the
common phases of δc1 and δa1 are applied to the two portions,
respectively. Because the typical time scale of the phase noise
introduced by the transmission medium [38] is significantly
longer than the propagation time (tens of nanoseconds) in the
Sagnac interferometer, the common phases of δc1 and δa1 can
be considered equal on the Sagnac-loop time scale and can be
omitted for the sake of simplicity.

3) The PMF between ports 2 and 3 of PBS1 helps achieve a
90◦ polarization rotation after the optical pulse passes through
the IF1. The CW (ACW) portion output from the PMF at port
3 (2) reaches PBS1 again. After passing through Cir1 and Cir2,
the CW (ACW) portion of IF1 is incident on port 1 of PBS2,
totally transmitted (reflected) to port 3(2) due to its horizontal
(vertical) polarization, and finally coupled into the slow axis of
each PMF. After both portions pass through IF2, the polarization
state can be expressed as

|ψ2〉 = 1√
2

(
ei(ϕ2+δc2)|s〉c2 + eiδa2 |s〉a2

)
, (4)

where the subscripts c2 and a2 refer to the CW and ACW por-
tions of IF2, respectively. Similar to the first stage, the common
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phases of δc2 and δa2 can be considered equal on the Sagnac-loop
time scale and can be omitted as well.

(4) The PMF between ports 2 and 3 of PBS2 helps achieve
a 90◦ polarization rotation again after the optical pulse passes
through IF2. The CW (ACW) portion finally remains in vertical
(horizontal) polarization. Then the CW (ACW) portion of the
IF2 output from the PMF at port 3 (2) reaches PBS2 and Cir2
again. The output polarization state can be written as

|ψ3〉 = 1√
2

(
|H〉+ ei(ϕ2+ϕ1)|V 〉

)
. (5)

By changing the additional phases of ϕ1 and ϕ2, a spe-
cific polarization state can be generated. For example, the
output polarization state can be written as |D〉 = 1√

2
(|H〉+

|V 〉), |L〉 = 1√
2
(|H〉+ i|V 〉), |A〉 = 1√

2
(|H〉 − |V 〉), |R〉 =

1√
2
(|H〉 − i|V 〉), where (ϕ1, ϕ2) equals (0, 0), (0, Vπ/2), (Vπ ,

0), and (Vπ, Vπ/2), respectively. By using the two sets of
binary electrical signals, the four polarization states in the BB84
protocol can be realized.

The presented two-stage polarization modulation scheme in-
herits the robustness of the inherently stable Sagnac interferom-
eter. Most importantly, this solution can simplify the demand
of multiple-amplitude electrical signals and reduces electronic
crosstalk, making it possible to approach the repetition fre-
quency limit of the Sagnac loop.

IV. EXPERIMENTAL DEMONSTRATION AND RESULTS

We utilized a self-developed pulse generator board to produce
the required binary electrical signals. A 1550-nm laser diode
(LD) was driven by periodic electrical pulses to emit short
optical pulses with a duration of ∼70 ps. The output optical
pulses were directly fed into the customized polarization module
[Fig. 3(c)]. Two sets of electrical pulses with a duration of
∼220 ps were adopted to drive the two PMs in the Sagnac
interferometers and to apply the required additional phases.
The raw half-wave voltage of the commercial LiNbO3 PM
we adopted is approximately 4.1 V. However, the measured
equivalent half-wave voltage required in the experiment reached
6.5 V, due to the partial neutralization of the phase modulation
effect when approaching the repetition frequency limit. After
polarization modulation, the output optical signals were used
for polarization analysis.

To prepare the four target polarization states for the BB84
protocol, pseudo-random binary electrical pulses with a repeated
1600-bit pattern were applied to the two PMs. The generated
polarization states were attenuated to the single-photon level
and analyzed using a polarization analysis module consisting
of a PC for polarization compensation, a beam splitter, and
two PBSs, as shown in Fig. 3(b). The output photons were
then detected by four superconducting-nanowire single-photon
detectors (SNSPDs). A time-correlated single-photon-counting
(TCSPC) device (PicoQuant, HydraHarp 400) was utilized to
analyze the measured results. The time bin width of the TCSPC
device is set as 16 ps. The TCSPC device is time-synchronized
by the electrical signal generated from the pulse generator board

Fig. 4. (a) the theoretical repetition frequency limit fmax of a commercial
LiNbO3 PM under different Te. The star represents the successfully achieved
2 GHz polarization modulation, close to the theoretical frequency limit. The
cross represents the polarization modulation tested at 2.5 GHz. (b) The measured
photon distributions of the polarization modulation tested at 2.5 GHz and 2 GHz.
The inevitable inters-ymbol interference was observed between the adjacent
pulses at 2.5 GHz.

Fig. 5. (a) Measured average quantum bit error rates for 90 consecutive
minutes. (b) Typically measured photon distributions of the four detectors (|D〉,
|A〉, |L〉 and |R〉). The time interval between the adjacent two pulses is 500 ps,
corresponding to a repetition frequency of 2 GHz.

and gives out the measured photon distributions after a count
accumulation of 30 seconds.

For the adopted LiNbO3 PM with a length of 40 mm, the
corresponding fmax under different Te is shown in Fig. 4(a).
The rate of the pulse generator we adopted is 10 Gbps. The
corresponding achievabe modulation frequencies are 2 GHz
and 2.5 GHz, etc., and we have tested the performance of
polarization modulation at these two repetition rates. The star
in Fig. 4(a) represents the successfully achieved 2-GHz polar-
ization modulation, close to the theoretical frequency limit. The
cross represents the polarization modulation tested at 2.5 GHz,
which has exceeded the frequency limit. An average QBER of
|D〉 and |A〉 at 2.5 GHz reaches 0.71%, which is about twice the
0.35% at 2 GHz, and inevitable inter-symbol interference was
observed between the adjacent pulses, as shown in Fig. 4(b).

Finally, a successful experimental test was conducted at a
repetition frequency of 2 GHz. Typical photon distributions
(|D〉, |A〉, |L〉, |R〉) are shown in Fig. 5(b). To demonstrate
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the applicability of the presented two-stage polarization mod-
ulation scheme, a long-term polarization modulation test was
conducted on an indoor optical platform without thermal iso-
lation and temperature control. The relevant measured QBER
results with a gate width of 176 ps are displayed in Fig. 5(a).
The measured QBERs for the |D〉, |A〉, |L〉, |R〉 polarization
states were 0.23 ± 0.01%, 0.45 ± 0.02%, 0.33 ± 0.01%,
and 0.67 ± 0.03%, respectively. The average QBER of the
four polarization states was 0.42 ± 0.01%. The variation in
the measured quantum bit error rate was as low as 0.03%, di-
rectly demonstrating the robustness of the presented modulation
scheme. Compared with previous Sagnac implementations [29],
[34], [35], [36], for the first time, the repetition frequency
approached the repetition frequency limit of the Sagnac loop
using commercial LiNbO3 PMs.

V. CONCLUSION

In conclusion, we have analyzed the repetition frequency limit
of the Sagnac-based polarization modulation and proposed a
novel two-stage polarization modulation, which can approach
this limit with commercially-available devices. Meanwhile, it
inherits the robustness of the inherently stable Sagnac interfer-
ometer, thus exhibiting the advantages of being free from PMD
and being insensitive to environmental influences. Finally, we
conducted a 90-min experimental demonstration at a repetition
frequency of 2 GHz to demonstrate the robustness of the pre-
sented scheme. The proposed polarization encoder is composed
of a miniaturized 6.0 cm × 6.5 cm module and two commercial
phase modulators. Therefore, the presented intrinsically stable
high-speed polarization modulation can be widely applied to
satellite applications.

Combined with Sagnac-based intensity modulation [40], an
intrinsically stable light source for decoy-state BB84 quan-
tum key distribution can be realized. The idea of adopting
two Sagnac-based interferometers can simplify the demand of
multiple-amplitude electrical signals, making it technically fea-
sible to approach the repetition frequency limit, at the additional
cost of an interferometer and a PM. This cost, relative to its
performance improvement, is affordable. The follow-up works
focus on two aspects, including the development of an integrated
light source and the validation tests of space environments
(mechanical vibration, thermal vacuum environment, space ra-
diation, etc.), to further verify its inherent stability and lay the
foundation for future satellite payloads.

There is still room for improvement in the repetition frequency
of Sagnac-based polarization modulation. As shown in equation
(1), the repetition frequency limit mainly depends on TPM ,
Te and To, and the main bottleneck is the PM waveguide and
electrode length. In order to increase this limit, PM with reduced
waveguide length or integrated LiNbO3 electro-optic modula-
tors [41], [42] can be adopted. For example, for an integrated
LiNbO3 modulator with a length of 5 mm [41], TPM can be
estimated to be 36 ps. A Te of 80 ps and To of 40 ps are
also feasible with improved electronics and high-speed LD.
The corresponding fmax is approximately 10 GHz. This can
be attempted in the subsequent researches.
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