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General model and modulation strategies for Sagnac-based encoders
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In recent decades, there has been an increasing demand for faster modulation schemes. Electro-optic modula-
tors are essential components in modern photonic systems, enabling high-speed control of light for applications
ranging from telecommunications to quantum communication. Conventional inline and Mach-Zehnder modula-
tors, while widely adopted, are limited by bias drift, high operating voltages, and polarization-mode dispersion.
Sagnac loop-based modulators have recently emerged as a promising alternative, offering inherent stability
against environmental fluctuations and eliminating the need for active bias control. In this work, we present
a comprehensive model of the Sagnac modulator that captures both intensity and polarization modulation. We
analyze the role of asymmetry in the loop, highlighting its impact on the achievable repetition rate, and propose
modulation strategies to overcome these constraints. Finally, we investigate the symmetric Sagnac configuration
and demonstrate practical techniques for achieving robust modulation while mitigating experimental challenges,
including optical pulse carving and polarization modulation at repetition rates up to 1.5 GHz, the maximum
achievable for our hardware implementation without increasing the modulation voltage. Our results establish the
Sagnac modulator as a versatile and stable platform for next-generation photonic and quantum communication
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I. INTRODUCTION

Electro-optic modulators (EOMs) have emerged as
indispensable components of photonic systems, finding
widespread applications in metrology [1], data processing,
and high-capacity optical communications [2], due to their ca-
pability for high-speed, high-bandwidth operation [3]. These
devices can also be used as polarization modulators by ex-
ploiting the Pockels effect in birefringent crystals, such as
lithium niobate (LiNbO3), where the application of an electric
field induces a change in the refractive index of the material.
Being birefringent, the ordinary and extraordinary refractive
indices vary differently as a function of the applied voltage.
Configurations using a single EOM placed directly in the
optical path are called inline modulators. Moreover, including
EOMs in a Mach-Zehnder interferometer enables intensity
modulation in a configuration commonly called the Mach-
Zehnder modulator.

Since almost the beginning of the quantum cryptography
field [4,5], these devices have been successfully used in the
inline or Mach-Zehnder configuration for quantum communi-
cation applications. In particular, they have been used where
precise control of the quantum states of photons is required,
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namely, their phase, polarization, and intensity. Indeed, they
have been extensively employed for quantum key distribu-
tion (QKD) protocols, where this modulation is critical to
encoding quantum information, enabling protocols such as the
decoy-state BB84 [6,7].

A major drawback of both inline and Mach-Zehnder
modulators is the bias drift resulting from temperature and
environmental fluctuations, thus necessitating active stabiliza-
tion of the temperature and bias voltage to maintain a stable
operating point. Moreover, inline polarization modulators re-
quire high operating voltages, coupled with the fact that the
birefringence of the waveguide induces polarization mode
dispersion, which reduces the degree of polarization for short
pulses.

Sagnac loop-based modulators have recently been pro-
posed as an effective alternative to conventional inline and
Mach-Zehnder modulators. The common path geometry in-
herently compensates for reciprocal phase shifts, reducing
sensitivity to environmental perturbations such as temperature
fluctuations and mechanical vibrations. The Sagnac interfer-
ometer configuration is exploited to achieve both intensity [8]
and polarization modulation [9,10] while avoiding the need
for bias voltage control.

The Sagnac modulator consists of an optical loop (often re-
alized by fiber optics), typically formed using a beam splitter
(for intensity modulation) or a polarizing beam splitter (PBS)
(for polarization modulation) with the light entering the input
port being split into two counterpropagating beams that travel
the loop in opposite directions (see Fig. 1). By placing an
EOM asymmetrically within the loop, the copropagating and
counterpropagating beams arrive at the modulator at different

Published by the American Physical Society
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FIG. 1. Polarization and intensity modulator based on the Sagnac
scheme. ¢-mod indicates the electro-optic phase modulator, while
the white arrow indicates the direction of the rf microwave signal. AL
quantifies the asymmetry of the phase modulator within the Sagnac
loop. For symmetric configuration, AL = 0.

times, allowing them to be modulated independently, thus
controlling the relative phase between them. However, this
asymmetry also imposes a limit on the maximal repetition rate
of optical pulse transmission. To prevent the counterpropa-
gating component of the pulse N from overlapping with the
copropagating component of the pulse N + 1, it is necessary
that the transmission frequency be lower than a value that
depends on the propagation time of the pulse in the modulator
and the asymmetry (i.e., its position in the Sagnac loop). Over-
coming this limitation by completely removing the asymmetry
implies modulating both copropagating and counterpropagat-
ing components at the same time, which presents a significant
experimental challenge.

In this work, we introduce a complete model of the Sagnac
modulator and propose some useful modulation techniques
that can be used for both intensity and polarization modula-
tion. Moreover, we present a study on the symmetric Sagnac
configuration and how its challenges can be tackled with care-
fully chosen modulation schemes.

To provide a clear structure for this work, we briefly
outline the organization of the paper below. In Sec. II, we
present a complete theoretical model for all Sagnac modu-
lators, expanding further into the symmetric configuration, a
nonstandard configuration in the literature. In Secs. IIl and IV,
we apply this theoretical model to two relevant applications,
polarization and intensity modulation, respectively. Moreover,
at the end of Sec. IV (Sec. IV A), we present a use of the
symmetric Sagnac intensity modulator to carve optical pulses
from a continuous wave laser. In Sec. V, we present an anal-
ysis on the maximum achievable repetition rate in both the
asymmetric and symmetric configurations, focusing on a lim-
ited but relevant number of modulation techniques for both.

II. PRINCIPLES OF SAGNAC MODULATORS

A traveling-wave electro-optic phase modulator is de-
signed with an optical waveguide in an electro-optic material
and an adjacent electrode structure forming a coplanar waveg-
uide for a microwave signal. This configuration allows the
optical and electrical pulses to interact continuously along the
length where the two waveguides are adjacent. To maximize

this interaction, it is crucial to match not only their physical
alignment but also their effective refractive indices (or phase
velocities). Proper velocity matching ensures phase synchrony
between the optical and electrical waves throughout the device
length, enabling effective modulation, as long as both the
optical and electrical waves propagate in the same direction,
i.e., copropagating. This structure is particularly advantageous
for high-speed applications, as it supports high repetition rates
and multiple optical pulses can propagate while interacting
primarily with their corresponding electrical pulse. However,
traveling-wave modulators can also operate when the optical
pulses propagate in the opposite direction to the electrical sig-
nal. In this counterpropagating configuration, the interaction
between the two waves changes, resulting in a different mod-
ulation effect compared to the copropagating configuration.
This effect arises from the relative motion between the optical
and electrical pulses, which alters the effective interaction
time and modulation efficiency. Such a modulator imposes a
phase ¢,(t) on the optical wave in response to an electrical
signal s(t), such that

@m=/lmemwm@ 1

where H (w) is the transfer function of the modulator and

S(w) = % / e~ s(r)dr )

is the Fourier transform for the electrical signal s(z).
Assuming that the velocities of the electrical and opti-
cal waves are equal inside the phase modulator, the transfer
function takes a simple but distinct form between the coprop-
agating (co) and counterpropagating (ct) cases, such that

He(@) = =, Hy(®) = —sinc(tpoaw).  (3)
Ve V.

where sinc(x) = Sixﬂ, Tmod 1S the propagation time of the

electrical (or optical) signal inside the modulator, and V,; is
the voltage of the electrical signal corresponding to a phase
shift of = [11]. Typical values (which can vary depending
on the specific commercial device used) are V, >~ 5V and
Tmod ~ 320 ps. The previous relations are obtained for a sim-
plified modulator model (neglecting electrical absorption and
bandwidth saturation effects). For simplicity in the modeling,
we treat V,; as a constant and neglect its frequency dependence
(even though at high frequencies V, typically increases).

In the copropagating configuration, the optical and electri-
cal signals remain synchronized along the modulator, leading
to a relatively uniform phase modulation. In contrast, in the
counterpropagating case, the imposed phase depends on the
angular frequency o of the electrical signal, effectively acting
as a low-pass filter. Because the two waves travel in opposite
directions, their overlap occurs only for a very short period of
time with respect to the copropagating overlap time, during
which the optical pulse accumulates the entire interaction
with the electrical field. This short interaction window makes
the counterpropagating scheme more sensitive to the phys-
ical length of the waveguide and can lead to less efficient
modulation capabilities, implying a higher modulation voltage
requirement to impose the same phase with respect to the
copropagating case. We note that the asymmetry between
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copropagating and counterpropagating cases is more rele-
vant when high-bandwidth electrical signals are considered:
Indeed, for frequencies w much smaller that 1/7y04, the dif-
ference between the two transfer functions H.,(w) and H.(w)
becomes negligible.

Combining the two transfer functions mentioned above,
the model can be applied to describe the transfer function of
schemes that use a modulator within a Sagnac loop, as illus-
trated in Fig. 1. For a Sagnac modulator, whether for intensity
or polarization modulation, the resulting transfer function can
be expressed by combining the two terms of Eq. (3) as

HSagnac(w) = Vieiwto[l - e_iwtdSinC(Tmodw)]a 4)
where 7y = AL/c is the time corresponding to the delay line
AL and 1y is the overall delay between the electrical and
optical signals. Note that if the delay line AL is placed before
or after the modulator, the sign of 74 can be inverted.

Through the transfer function Hs,gnac(w), using Eq. (1),
it is possible to calculate the phase as a function of time,
¢4(t), which will be applied to an optical signal when an
electrical signal with a given temporal trend s(¢) is applied
to the modulator. Alternatively, ¢;(¢) can be evaluated by cal-
culating the inverse Fourier transform of the transfer function
(for simplicity, we neglect the overall delay #;)

hSagnac(t) = /eiw[HSagnac(w)dw
272

1 t—17
VT[ I:SD (t) B 2.’:mod & ( meod )] ’ (5)

where dp(z) is the Dirac delta and I1(¢) is the rectangular
function

L < 1/2,
H(t)—{o, I > 1/2. ©)

The phase ¢(¢) is therefore obtained from the convolution
1 / ! !
8.0 = 5 [ S hsuantt =
T
= (/J)co(t) - (bct(t)’ (7)

where

i T
Peo(t) = V_ﬂS(t)’

T 1 4+Tmod , ,
dult) = = / St — Ta)dt ®)

Vr[ 2 Tmod Jt—1p0a

represent, respectively, the phase applied to the copropagating
and counterpropagating components, where the latter behaves
effectively as the moving average of the electrical signal
around 4. The two expressions (1) and (7) are equivalent and
can be used to calculate ¢(¢) starting from the shape of the
electrical signal s(z).

A. Rectangular driving signal

The asymmetry between copropagating and counterprop-
agating optical signals can be effectively illustrated in the
behavior of the modulator when a rectangular wave signal (the
typical signal used in the modulators described previously) of

1 pm—m— ™

1 -—— 5t) — &(t)
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FIG. 2. Phase ¢,(¢) for rectangular driving signal s(z). We con-
sidered the case Ty 2> Ts + Tmoq and 7, = 27Ty04. The signal s(f) is
reported in units of Vj, while ¢;(¢) in given in unit of “,/—2 For
simplicity, we set fp = 0.

duration 7y is given as the input. For a rectangular signal with
maximum voltage Vj,

t—15/2
S(0) = V0H<—T ) ©)

S

the expression for ¢¢(¢) in Eq. (7) can be simplified to a
trapezoidal equation
Vo

() zﬂg

0, t/ < —Tmod>»

in (PtTmd T
mln( 2Tmod 2Tmod)’

: Tmod +T—t' ’
min (17 iT)’ Tmod <1 < Tiod + Ts,

07 t 2 Tmod + Ts,

/
—Tmod < t < Tmod

(10)
witht =t — 4.

To provide a clearer understanding of the output phase
¢s(t) in response to a rectangular driving signal s(¢), Fig. 2
shows a representative example corresponding to cases tg —
Tmod = Ts and 7g 2> 27404. It can be noted that the phase ap-
plied to the copropagating signal exactly follows the shape of
the rectangular wave input signal. For the counterpropagating
signal, the phase is modified by the transfer function, resulting
in a trapezoidal shape.

If 73> 2Ty, the phase ¢ increases linearly from
the instant t = t* = 13 — Tpod, reaching its maximum value
Vo /V, at time t = t* 4 2Tpeq. From this instant on, the
phase remains constant for a time 73 — 27,04 Up to the point
t = t* + 7, from which it decreases linearly to O at time ¢t =
t* 4+ 1 + 2Tmod-

If instead the duration of the electrical signal 7y satis-
fies 7y < 27Ty0d, the phase ¢ increases to ”\‘//_22:;0(1 at time
t = t* + 1,, remains constant until ¢ = t* + 2704, and de-
creases to 0 at t = t* + 7, 4+ 2Tpoq. In general, the maximum
phase applied to the counterpropagating optical signal can be

written as
i ) (11)
2Tmod '

It is important to emphasize that to achieve the maxi-
mum phase modulation under the condition of 7 > 27,04, the
counterpropagating electrical pulse must transfer enough en-

: Vi
P = V—er X min <1,
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TABLE I. Summary of characteristic times of any Sagnac mod-
ulator implementation, including the symbol to represent them and a
brief description to ease the comprehension of the equations used in
this work.

Parameter Description

Tinod Propagation time of the optical pulse inside
the electro-optic modulator

T Duration of the optical delay line added to the
Sagnac interferometer to make it asymmetrical

T Width of the rectangular electrical pulse used
to drive the electro-optic modulator

Top Width of optical pulses that travel inside the

Sagnac modulator

ergy to the optical signal along the entire length of the
modulator, similar to what occurs in the copropagating config-
uration. To fulfill this condition, the optical signal must enter
the waveguide after the electrical signal; the latter must have
propagated through the entire modulator length, which re-
quires a time Toq. Moreover, the electrical signal must persist
for an additional duration of 7,04, corresponding to the transit
time of the optical wave through the modulator. Consequently,
the minimum total duration over which the electrical signal
must be active is 27y04. This can also be considered as the
minimum condition that allows to inscribe the copropagation
rectangular signal into a counterpropagation trapezoid with
the same height. When injecting an optical pulse of width 7,
into the Sagnac modulator, to impose a constant phase over
the entire pulse, it must hold that 7., < 7 if the optical pulse
is synchronized with ¢,(t), while 7o, < Ty — 2Ty0q if the
optical pulse is synchronized with ¢ (¢). In this case, we can
reduce the asymmetry 74 to the lower bound g4 2> Top + Tmod-
To further improve readability for the remaining of the article,
the main characteristic times of the system are summarized in
Table 1.

It is worth noting that the particular example of a rectan-
gular electrical signal is an idealization and does not fully
represent a real, imperfect, implementation. However, the
model as presented can take some of these imperfections into
account. For example, any electrical waveform generator is
limited in bandwidth, which can be easily taken into account
by modifying the signal s(¢) according to said limitation. The
same condition can apply, for example, to bandwidth limits
on electrical amplifiers. Another common limitation, caused
by imperfect matching of the indices of refraction of both
the electrical and optical waveguides of the EOM, is the
bandwidth limit within the EOM itself. This effect limits the
modulator bandwidth typically up to 10-20 GHz. Taking this
effect into account implies modifying the transfer function
presented in Eq. (4) appropriately.

B. Symmetric configuration

An interesting case arises when the Sagnac interferome-
ter is operated in a symmetric configuration (i.e., tqg = 0).
In this regime, the asymmetry between copropagating and
counterpropagating interactions discussed in the previous sec-
tion can be exploited to impose different phase shifts on the

two optical components. While both directions are modulated
by the same electrical signal, their responses do not cancel out
as the counterpropagating component travels against the elec-
trical pulse, thus experiencing a different effective modulation
voltage than the copropagating component.

In the symmetric configuration, the co- and counterpropa-
gating signals are allowed to interfere. Due to the modulator’s
asymmetry, the amplitude of the counterpropagating com-
ponent also depends on the duration of the electrical pulse.
Therefore, it is important that the electrical pulse satisfies t; <
2Tmod to prevent the two effects from canceling out within
the modulation region. Furthermore, since in this scheme the
electrical pulse can be made much shorter, it is advantageous
to optimize throughput by choosing 75 ~ 1., when performing
optical pulse modulation.

If a standard rectangular electrical pulse, such as the one
defined in Eq. (9), is used under the condition 7; < 27,04, the
co- and counterpropagating contributions interfere destruc-

tively. In this case, since g0 = n“//—g and o™ = g(l)ang—scd
[see Eq. (11)], the imbalance between the two effects can be
precompensated by increasing the modulation voltage V,, by a

gain factor of

ax \ —1
ov=[1- Pa ) _ _2Tmod (12)
o 2Tmod — Ts

co

Assuming a sensitive value for commercially available EOMs
of Tmea = 320 ps and the minimum achievable 7 using a 6
GSa/s digital-to-analog converter (ty = 166.6 ps), this cor-
responds to a gain factor of gy &~ 1.35. This increase in
amplification may require cascades of amplifiers that also
introduce distortion, decreasing the signal-to-noise ratio.

In this work, we propose an option for the electrical signal
s(t) that overcomes the need for an increase in voltage and
fully exploits the integrationlike behavior of the counterprop-
agating component. Thus, this modulation scheme, defined as
balanced modulation, uses electrical signals defined as

s(t)zvo[nc_ri/z) —n(t_::—*/zﬂ (13)

This method requires the use of three voltage levels, imply-
ing an extra requirement of a digital-to-analog converter or
equivalent circuit capable of generating all levels (e.g., two
separate voltage signals, an rf voltage inverter coupled with
an rf power combiner). This approach can be used to improve
state-of-the-art schemes based on asymmetric Sagnac loops,
for example, the intensity modulator proposed in Ref. [8], the
time-bin encoders proposed in Refs. [12, 13], or the polariza-
tion encoder proposed in Ref. [9].

Moreover, the proposed modulation scheme is applicable
to any architecture that exploits a double pass (in opposite
directions) of light in the modulator, such as the scheme
proposed in Ref. [14].

III. SAGNAC POLARIZATION MODULATORS

Any Sagnac polarization modulator [9,10,15,16] is based
on a Sagnac interferometer with an EOM inside the loop,
where the standard beam splitter is replaced by a PBS to
separate the co- and counterpropagating components accord-
ing to the input polarization state [Fig. 1(a)]. For a given
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FIG. 3. Modulations proposed in this work, characterized by signal s(¢) (top) and phase response ¢ () of the configuration (bottom). From
left to right: (a) time-shifted modulations for the asymmetric configuration (for 7, = 2704 + Top); (b) differential asymmetric modulations (for
Ty = Top); (c) differential symmetric modulation (for 7y = 7,p); and (d) balanced symmetric modulations (for 7y = 7,,). For the asymmetric
configuration we choose 7y = Top + Tmod, While for the symmetric configuration we have 7y = 0. It should be noted that the voltage required
to apply a 7 /2 phase on the optical pulse for the symmetric differential configuration is higher than all others by a gain factor of gy defined in
Eq. (12). The locations of the pulses have been chosen to maximize the repetition rate.

electrical signal s(¢), an optical pulse is prepared in a diagonal
polarization state |[D) = (|H) + |V))/ V2 (or any balanced su-
perposition of |H) and |V')). When this pulse is injected into a
Sagnac modulator, the resulting output state is described by

<
V2

which corresponds to any state belonging to the X-Y equa-
torial plane of the Bloch sphere. This section focuses on a
specific implementation of iPOGNAC [9] tailored for QKD
applications where only three polarization states are required
to realize the three-state BB84 protocol [17].

In previous works, Sagnac polarization modulators have
been used with a carefully chosen asymmetry in the Sagnac
interferometer, allowing for what we will refer to as time-
shifted modulation. As described in Sec. II, when using
an asymmetric iPOGNAC with a delay line tq > Tyod + Ts,
asymmetric modulation is achieved by sending a sufficiently
large electrical pulse (3 = 27y04) to modulate with the same
intensity the copropagating and counterpropagating optical
pulses of width 7., < Ty — 2Tmoa. The three symbols are
achieved by sending an electrical pulse aligned with the op-
tical copropagating for |L), shifting the electrical symbol by
74 for |R), and sending no electrical pulse for |D). Thus, we
can define the corresponding s;(¢) required to generate each
symbol, withi = R, L, D, as

sL(t)ngl'I(t_tO),

Ts

t—1ty —
sp(t) = VZH(O—H),

Ts

(|H) + "D,

[Vou (1)) = (14)

sp(t) =0, (15)

where Vz is the half-wave voltage of the phase modulator
and f, is an arbitrary time such that the phase electrical signal
aligns with the optical pulse [Fig. 3(a)].

The asymmetric configuration coupled with the time-
shifted modulation allows the creation of three polarization
states by only employing two-level signals (i.e., V = {0, Vz }).
This configuration, however, implies a limitation on the max-
imum achievable repetition rate R of the modulation (see
Sec. V).

If more than two voltage levels are available (in particular,
V%, 0, and —V%), it is possible to increase the repetition rate
by having the electrical pulse aligned with the copropagating
optical pulse in both cases, which we will refer to as differen-
tial modulation from now on, such that

r—1
su@) = Ve —= ),
S

sr(t) = —Vgrl(t_to),

Ts

sp(t) =0, (16)

which also removes the requirement for 732> 27Ty
[Fig. 3(b)], reducing it instead to 7, > 7o, so that the entire
optical pulse is modulated equally. The same modulation
scheme can also be used in a symmetric configuration as
presented in Sec. II B, requiring an increase in the modulation
voltage by a gain factor as described by Eq. (12) [Fig. 3(c)].
However, it is possible to remove the requirement for a
voltage increase by using balanced modulation [Fig. 3(d)],
which has electric signals with a shape given by Eq. (13), such
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that

sut) = Vs [n(z _t°> _ n(—t —f— TS)},
Ts Ts
sr(t) = —vg[n<t _t(’) — n<—t —h- T)}
7 T

sp(t) = 0. a7

This modulation scheme not only relaxes the requirement for
voltage amplification that is otherwise required, but also has
the property of each symbol being of zero-average voltage. In
standard commercial ac-coupled amplifiers, the amplification
factor is usually dependent on the average signal level (i.e.,
the dc component). By each symbol being zero-average volt-
age, the average signal level is kept at zero regardless of the
sequence being sent, greatly mitigating patterning effects.

Experimental validation

The balanced modulation scheme was tested on a Sagnac
polarization modulator by injecting pulsed |D) states at a
repetition rate of R = 1.5 GHz. By creating all the required
states for the three-state BB84 protocol (|L), |R), and
|D)), and projecting into the Y and X bases, a polarization
extinction ratio (PER) for each basis was obtained as PERy =
23.147 £ 0.003 dB and PERy = 23.981 £ 0.005 dB (Fig. 4).
If this state preparation was used for QKD applications, for
example, the intrinsic QBER can be obtained as

1

QBER = 1oz

(18)

which  would
QBERy ~ 0.4%.
In first instance, to validate the phase response predicted
by Eq. (7), an asymmetric (g = 5 ns) iPOGNAC system was
used, driven by a rectangular electrical signal, while injecting
continuous wave laser light with a defined |D) polarization to
its input port. Then, the projection of the output state on the
|A) polarization was measured. Assuming an output state like
Eq. (14), the probability of measuring the system in the state

correspond to QBERy ~0.5% and

1 -
= 0.5
.é} 0 1 1 1 l ]
EREY
2
~ 0.5+
: A
0 1 1 ]
0 500 1000 1500 2000

Time [ps]

FIG. 4. Generated states at 1.5 GHz of repetition rate using the
symmetric balanced configuration and projected on the Y basis,
with a polarization extinction ratio of PERy = 23.147 + 0.003 dB
observed between the |L) and |R) states.

|A) can be written as
Py(t) = [(AI(IH) + &*OV)))? = sin® (‘pT(”) (19)

This probability corresponds to the projection onto the chosen
state, which can be generalized to any arbitrary measurement
basis. In the case of a continuous optical signal, this projection
translates into an intensity modulation, effectively carving
the light field according to the applied modulation. Figure 5
shows the relative intensity measured at the output (propor-
tional to P4(¢)) as a function of 75 and the modulating voltage,
for an asymmetry of 7y = 5 ns. We note that in Fig. 2 (right)
we reported ¢,(t) (which could be negative), while in Fig. 5
we showed an intensity proportional to sin?(¢(r)/2) (always
positive).

Finally, to compare both modulation schemes applica-
ble to symmetric Sagnac modulators, an iPOGNAC system
was used with both differential and balanced modulation,
in the same conditions previously mentioned. To take into
account the imperfections of the system, the electrical sig-
nals s*(t) were measured using an RTP164B oscilloscope
by Rohde & Schwarz after the corresponding amplification
stage. The maximum voltage used for both cases remained
constant to highlight the reduction in applied phase, discussed
in Sec. II B. From the measured electrical signals s*(¢), the
phase response ¢} (¢) is obtained following Eq. (7), and the
predicted probability of measuring the system in the state
|A) can be obtained as P,(t) = sin2(¢;‘(t)/2). Figure 6(a)
shows the measured relative intensity at the output port of
the iPOGNAC using superconductive nanowire single photon
detectors (SNSPDs) (blue bars) compared to the one predicted
by the model from the measured electrical signals s*(¢). In
first instance, it was assumed the predicted intensity was de-
tected with ideal detectors, meaning no detection jitter (dashed
purple line), which presented some discrepancies with respect
to the measured intensity. Then, a Gaussian filter was used
on the predicted intensity to simulate the behavior of the
detection jitter of the SNSPDs (solid purple line). According

1.0}
Hl V/V:=1.00
. V/V;=0.83
0.5 . V/V;=0.67
_ V/Vz=0.50
=
& 0.0 o - RS B I —
Z 1.0F
:ﬁ Il 7,=1000 ps
% B 7,=500 ps
E o5t N 7,=333 ps
| Ts=166 ps
OO . B S VS — —
2000 4000 6000
Time [ps]

FIG. 5. Measured intensity at the output of an asymmetric (tqg =
5 ns) iPOGNAC when injecting continuous wave light in a fixed
|D) polarization state and projecting in the |A) state, driven by a
rectangular electrical signal when varying 7, (bottom) and V' (top).
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FIG. 6. Comparison between the differential and balanced symmetric modulation for (a) polarization modulator and (b) intensity modu-
lator. In dashed purple, the expected measuring probability assuming a nonideal electrical signal (directly measured) and ideal detectors (no
jitter). In solid purple, the expected measuring probability now taking into account the SNSPD jitter.

to the used detector, in the model we used a jitter of 50
ps (standard deviation). We note that the measured behavior
follows the prediction of the model reported in Fig. 2 when a
finite bandwidth of the electrical signal and SNSPD jitter are
considered.

IV. SAGNAC INTENSITY MODULATORS

Sagnac intensity modulators consist of a Sagnac interfer-
ometer with an EOM inside the Sagnac loop [Fig. 1(b)]. When
used in the pulsed regime, as presented by Roberts er al.
[8], this scheme allows for controllable attenuation of optical
pulses by carefully choosing the modulating voltage and the
beam splitter ratio.

Assuming a time-independent beam splitter with transmit-
tance T, for a given time ¢, the output intensity of a Sagnac
interferometer will be given by

In(T, t) = Ll (T — 1)+ T|?, (20)

with [y the intensity at the input port and ¢(¢) the phase
difference between the two arms of the Sagnac at time f.
Combining this with Eq. (7), the time-dependent transmission
can be obtained, from which the extinction ratio ER can be
estimated. Assuming ¢(t) = 0 for a given time ¢, and the
absolute maximum phase to be ¢pnax = max |¢p,(?)|, the extinc-
tion ratio is given by

e (T — 1)+ T 2

ER(T) = 101og, ST

(2D

As highlighted by Roberts et al., to reduce patterning ef-
fects on the system, it proves convenient to set ¢nax = 7, such
that the modulation occurs at the peak of the transfer function,
where the derivative is zero, reducing small fluctuations of the
electrical voltage that could occur in the input electrical chain.
It is worth noting that to properly attenuate an optical pulse,
the phase ¢nax has to be maintained for the entire duration of
the pulse.

Once again, to provide further experimental validation of
the proposed model, the same procedure presented in the
previous section was performed using a Sagnac intensity

modulator with a beam splitter with transmittance 7 = 1/2,
maintaining the same electrical signals s*(¢). For this mea-
surement, instead of projecting to a particular polarization
state, we simply measured the output intensity of the mod-
ulator, such that

Ir(T, 1) = I|e” (T — 1) + T|?

= I, sin? <—¢? (t)>
0 > )

showing the same time dependence as for the polarization case
[Fig. 6(b)], with, as before, [ the intensity at the input port.

(22)

Pulse generation with symmetric configuration

When using a Sagnac intensity modulator in the symmetric
configuration, everything exposed in Sec. IIB is still valid,
allowing for an increase in the repetition rate of the intensity
modulation when using pulsed light at the input. Moreover,
in addition to this, an application arises from the nature of
Sagnac interferometers: pulse generation by carving from
continuous wave light (demonstrated in Ref. [13]). For this
regime to occur, the system must be used in the condition
Ty > T4, which occurs automatically in the symmetric config-
uration, where 74 = 0.

Assuming an input signal of the form s(¢) = I1(¢/7), it
can be seen that the response function of the phase modulator,
given by Eq. (7), is nonzero only at the rising and falling
edges of the electrical pulse (Fig. 7). When reaching the beam
splitter at the output, only those nonzero phase points will in-
terfere constructively on the second mode of the beam splitter,
thus generating two optical pulses separated by 7,. However,
when taking into account imperfections in the electrical signal
(i.e., not perfectly square), the transition from negative to
positive phase difference is “smoothed,” thus creating a “dip”
on the optical pulse due to the transition having a zero-phase-
difference point on each of the edges. If pulse shaping is
relevant, this can be easily solved by adding a nonzero delay
of at least t,04, such that the zero-phase-difference points are
removed.
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FIG. 7. Example of pulse generation through carving using the
Sagnac intensity modulator in symmetric configuration. Despite the
realistic scenario presenting a “dip” in the center of the pulse, it
is only when 74 < T that the intensity reaches zero, otherwise
resulting similarly to the ideal case.

To validate the proposed scheme, we implemented a
slightly asymmetric Sagnac modulator (74 & Tpeq) to carve
two optical pulses separated by 7, = 1 ns. As described in
Sec. I1I, the electrical signals s*(¢#) were measured using an
oscilloscope after the corresponding amplification stage, from
which the phase response ¢} (¢) was obtained according to
Eq. (7). We then compared the generated optical pulses with
the expected transmittance of the modulator as described in
Eq. (22), highlighting once again the validity of the model
(Fig. 8).

V. EXPLORING THE HIGH REPETITION RATE LIMITS

Selecting an appropriate modulation scheme is crucial for
maximizing the source repetition rate. Modulation strongly
depends on the geometry of the modulated system: For ex-
ample, a loop scheme (like the one of the iPOGNAC) has
different optimized modulations than an inline system. This
is because, as shown in the previous section, additional in-

—— Model I Experimental data
1.0
<
=
*= 0.5
5

0.0 ‘ . sl .
0 1000 2000 3000

Time [ps]

FIG. 8. Generated optical pulses using a slightly asymmetric
Sagnac modulator with 74 & T and 7o = 1 ns. In purple, the ex-
pected measuring probability assuming a nonideal electrical signal.

tersymbol interference needs to be taken into account. Here,
three different modulation schemes will be covered, one re-
lated to an asymmetric Sagnac configuration (time-shifted
modulation; see Sec. III), one related to a symmetric one
(balanced modulation; see Sec. II B), and one valid for both
(differential modulation; see Secs. II B and III).

For each modulation format, performance is characterized
by two metrics: the symbol period gy, which is defined as
the minimum time required to concatenate two symbols with-
out experiencing intersymbol interference in the modulation
region, and the voltage range AV = (Vipax — Vinin) required to
achieve all the symbols. For the sake of absolute maximum
ratings, we will assume that the target optical pulse is smaller
than 7. These parameters are summarized in Table II, where
the modulator length was experimentally estimated as Tyoq =
320 ps and the minimum achievable electrical signal width as
7, = 166.6 ps to provide a numeric value for all cases.

With each of the proposed schemes, it is possible to in-
crease the repetition rate of the system at the expense of
nonideal modulation, that is, allowing intersymbol interfer-
ence. In this regime, the total time required for the response
function to a given s(t) is greater than the repetition rate
desired for the modulation. Depending on the desired use of
the system, this behavior can be tolerated to allow an increase
in the overall repetition rate. When using periodic modu-
lation signals, this behavior can be precompensated, taking
into account the intersymbol interference terms. However, for
applications like QKD where the modulating signal has to be
randomly chosen at the qubit repetition rate, this interference
leads to randomly distributed imperfect modulation, resulting
in a net increase in QBER.

Finally, it is worth mentioning that all repetition rate es-
timations were made for the modulation technique itself, not
taking the detection of the modulated pulses into account. For
our case, the detectors used have a jitter of o4e; ~ 50 ps, mean-
ing they did not impose a limitation for the repetition rates
treated here. Indeed, as a first-order estimation, the detection
jitter is not a limiting factor on the repetition rate as long as it
is kept below ~ 1 =~ 5 GHz.

A. Time-shifted modulation

Time-shifted modulation is achieved when selectively tar-
geting either the copropagating or counterpropagating optical
pulse in an asymmetric Sagnac configuration as described in
Sec. III. To avoid consecutive symbols from interfering, it is
enough, from a conservative standpoint, to avoid overlap in
the phase response. As shown in Fig. 2, for a given electrical
pulse of width 7y, the total duration of the modulation is
determined by both the copropagating and counterpropagating
phase responses. In general, assuming the asymmetry con-
dition tg > 2704, the total modulation time for a symbol is
toym = Ts + Td + Tmod, Where 74 is the delay between the co-
and counterpropagating contributions, and 7,04 is the modu-
lator length.

To avoid overlap between the copropagating phase re-
sponse ¢, and the counterpropagating response ¢, the delay
must satisfy 74 > T + Tmod, Which ensures that the counter-
propagating phase starts only after the copropagating phase
ends. Substituting this condition into the expression for foym
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TABLE II. Performance parameters for all implemented modulations, with AV the range of voltage required to achieve all states for the
three-state BB84 protocol and #y, the minimum period as a function of the setup parameters. The minimum period £, and maximum repetition
rate Ry, were obtained assuming the minimum electrical signal duration . for an optical pulse duration of 7,, = 166.6 ps, a detector jitter of

2~ 50 ps, and a modulator length of 7,,0¢ = 320 ps.

Modulation scheme AV/V, toym ¥ (ps) ts*ym (ps) Ru.x (GHz)
Time-shifted 0.5 2(2Tmod + Top) 640.0 1613.3 ~0.62
Differential asymmetric 1 2(Tmod + Ts) 166.6 973.2 ~1.03
Differential symmetric 1.37 Tmod + Ts 166.6 486.6 ~2.06
Balanced 1 Tmod T Ts 2 x 166.6 653.2 ~1.53

gives the minimum period feym > 2(Ts + Tmod)- A convenient
boundary condition is to set Ty > 2Ty04, Which ensures a suf-
ficiently long pulse relative to the modulator transition time.
In this case, the minimum separation between consecutive
optical pulses is f5ym > 6Tpneq. However, if the finite duration
of the optical pulses of length 7, is considered, it is possible
to further optimize the repetition rate. This is because the elec-
trical modulation window is strictly longer than the optical
pulse duration. To avoid distortion of the optical signal, we
design the electrical pulse with length 7y = 27,309 + Top, Such
that the shorter base of the trapezoidal modulation window
is sufficiently wide to fully accommodate the optical pulse.
Since T > Top, the Sagnac asymmetry tg can be reduced
such that the shorter base of the trapezoid occurs immedi-
ately after the copropagating component ends, allowing some
overlap between the ramp of the trapezoid and the rectangular
pulse, as long as the modulating region remains unaffected.
This implies 7y — Tmod + 2Tmod = Ts (see Fig. 2), which, when
combined with the previous constraints, implies Tq = Tpmeq +
Top. In this condition, when the optical pulse is placed fully
within the shorter base of the trapezoid, the copropagating
modulation should be shifted by 7, = 2704 + Top. Taking
into account all components, a minimum repetition period
of foym = 4Tmod + 27T¢p is obtained. The resulting scheme is
illustrated in Fig. 3(a).

B. Differential modulation

When using differential modulation, it is worth distinguish-
ing between asymmetric and symmetric configurations. For
the asymmetric configuration, since now the symbols do not
require a temporal shift with respect to each other, the min-
imum symbol period becomes fym = Tq + Tmoa + Ts, Where
there is no longer the constraint of 7y 2> 2Tpeg + Top, Since
only the copropagating component is used for applying the
modulation, but still keeping the constraint 7y = 75 + Tyq- TO
modulate the entire optical pulse equally, it is required that
Ts 2 Top, thus obtaining tyym = 2(Tmod + Ts)-

On the other hand, when utilizing differential modulation
with the Sagnac in a symmetric configuration, the mini-
mum symbol period is reduced by t4, obtaining instead
fsym = Tmod + Ts, ONCE again with 7 > 7,p, which increases
the maximum repetition rate by a factor of 2 compared to
the asymmetric case. However, this increase in repetition
rate comes with the cost of increasing the required volt-
age by a gain factor of gy = 2704/(2Tmod — Ts) as defined
in Sec. II B.

In Ref. [18], a slightly asymmetric differential modula-
tion was exploited. In particular, the asymmetry AL was
chosen such that tq = 704 + t""Tﬂ* — tsym, With T = 295
ps, T, =220 ps, 7o, =70 ps, and where #, = 0.5 ns is
the pulse repetition period, corresponding to R = 2 GHz.
In these conditions, the maximum repetition rate is Ryax =

W >~ 2.27 GHz. However, the drawback of this con-
BV

Tmod
figuration is that the driving voltage should be increased by

a gain factor (12) that with the experimental parameters is
given by

2Tmod

v ~ 1.59. (23)

B 2":mod — T
Indeed, in Ref. [18] it is reported that “The raw half-wave
voltage of the commercial LiNbO3; PM we adopted is approx-
imately 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.” We have precisely

that $3¥ ~ 1.59 = gy .

C. Balanced modulation

When using balanced modulation, the maximum repetition
rate is slightly reduced compared to the differential case in the
symmetric configuration, since now the duration of the electri-
cal signal 7y is longer, requiring the use of two voltage pulses
with inverted sign and equal duration 7,/2. To guarantee that
the entire optical pulse is modulated equally, 75/2 > Top.

For this case, the maximum repetition rate is defined as
Lsym = Ts + Tmod = 2Top + Tmod- HOWever, in comparison to
the differential case, the use of balanced modulation relaxes
the condition for higher voltage, making it potentially less
costly to implement. It is worth noting that this type of mod-
ulation also helps mitigate the patterning effect in amplifiers
because the amplification depends on the average signal level,
which in this case is zero and is not influenced by the sequence
of consecutive pulses.

VI. CONCLUSION

Due to their intrinsic phase stability and architectural flexi-
bility, Sagnac loop modulation schemes have been, and will
continue to be, key components for quantum communica-
tions. This work provides a complete, general model for
Sagnac modulators that generalizes existing schemes and of-
fers a practical framework applicable to a broad class of
loop modulators in the literature. Additionally, we proposed
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and experimentally validated a symmetric configuration of
the Sagnac loop with a differential modulation driving of
the EOMs that enables stable operation and allows intensity
and polarization modulation. The same configuration was also
used for the generation of short optical pulses directly within
the interferometer at higher repetition rates with respect to
other traditionally used methods: The duration of the gen-
erated pulses is determined by the propagation time Tyq in
the modulator and the raising (falling) edge of the electrical
signal.

Finally, we demonstrated the use of the symmetric
iPOGNAC at almost its theoretical maximum repetition rate
of R = 1.5 GHz (with the components used), achieving a po-
larization extinction ratio of >23 dB on both encoding bases.
To provide further validation, we also show two modulation
schemes for the symmetric polarization and intensity Sagnac
modulator, and compare the measured output intensity with
the one predicted by our model.

Recent experiments [15,18] showed modulation capability
at higher repetition rate, but at the expense of few drawbacks.
In Ref. [15], a repetition rate of 10 GHz is reported by using a
sinusoidal electric driving signal. In this case, the modulation
is not random: Only a single state (depending on the signal
amplitude) can be generated. Therefore, the above solution
cannot be exploited in quantum (or classical) communication,
where the prepared state should be changed (in principle) at
every pulse. As mentioned above, in Ref. [18] a slightly asym-
metric configuration (equivalent to the differential modulation
presented in the present work) was exploited to achieve a
repetition rate of 2 GHz. However, the drawback of this con-
figuration is that the driving voltage should be increased by a
gain factor of gy = 1.59.

Therefore, our solution provides the optimal strategy to
maximize the repetition rate without increasing the modula-
tion voltage. When taking into account the nonidealities on
both the driving electrical signal and optical detection system,
our model is able to accurately predict the experimentally
measured output of the Sagnac modulator in all considered
configurations. This combination of theory and practice pro-
vides a solid foundation for future photonic and quantum
communication applications.
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