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We present the design and characterization of an integrated optical frequency shifter based on an IQ modulator
featuring standard building blocks from a generic photonic integration Indium Phosphide (InP) foundry.
The device is conceived to be used in applications with low bandwidth requirements such as dual-comb
spectroscopy or integrated low-cost LiDARs. An initial analytical study of the system was carried out and
subsequently validated by simulations. Then, we obtained experimentally the most relevant parameters of the
system and evaluated its performance under frequency shifter operation. Good performance up to 250 MHz is

achieved, thus proving its suitability for the intended applications.

1. Introduction

Optical frequency shifters are used in many application fields in-
cluding microwave photonics [1], optical communications [2], and
frequency comb generation [3]. In particular, systems based on het-
erodyne detection, such as coherent LiDAR [4] or dual-comb spec-
trometers [5], have been realized using bulky acousto-optic modulators
(AOMs). They are applied to shift the measured signal tens to hundreds
of MHz away from the DC component thus minimizing the effects of 1/f
noise and ensuring that the beat notes produced at both sides of the
spectrum are unambiguously distinguished. For this, the suppression
ratios (carrier suppression ratio, CSR, and sideband suppression ratio,
SBSR) must be adequate to allow to resolve the shifted signal in the RF
domain.

Recently, many efforts have been devoted to developing integrated
AOMs [6,7]. Nevertheless, they have either been realized at expenses
of hybrid integration, or they are not offered as building blocks (BBs)
in generic integration platforms. Integrated frequency shifters based
on single-sideband suppressed-carrier (SSB-SC) modulation using an IQ
modulator [8,9] represent a suitable alternative to integrated AOMs.
Frequency shifters based on IQ modulators have been demonstrated on
silicon-based Photonic Integrated Circuits (PICs) achieving shifts up to
10 GHz, and a CSR, and SBSR between 16 and 23 dB [10]. In indium
phosphide (InP) platforms, IQ modulators have been proposed as fast
digital transmitters in coherent communication systems achieving rates
up to 128 Gb/s [11]. However, as far as we know, their analog
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modulation and its application as optical frequency shifter have not
been reported.

In this work, we demonstrate an integrated frequency shifter based
on an IQ modulator fabricated through an open-access InP generic
integration platform using standard BBs, thus allowing the development
of an integrated system that could contain active devices such as
lasers, as well as the compensation of the IQ modulator losses by
means of Semiconductor Optical Amplifiers (SOAs). Nevertheless, the
technology employed imposes some constraints and does not allow
the implementation of single-drive push—pull operation mode of Mach—
Zehnder modulators (MZMs). In addition, InP-based electro-optic phase
modulators (EOPMs) require working in reverse bias to exploit electro-
optic effect [12]. Furthermore, the fabrication tolerances introduce
certain non-ideal characteristics in the components. To overcome the
latter limitation, internal photodetectors (PDs) are included at the out-
put of each MZM, allowing to extract the parameters of the system and
for control purposes. All these peculiarities have motivated a detailed
theoretical analysis of the proposed integrated frequency shifter. This
comprehensive analysis encompasses all the mentioned characteristics
and relies on measurable quantities, either on the internal PDs or at
the output of the PIC. Good agreement is found between the analytical
model, numerical simulations and experimental results. We report good
performance up to 250 MHz with SBSRs greater than 15 dB.

The paper is organized as follows. Section 2 presents the different
considerations followed during the design process and the theoretical
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model of our InP-based frequency shifter including all the character-
istics commented above. The detailed development of this theoretical
model is described in Appendix. The final PIC layout and fabrication
aspects are discussed in Section 3. Experimental characterization and
frequency shifting demonstration using the fabricated PIC are shown
in Section 4. Finally, conclusions are summarized in Section 5.

2. Design and analysis

A conventional I-Q modulator consists of two identical MZMs ar-
ranged in parallel in the two branches (I and Q) of an interferometer.
An additional phase shifter placed in one of the branches introduces a
/2 phase difference between the two arms. Since the work of Izutsu
et al. [8], the fundamentals of the operation of these devices have been
described by several authors [13,14].

To achieve the frequency shift, the MZMs are driven in push-pull
mode (V,(r) = —Vp(1)) so that each of their EOPMs induces opposite
phase shifts (¢ 4(f) = —@y(1)). At a minimum-transmission bias voltage,
when each of the two MZMs is driven by cosine and sine RF signals,
respectively, the output complex optical field, E,, (1), is ideally an
attenuated version of the input optical field, E,,() = Eye/®<, frequency
shifted by the modulation frequency, w,. If the modulation amplitude
A relative to the half-wave voltage V,, R = A/V,, is small enough that
the Jacobi—Anger expansion can be replaced by its first-order term, the
output optical field is given by

E =L(Ef +E2

out out out
V2
where E! and Egn are the optical field outputs of the I- and Q-branch
MZMs, respectively, and J,(zR) is the value at zR of the first order
Bessel function of the first kind. The sign of the frequency shift in
Eq. (1) depends on the relative sign of the modulating RF signals.

This general principle of operation has been implemented in the
design of our integrated InP I-Q modulator. However, there are two
important issues that need to be addressed by the proposed solution.
Firstly, the operational differences between InP-based EOPMs and con-
ventional LiNbO; modulators, specifically the requirement of reverse
bias operation of the InP-based modulators. Secondly, the fabrica-
tion tolerances that may introduce uncontrolled non-idealities in the
devices, leading to variations in performance.

The available EOPMs in InP platforms are based on InP/InGaAsP
PIN junctions operating in reverse regime [15]. When these devices
are reverse biased, the contribution of field (Kerr and mainly Pockels)
and carrier effects (plasma and band-filling) lead to an effective phase
shifting of the optical signal which is approximately linear with the
bias voltage [16]. It is at this regime where the phase shift becomes
more efficient and the modulator characteristics, such as the electrical
bandwidth or the linearity of the phase shift with the bias voltage,
are the most convenient. Therefore, the phase shift induced by the
InP-based EOPMs is always negative according to the standard sign
criterion [17]. This fact leads to a modification of the driving signals
of the MZMs with respect to the conventional case.

In addition, V, is inversely proportional to the length of the EOPM.
Therefore, a longer EOPM is desirable to reduce the switching voltage
and enhance compatibility with conventional laboratory equipment.
However, extending the EOPM length will also result in a larger foot-
print and increased insertion losses. Therefore, there is a trade-off
between making V, small and the PIC footprint.

On the other hand, fabrication tolerances introduce uncontrolled
differences in the response of each EOPMs, resulting in different V,
values. They also introduce voltage-independent, uncontrolled phase
shifts that affect each component of the I-Q modulator differently.
Therefore, the operation of the I-Q modulator depends critically on
several parameters that can only be determined experimentally through
a calibration process that requires experimental access to the power at
several points in the circuit.

) = EyJy(nR)e/(@eos)! 6))
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Fig. 1. Proposed IQ modulator scheme. MZM: Mach-Zehnder Modulator, PD:
Photodiode.

To meet these requirements, the design shown schematically in
Fig. 1 was implemented. It features two internal PDs that are imple-
mented by using two 2 x 2 Multimode Interference (MMI) couplers. The
PDs allow the measurement of the optical output power of each MZM,
the analysis of which allows the determination of the key parameters
of the device, as it will be explained later.

A detailed modeling of the operation of this design in terms of
measurable parameters is provided in Appendix. In this section, we
summarize the description of the operation and the basics of the
calibration procedure.

The optical power measured by the photodiodes PD-I and PD-Q can
be expressed as

P, Ap, = Apy — @y + 5
P}{D:%cosz<+z R (2)
for the I branch and

o) T

P, Ap; —Apy — @5 + 3

PED = % cos? <—2 9 2 >, 3)

for the Q branch, where P, is the input power, and A¢; denotes the
voltage-controlled phase shift of ith EOPM. (pé and (,oé2 are defined as
(pé = @y — @1, and q)g = Qo4 — @3, Where ¢, represents the constant
phase shift in the absence of applied voltage induced by each EOPM
originated by the fabrication tolerances.

By measuring the powers in the PDs for suitable ranges of static
driving voltages applied to each EOPM and using Egs. (2) and (3),
not only the values of V, of each EOPM, but also (pé and (pg can be
determined experimentally, as it will be shown in Section 4.2. As it
will become clear later, these are the key parameters for setting the
operating conditions for the integrated I-Q modulator to work as a
frequency shifter.

Due to the requirement of operation under reverse voltages, the
condition of a cosine optical field at the output of each MZM cannot
be fulfilled just by driving each EOPM with opposite voltages to get
opposite phase shifts (push-pull mode). Instead, as shown in Appendix,
the phase conditions are

T
Ag15 = 9y @ = 5 =2mn— Ay, )

expressed in terms of (p(I]'Q. This expression should be fulfilled for
values of n that always guarantee reverse drive voltages. If minimum-
transmission DC bias voltages

Vi

Vapap = = ”2 (5)
are chosen for the EOPMs 2 and 4, respectively, and assuming R <
0.5, the fulfillment of Eq. (4) imposes the values for the minimum-
transmission DC bias voltages for EOPMs 1 and 3, being

Vieas =

©
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Fig. 2. Photograph of the fabricated PIC. SOA: Semiconductor Optical Amplifier, MZM: Mach-Zehnder Modulator, PD: Photodetector, EOPM: Electro-Optic Phase Modulator.

where the values of n have been chosen to minimize in each case the
required reverse voltage, n = —1 and n = -2, respectively. The key role
played by V, of each EOPM and the phase parameters (pé and (pg in
the operation conditions of the frequency shifter is apparent.

In summary, for operation of the I-Q modulator as a frequency
shifter the driving voltages of the EOPM; (i =1,2,3,4) should be

Vi =V, — RV, sin(wgt) (7a)
V, = Vyp, — RV, sin(w,t) (7b)
V3 = V3, F RV 3 cos(w,t) (70)
V, = Vi T RV cos(@,t) (7d)

where the bias voltages are given by Egs. (5) and (6).

Finally, EOPM5 and EOPM6 are used to ensure the necessary
quadrature between the signals coming from the two branches. This
can be achieved by simply setting the voltage V5 applied to the EOPM5
to zero, and driving the EOPM6 with the DC voltage

V,,S(%—g) for%ﬁ 1
Vo= \ ®
Vﬂﬁ(—z—ﬁ) for —1<EL

T

S
IA

N>
D=

for n = 0 and n = -1, respectively. The voltage V,¢ is the half-
wave voltage of EOPM6 and f is a phase term defined in Appendix.
Both parameters can be determined experimentally by analyzing the
dependence on ¥V of the power measured at the output of the device.
This power is given by

P, = P, cos? [% <J/—6ﬂ+ﬂ>] . (C)]

6
under the appropriated DC bias voltages V;, V,, V3 and V, detailed in
Appendix.

In summary, an analytical model has been proposed for the intended
operation of the device as a frequency shifter. The driving signals of
each EOPM have been determined, taking into account the effects and
terms arising from non-idealities caused by fabrication tolerances. The
experimental determination of these non-ideal aspects is made possible
by the presence of internal PDs. By driving the EOPMs with the signals
specified in Egs. (5)-(8), the proposed system effectively induces a
frequency shift of the input optical signal.

3. PIC layout, simulation and fabrication

The initial design and simulations of the system were performed
using VPIphotonics VPIcomponentMaker Photonic Circuits [18], while
the final design and layout was generated using Nazca Design [19].
To do so, specific libraries from the Process Design Kit (PDK) of the
foundry were used. The PIC has been fabricated by SMART Photon-
ics [20] in a multi-project wafer (MPW) run through the open access
platform JePPIX (Joint European Platform for Photonic Integration of
Components and Circuits) [21].

This platform features active and passive standarized BBs based on
InP. The waveguides used in this PIC feature a 2 pm width and are based
on a deeply etched structure consisting on a p-InP, n-Q1.25 and n-InP
layer stack. The losses of these waveguides are 3 dB/cm. The active BBs

include an intrinsic layer consisting in a Multi-Quantum Well (MQW)
structure. Further details on the fabrication processes and the platform
can be found in [22,23].

Fig. 2 shows a photograph of the fabricated device (b). The chip has
an optical input and an optical output. Both input and output waveg-
uides are 7° tilted and the facets are antireflection coated. Light from
an external source is injected into the chip through the input waveguide
and boosted by a 350 pm-long SOA, SOA-IN. The input optical signal is
divided by a 1 x 2 MMI coupler into the I and Q branches, respectively.
Each branch has a dual-drive MZM, which consist in two parallel 2-mm-
long EOPMs (In MZM-I, EOPM1 and EOPM2 and in MZM-Q, EOPM3
and EOPM4, respectively). The length of the EOPMs has been chosen to
achieve a V, value around 4.5 V according to simulations. The optical
signals coming from each EOPM are combined and then divided using
a 2 x 2 MMI coupler. The latter has been introduced to measure the
output of each MZM with an internal PD (PD-I and PD-Q). After each
MZM, a 2-mm-long EOPM is used to shift the phase of the optical
signal and force I and Q to be in quadrature (EOPM5 and EOPM6).
Furthermore, it is important to mention that the optical paths of the
I and Q branches are not identical, a decision made to achieve a
more compact design. Although this results in additional I-branch losses
(approximately 0.1 dB), it is estimated that they should not have a
significant impact on device performance. Finally, the outputs of these
EOPMs are combined by a 2 x 1 MMI coupler and amplified by a
400 pm-long SOA (SOA-OUT).

Regarding the electrical connections, the PIC has ten DC electrical
pads for biasing the different blocks and measuring the internal PDs
and a common n-type substrate. The EOPMs use lumped electrodes as
electrical contacts instead of traveling-wave electrodes. This limits the
maximum modulation bandwidth to hundreds of MHz but simplifies
the electrical design of the EOPMs and impedance matching issues.
Nevertheless, these frequency ranges are suitable for the intended
applications.

Simulations of the PIC layout have been conducted to check the
proposed design and theoretical model using the PDK provided by the
foundry. Fig. 3 shows the simulated optical spectra at various points of
the system when the signals driving the EOPMs correspond to Egs. (5)-
(8) for a frequency shift of 100 MHz, with R = 0.4. Fig. 3(a) illustrates
the simulated optical spectrum incident on the internal PD-I, while
Fig. 3(b) presents the simulated optical spectrum at the output of the
MZM-I. Since the MZM is biased at a minimum transmission point, the
carrier and odd harmonics are sent to the PD branch while the even
harmonics are sent to the output branch. These results are identical for
the Q branch. In Fig. 3(b), it can be noticed that the carrier is effectively
suppressed (approximately 38 dB) and only the first-order sidebands
are significant.

Fig. 3(c) and (d) show the simulated optical spectra at the output
of the system for positive and negative frequency shifts, respectively.
In both cases, the optical carrier remains suppressed. By ensuring that
the I and Q branches are in quadrature, the output signals from the
MZMs interfere destructively for one of the sidebands, leading to its
effective suppression and achieving SSB-SC modulation. Similar results
are obtained for different frequency shifts, which validates qualitatively
the theoretical model.

Fig. 6 shows a sweep of the bias voltage of EOPM6 while the EOPM5
has been set to V5 = 0 V for simplicity. In this manner, § is determined
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Fig. 3. Simulated spectra of the optical field in frequency shifter operation for f, =
+100 MHz at (a) the PD-I input; (b) the MZM-I output; and the output of the system
for a (c) positive (d) and negative shift. The resolution of the OSA has been set to 10
MHz to adequate the results to the measuring system used in the experiments. All the
spectra are normalized.
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Fig. 4. (a) Experimental setup for the characterization of the PIC and (b) driving
scheme for the EOPMs. The RF signal is combined with a DC bias through a Bias-Tee.
In this way, the modulating signal consist in a DC component (V;,) plus a RF signal with
frequency w, and amplitude A,. TEC: Thermoelectric Cooler, AWG: Arbitrary Waveform
Generator, PD: Photodiode, BOSA: Brillouin Optical Spectrum Analyzer.

taking into account Eq. (A.21). The V, of the modulator is obtained, as
in the previous case, from the voltage difference between a maximum
and a minimum.

4. Experimental results
4.1. Experimental setup

The fabricated PIC is experimentally characterized using the setup
shown in Fig. 4(a). Each individual MZM modulator is characterized
using the internal PDs, and the whole system performance is analyzed
through the optical output, which is gathered by a lensed fiber placed
at the output of the PIC. The output is measured simultaneously in a
Brillouin Optical Spectrum Analyzer (BOSA) with a resolution of 10
MHz and in an external PD. The input light is injected by a narrow-
linewidth (10 kHz, nominal) external laser (PurePhotonics PPL300)
centered at a wavelength of 1550 nm, also using a lensed fiber. This

Optics and Laser Technology 179 (2024) 111274
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Fig. 5. Response of the MZMs measured at the internal photodiodes for different DC
bias voltages. (a) Bias voltage sweep of EOPM1 for different biases of EOPM2, (b)
bias voltage sweep of EOPM2 for different biases of EOPM1, (c) bias voltage sweep
of EOPM3 for different biases of EOPM4 and (d) bias voltage sweep of EOPM4 for
different biases of EOPM3.
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Fig. 6. Measured signal at the output of the device when V5 =0 V and V; is swept.
We can extract § using Eq. (A.21).

input fiber is aligned by measuring and maximizing the injected power
at the internal PDs.

Several current and voltage sources are used to power up the chip.
The input and output SOAs are biased with a current of 80 mA to
boost the power at the input and at the output, respectively. The
photocurrents generated by the internal and external PDs are measured
with several multimeters. The driving scheme used for the EOPMs
of the MZMs is detailed in Fig. 4(b). Two outputs from an Arbitrary
Waveform Generator (Tektronix AWG70002B) deliver the needed RF
signals at 0° and 90° of phase each, which are later combined with a
DC component using a Bias-Tee.

The chip is mounted on a copper mount for thermal control, which
is done through a thermoelectric cooler (TEC) and a temperature
controller operating at 25 °C. The electrical access to the PIC is made
through 20 DC electrical probes.

4.2. Characterization of the PIC and parameter extraction
Firstly, the individual MZMs in the system are characterized to

obtain the important parameters that have been described in Section 3
and will allow to drive the system as a Frequency Shifter/SSB-SC
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Fig. 7. Measured frequency shifts at different frequencies. Each column shows equal opposite shifts. The reference frequency corresponds to a wavelength of 1550 nm.
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Fig. 8. CSR and SBSR evolution with modulation frequency for negative (a) and
positive (b) frequency shifts. The modulation frequency ranges from 50 MHz to 300
MHz.

modulator. Fig. 5 shows the characterization of each MZM. To perform
this response, the driving voltage of one of the EOPMs is swept while
the other is biased with a fixed voltage (V). In this way, the response of
each MZM is obtained as a function of the bias voltages of each EOPM.
The V, is measured as the voltage difference between constructive
interference (maximum) and destructive interference (minimum).

From the analytical model described in Appendix, we can identify
this response with the expressions given in Egs. (2) and (3). In this
way, the unknown values of (p(l) and %Q can be determined. In contrast
with other MZM based on LiNbOj;, the response has been observed to
be very stable over time, which facilitates the measurement of system
parameters. However, a certain decrease on the maximum photocurrent
value can be observed in Fig. 5 when increasing the reverse voltage of
the EOPMs. This is associated with the propagation losses increasing
with the electrical field strength. These propagation losses increase due
to the electro-absorption, caused by the Franz-Keldysh effect [24].

The characterization of the device provided the most relevant pa-
rameters of the system, which are indicated in Table 1.

4.3. Frequency shifter demonstration and performance

Based on the measured system parameters of Table 1, the driving
signals of each EOPM to operate the IQ modulator as a frequency shifter
are defined following Egs. (7a)-(7d) and Eq. (8). The bias voltages
values are V,, = =295V, V,, = =223V, V3, = =3.72 V, V,, = 241
V, V5 =0V and Vg = —1.7 V. Amplitude modulations A; resulting in a
low modulation depth, R = 0.05, were initially considered. This ensures
that the modulator operates in the small signal regime. However, fine-
tuning of bias voltages and modulation amplitudes around these values

Table 1
Parameter values of the system
experimentally determined.

Parameter Value Units
V., 4.54 v

Vs 4.46 A

Vo 4.51 %

Vo 4.82 v

Ve 4.28 v

®) 1.1 rad
o 0.55 rad

i 0.29 rad

was necessary to optimize performance. The system performance is
measured through the carrier suppression ratio (CSR) and the sideband
suppression ratio (SBSR), defined as the power relation between the
peaks of the shifted component and the peaks of the carrier and the
sideband, respectively. Fig. 7 shows the measured spectra at the output
of the PIC using the BOSA for different frequency shifts. The mea-
surement resolution is limited by the BOSA to 10 MHz. Each column
corresponds to the same shift and opposite signs. The sign of the shift
can be easily controlled either with the phase of the harmonic RF
signals which drive EOMP3 and EOPM4 either with the bias voltage of
the EOPM6. Our frequency shifter features a CSR always above 15 dB
for frequencies lower than 250 MHz and deteriorates with increasing
frequency shifts, being reduced to 10 dB at 300 MHz. A SBSR above
15 dB is also maintained. These results have been observed to be very
stable over time.

Fig. 8 shows the evolution of the device performance in terms of
CSR and SBSR with the modulation frequency for negative (a) and
positive (b) frequency shifts, ranging from 50 MHz up to 300 MHz. This
frequency range is particularly relevant for the intended applications,
as it enables heterodyne detection with a low bandwidth. As it can
be observed, the performance deteriorates by increasing the frequency,
and above 300 MHz (not shown) the device is not useful as frequency
shifter.

From the point of view of the targeted applications, when per-
forming heterodyne detection the signal of interest (either the positive
or negative sideband, depending on the sign of the shift) is detected
around the shift frequency, while the remaining carrier is detected
around zero frequency and its presence does not affect signal detection,
provided that the signal bandwidth does not reach the carrier region.
Then carrier presence is not an important problem, although it implies
a loss of power. However, with a CSR above 10 dB this loss is not
significant.
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On the other hand, the residual opposite sign frequency component
appears as a mirrored version of the signal of interest in the same
frequency range. If the SBSR is above 15 dB, the signal of interest can
be effectively discriminated.

The degradation in the performance with increasing frequency is
attributed to the low bandwidth of the lumped electrodes of the EOPMs
and to the non-idealities of the system. In addition, the physical effects
involved on the EOPM phase shifting mechanism also have a certain
dependence on the incoming optical power and the light polariza-
tion, which has not been analyzed. Furthermore, a qualitative agree-
ment has been observed between the simulations and the experimental
measurements.

5. Conclusions

We have designed, analyzed and characterized an integrated fre-
quency shifter/SSB-SC modulator on a PIC, conceived for low band-
width heterodyne detection systems. The system is based on an IQ
modulator which features standard BBs from the PDK of a generic
integration InP foundry.

An initial analytical study of the system has been carried out, taking
into account the features of the device and some of the customized
aspects and fabrication tolerances of the components that could signifi-
cantly affect the system performance, proposing an analytical model to
understand its operation. This analytical model has been validated with
good qualitative agreement through numerical simulation that have
been carried out utilizing the PDK from the foundry and considering
the physical layout of the device for a more realistic approach.

The most important parameters to be controlled regarding the op-
eration of the system as a frequency shifter have been identified and
defined. Those parameters have been determined experimentally with
the help of the internal PDs. The inclusion of these devices and their
measurements allow to characterize the fundamental operation of each
MZM and define the modulating signals.

The operation of the PIC as frequency shifter has been demonstrated
with good performance up to 250 MHz, meeting the requirements of
the intended applications. The carrier suppression, measured through
the CSR, and the sideband suppression, measured through the SBSR,
are always greater than 15 dB below 250 MHz. Above 250 MHz a
performance degradation is observed, worsening the CSR to 10 dB.
We attribute this limitation to the non-idealities of the system and
to the low bandwidth of the lumped electrodes of the EOPMs. Al-
though the maximum shift is modest compared to some of the very
high performance frequency shifters based on passive platforms [9,10],
implementing such a system on an active platform has a great interest
and potential to combine it with other functionalities that can only be
achieved on active platforms. In addition, the achieved performance
makes the system suitable for using the proposed PIC in low band-
width heterodyne detectors for integrated low-cost coherent LiDARs
and dual-comb spectrometers.
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Appendix. Detailed development of the analytical model

The expression of the optical field reaching the internal PDs and at
the output of the MZMs are given by

INOE Eu® (ef<¢1<'>+%> + eﬂﬂz(')), (A1)
2v2

2
(A.2)

out

E (1= Ei(® (e/wl(z)+ejwz<r>+§>>’
242

for the I branch, and

EgD(t) = —EM\/(? (ej(‘“(m%) + e”’w)) , (A.3)
2

2
(A.4)

EQ (5 = En® (10 4 D)

out ’
2/2

for the Q branch. In these expressions ¢;(f) = ¢, + 4¢;(?) is the total

phase shift induced by each EOPM, including the voltage independent

term ¢ and the voltage dependent term Ag;(t) = zV;(t)/V,;. It is

convenient to rewrite Egs. (A.2) and (A.4) as

E!l .= —i’:’/(; el <ef[4¢1—("’5+§)] +ejA"’2>, (A.5)
Eon(l) = Eu® e/% (ej[mr(w‘?+%)] + ejA‘”“) R (A.6)
22

respectively, where a; = @y, +7/2, ag = @os + /2, ¢} = pgp — @1 and
%? = Po4 — Po3-

The photocurrent measured at the internal PDs is directly propor-
tional to the optical power reaching the PDs. The optical power is
related to the optical field as P = | E|>. Consequently, it can be written
as

P Ap, — 4oy — ) + 5
P}’,D = % cos? <—2 0 2, (A7)
for the PD at the I branch and
Q I3
P Ap3 —Apy — @, + 3
P = §0052< . 0" ) (A.8)

for the PD at the Q branch. These expressions correspond to Egs. (2)—
(3) of Section 3 and allow the experimental determination of V,; (i =
1,2,3,4) and (pé and (pg as commented in the main text.
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According to Egs. (A.5) and (A.6), in order to get output signals in
the I and Q branches E*2, of the form

out

1.0 _

E.
= —= /1.0 cos Ag, 4, (A.9)

the general phase condition

Ap; 5 - qo(l)‘Q - % =2zn—Ap,y4 (A.10)

should be fulfilled for an integer n. This expression corresponds with
Eq. (4) in the main text. In addition, the requirement of negative
driving voltages at all times imposes a limitation for the values of n
that determine the minimum reverse bias voltages of each modulator.

Choosing V,, = -V,,/2 as the minimum-transmission bias volt-
age at the I branch, ensures that the modulation voltage V,(t) =
Vay + RV, sin (wyt) is always negative for relatively high values of
the modulation depth R < 0.5. The condition defined in Eq. (A.10)
imposes V(1) = Vy;, — RV, sin (w,t), with V;, =V, (21 + 1 + ¢ /x) and
therefore, the minimum reverse bias voltage |V;,| ensuring V;(r) < 0
depends on the phase difference (p(’), resulting

Vip =

1 1
—,,]<1—%> for —1<2 <1-R
) ) (A.11)
%o %o
—,,1(3—7> for1-R<2 <

for n = —1 and n = -2, respectively, where (p(l) has been chosen to range
between —z and z.

For the Q branch, a similar reasoning for V(1) = Vy,+ RV, cos (w;t),
leads to V() = V3, F RV, cos (w,t) with

Vip =

2 1-

o
2
(A.12)
lpg P,
V3 —7 forl—RSTSI
for n = —1 and n = -2, respectively.
In summary, the RF driving voltages of each phase modulator

should be

Vi =V, — RV sin(w,t) (A.13a)
Vo = Vo, — RV, sin(wgf) (A.13b)
V3 = V3, F RVy3 cos(wg1) (A.13¢)
V, = Vi F RV cos(w,t) (A.13d)
where the corresponding DC bias voltages are given by
Vip =
I I
—V,,1<1—"’7°> for —1<2 <1-R
(A.14a)
o ol
_Vltl 3—7 forl—RS;Sl
V,
Vap === (A.14b)
Vip =
1 1< ® <
—Vall- for —1< - S1-R
(A.14¢)
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Vip = —% (A.14d)
These expressions correspond to Egs. (5) and (6) in the main text.

Finally, the requirement of a z/2 phase difference between the
signals coming from the two branches can be fulfilled by biasing one of
the phase modulators 5 and 6 with an adequate voltage. Assuming that
only EOPM 6 is biased, the phase shifts induced by each modulator are
@os and @y + Apg(Vy), where ¢(s and ¢ are the voltage independent
phase shifts and Agq(Vy) = 7V /V, is the voltage dependent phase shift
induced by EOPM 6. Therefore, the signal at the output of the entire
device can be written as

E, (1) .
E, () = %()[el(ﬂl +005+426) cos Ay -+

e (®0+005) cos Ag,]. (A.15)

It is convenient to write this expressions in terms of the uncontrolled

phases fi; = a; + @y, and fp = ap +@ys, and the voltage controlled Agg,

resulting in

Ein(l)
2

E,.(t) = [e/(P1+496) cos A, + €70 cos Ag,],

that, in turn can be written in terms of § = f§; — f, which can be
experimentally determined. Then, the optical field at the output is

E,@® . .
E, ) = %()e’ﬂQ [e/(F+496) cos A, + cos Apyl, (A.16)
and the voltage Vy should ensure the following phase condition
Ve ™
—+f==+2 A7
Ve B 5 tamn ( )
Therefore, the minimum negative bias voltage V; is given by
Vs =
1 1
Vnﬁ(i‘f) fors<t<i
s g 5o (A.18)
Vﬂ6< E__) for—lS;SE
for n = 0 and n = -1, respectively. This expression corresponds to

Eq. (8) in the main text.

By substituting Eq. (A.17) into Eq. (A.16) and substituting also
Ap,(1) and Ag,(t) to the corresponding RF driving voltages given by
Eq. (A.13) the output optical field read as

Ein(t)
2

E,, ()= e/Po[jsin (Rzsinw,t) + (A.19)

sin (R;r cos wst)],

If we assume that R is small enough, Eq. (A.19) can be approximated
by the leading term of its Jacobi—Anger expansion, getting

E,,(0) = E;,()J, (xR) e/Pe [j sinw,t + cos 1]
that can be written in the form

E, () = +EyJ, (xR) elfoel(@cty)t (A.20)

where it is apparent that it is actually the frequency shifted response
of the device to the input optical field in an amount of w, or —w
depending on the sign chosen in Egs. (A.13c) and (A.13d).

Finally, as mentioned in the main text, both V,, and g can be
determined experimentally by analyzing the dependence on V¥ of the
power measured at the output of the device when appropriate DC bias
voltages V;, V,, V3 and V, are selected. These voltages should verify
that the phase shifts induced by them satisfy the phase conditions
(Eq. (A.10)) and A¢, = Ap, = Ap. Under these driving conditions, if
Ap = —r (to maximize the power), Eq. (A.16) becomes

s

Ey(1) = —E’%(”ef'"@ [e/(7+496) 4-1]
and the corresponding power is given by
P,

1 (Ve
= o |3 (340

which corresponds to Eq. (9) in the main text.

(A.21)
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