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Abstract

®

CrossMark

Electro-optic modulators are widely used for the generation of optical sidebands for various
applications. Here, we report on a technique enabling control of the relative amplitudes of
optical sidebands generated by electro-optic modulators. The technique makes use of a phase
modulator and Mach—Zehnder amplitude modulator, connected in series to break the symmetry
of the sideband amplitudes. The generated optical sideband spectrum can be controlled by the
two radio frequency (RF) modulation amplitudes, the attenuation level of the amplitude
modulator, and the relative RF phase of the two modulations. We demonstrate near-complete
suppression of one first-order sideband and with simultaneously achieving equal amplitudes of
the carrier and the other first-order sideband with >94% purity. The technique can be utilised to
produce a spectrum with effectively two frequency components. This enables application in
atomic physics experiments such as the minimisation of off-resonant light shifts that can limit
the performance of atomic clocks and interferometers. We demonstrate operation in the
near-infrared, at 795 nm, using commercial-off-the-shelf components and circumventing the
need for frequency doubling of lasers in the optical communications region.

Keywords: electro-optic modulator, phase modulator, Mach—Zehnder modulator,

optical modulation

1. Introduction

Quantum technologies based on cold-atom systems are being
explored extensively for miniaturisation to allow for field
deployment of clocks [1] and quantum sensors [2, 3]; the latter
with particular interest in atom interferometry [4] with applic-
ations such as in gravimetry [5]. In many of these experi-
ments control of the frequency spectrum of the optical field is
required for manipulation of the internal and external degrees
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of freedom of the atoms. One widely used method in cold-
atom experiments is to make use of coherently driven two-
photon Raman transitions. This technique has found applic-
ations in experiments related to atomic velocity selection [6],
atom interferometry [7], and clocks based on coherent popula-
tion trapping (CPT) [8-10]. These applications tend to employ
addressing of atomic transitions in a A-configuration, connect-
ing one excited state, typically with two ground state hyperfine
levels. This optical configuration can be implemented through
techniques such as optical phase-locking of two lasers [11,
12], injection locking of lasers [13, 14], direct modulation of
the laser current [15], and a single laser with an electro-optic
modulator (EOM), that produces two sidebands on either side
of a carrier signal [16, 17]. The last method benefits from an
inherent phase coherence and relative simplicity. However,
in addition to the generation of optical sidebands that are
required, other frequency components will also be present. In

© 2025 The Author(s). Published by IOP Publishing Ltd
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precision experiments, this imposes a constraint as the addi-
tional frequencies can introduce additional undesirable inter-
actions potentially affecting the measurement. For example, in
atomic clock experiments, these spectral components lead to
off-resonant light shifts [9, 18, 19] and additional phase shifts
in atom interferometry experiments [20]. Furthermore, non-
resonant frequency components do not contribute to the inter-
rogation process and increase the total laser power, and hence
also the noise, at the sample. These can be mitigated by gen-
erating only the required two frequency components having
equal amplitudes.

Several methods have been developed and demonstrated for
the generation of Raman beams containing only two frequen-
cies using EOMs. Among the methods for achieving this are
the combination of a phase modulator (PM) and a Fabry—Pérot
etalon [21], a PM and a birefringent calcite crystal [22], and a
PM and a fibre Bragg grating filter [23]; all of them use spec-
tral filtering. The PM alone can be operated in the carrier sup-
pressed mode, however, this happens at the expense of power
in the second- and higher-order sidebands comparable to that
in the first-order sidebands. Alternatively, a Mach—Zehnder
intensity interferometer (MZM) can be run in a carrier sup-
pressed mode while still creating equal amplitudes of the two
first-order sidebands [24, 25]. Here, the amplitude of the side-
bands depend on the strength of the modulation. Separate amp-
litude control of the frequency components can be achieved
using a single-sideband modulation technique such as serro-
dyne modulation [26, 27], in-phase and quadrature (I/Q) mod-
ulation [4, 28, 29], and very recently silicon based MZM mod-
ulator (DP-MZM) [30]. Due to lack of availability of compon-
ents, the latter two techniques can currently only be implemen-
ted in the optical communication region (C-band), and serro-
dyne modulation requires a high-fidelity sawtooth drive sig-
nal restricting maximum achievable frequency. Furthermore,
generation of wavelengths around 760-780 nm from 1540-
1560 nm range wavelength lasers works well for potassium
(K) and rubidium (Rb) atoms, whereas for most other elements
it does not. These techniques add complexity to the experi-
mental setup, so alternative compact and reliable techniques
are desirable for the applications mentioned above.

In this work we demonstrate a technique for obtaining con-
trollable, in particular equal, amplitudes of carrier and one of
the first-order sidebands while eliminating the other first-order
sideband and limiting higher-order sidebands. Two EOMs are
connected sequentially and driven by a single RF source, with
an analogue phase shifter (PS) to control the relative phase of
the modulations. One of the two EOMs functions as a PM and
the other as a MZM. In this configuration, as the optical phase
plays no role and therefore by optimising four parameters—
the RF modulation amplitudes to the two EOMs, the relat-
ive RF phase, and the overall attenuation of the MZM—it is
possible to widely control the relative amplitudes of the car-
rier and individual sidebands, including retaining the carrier
and one sideband. Destructive interference of the modulations

Figure 1. Experimental layout. (a) The optical layout and
simplified principle of the technique is shown with carrier and
first-order sidebands. Light from a 795 nm ECDL is coupled
into the fibre pigtailed PM which is coupled into a fibre pigtailed
MZM. The optical signals are measured with Fabry—Pérot
interferometer and the signals are recorded on data acquisition
system. The opposite optical phases imprinted on the first-order
sidebands by the two modulators enable cancellation of one of
them. (b) Radio frequency electronics. DC1-4: DC voltage supply;
Al-4: RF amplifier; VVA1-2; Voltage Variable Attenuator; FPI:
Fabry—Pérot interferometer; PM: Phase modulator; MZM:
Mach—Zehnder modulator; PS: Phase shifter; PID:
Proportional-Integral-Differential controller and DAQ: Data
acquisition system.

into the unwanted sideband is effective at suppressing this fre-
quency component while < 6% of the total output remains in
the second-order sidebands.

2. Experimental setup

A schematic of the experimental setup is shown in figure 1 con-
sisting of the optical layout along with the simplified principle
of the technique (figure 1(a)) and the RF electronics employed
for the reported measurements (figure 1(b)). The laser light
is obtained from a commercial external cavity diode laser
(ECDL) system (Moglabs, CEL) operating at a wavelength of
795 nm for Rb D; transition interrogation. It delivers a max-
imum output power of 100 mW. A small fraction of the optical
power is used for saturated absorption spectroscopy for fre-
quency stabilisation of the laser. For the presented measure-
ments, about 1-2mW is coupled into a commercial 10 GHz
bandwidth polarisation maintaining pigtailed x-cut LiNbO3
electro-optic PM (iXblue, NIR-MPX800-LN-10). The out-
put from the PM is coupled into a MZM, which is also a
commercial polarisation maintaining pigtailed x-cut LiNbO3
EOM (iXblue, NIR-MX800-LN-10) with a 10 GHz modula-
tion bandwidth. The MZM consists of a waveguide, which is
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split into two arms where out-of-phase AC and DC modula-
tion take place before recombination. The MZM has two con-
trol inputs; one for the RF voltage and the other for the DC
bias voltage determining the overall modulator attenuation.
The optical path difference between the two internal arms is
adjusted by varying this DC bias voltage over £20 V.

The output of the combined electro-optical system is
monitored with a scanning Fabry—Pérot interferometer (FPI)
(Thorlabs, SA200-8B) with a free spectral range (FSR) of
1.5GHz and a finesse >200, which suffices for the present
work. The measured transmission spectrum of the FPI (shown
in figure 3(b)) is recorded on a computer with a data acquis-
ition (DAQ) system. A fraction of the laser light after the
MZM is split onto a low-bandwidth transimpedance photodi-
ode amplifier (Thorlabs, PDA36A2, 12 MHz) and is used to
stabilise the DC bias voltage of the MZM with a PID control-
ler (Moku: GO) as described in section 4.3.

The RF source (figure 1(b)) consists of a highly stable RF
synthesiser (Keysight E§257D) that delivers the desired RF
signal with control over frequency and power. An RF splitter
(Mini-Circuits, ZX10R-14-S+) divides an RF output power
of -7 dBm into two arms: the PM arm and the MZM arm. The
RF power supplied to each arm can be independently regu-
lated by a voltage variable attenuator, VVA1 and VVA2 (Mini-
Circuits, ZX73-1234-). The PM arm also includes an analogue
PS (Analog Devices; CMD297P34 evaluation board) that can
be operated in the RF range 5—18 GHz. The phase shift is real-
ised by applying DC voltage (DC4) varied from 0 to+10 V
for a phase shift of 480 degrees. In the present configuration
a total of three amplifiers are required in this arm, labelled
Al, A2, and A3 in figure 1(b). Al and A2 (Mini-Circuits,
7X60-83LN12+) account for the measured high insertion loss
of the PS, while A3 (Mini-Circuits, ZVE-3 W-83+-) provides
the required output power. The MZM arm consists of a VVA2
and a high-gain amplifier, A4 (Mini-Circuits, ZVE-3 W-83+).
Both modulators are characterised independently by meas-
uring the distribution of power in the carrier and generated
sidebands as a function of the applied RF power controlled
by the VVAs. The RF voltage, Vi in units of V., where,
Vs X /Prr and V. = V,,,,m\/2 is used in the text.

3. Model

The combined effect of the PM and the amplitude modulator
can be modeled analytically. First, we consider a PM driven

by a harmonic signal with an angular RF frequency of (2. We
start with the familiar result that an input optical electric field
E(t) = Ege™ ! of amplitude E, and angular frequency w is
transformed to an output field [31]:

Eou(t)=Eo Y _ Ju(8)exp[—i(w+nQ)q, (1)

n=—0oo

where J,(8) is the n” order Bessel function and § is the
modulation index.
For the present model and experiment with a typical modu-

lation index ¢ in the region of unity, it is adequate to treat this
as the limit for N — oo of the finite sum:

N
Eou(t) =Eo Y Ju(6)exp[—i(w+nQ) . 2)
n=—N

This clearly demonstrates the spectrum of the light with car-
rier and sideband amplitudes determined by the Bessel func-
tions evaluated for the relevant modulation index. Separating
the terms out, we can represent each spectral component in the
output by an entry in the following vector:

efiwt {J—N (5) eiNQt’ e J (5) eiQt,Jo (5) ,

Jr(8)e™ ¥ o Ty (6)e MM} 3)

In general, and specifically for the second of the two cas-

caded modulators, the input field will already be a spectrum

of sidebands separated by frequency {2 and each undergoing

phase modulation. Hence, this input electric field can be rep-

resented in the same way as a vector with complex amplitudes
a;, i € {—N,N}:

l—;in — o iwt {a_NeiNm7 . ,a,lem’,ao,aleqm, o 7aNefiNQt} .

“

Each of these frequencies can be considered as a carrier for the

EOM and have its own sidebands generated, which will add

coherently. The effect of the EOM on this spectrum can there-
fore be determined by the following matrix multiplication:

Vout = Mpy (8,0) - Vi (5)

where Mpy(0,0) is the 2N + 1 by 2N + 1 matrix:

7 e T VD=0 g Ni=0) AN @=0) Ly N(i—0)
JNilei(lf.N)(ShfS) jo Jﬁlei(.ﬂr—e) Jﬁzeizimfe) ]7Nilei(N.+l)(ﬂr—9)
Jye—N(@=0) Jyei(@=0) J_ei(@=0) J_yelN(@—0) (6)
Iypre— (D=0 —i2(0u=0) Jye—i(@=0) 7 e eV (=0
Jye—N@=0) gL iR (0=0) g —iN(Qu=0) V=1 (2-0) .. 7
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In equation (6), for simplicity, the arguments for the Bessel
functions have been left out of the expression as they are all
evaluated at the same modulation index, §. The phase terms of
e~ % are included here to account for the RF phase difference
between the PM and the subsequent MZM.

The MZM is slightly more involved, due to the internal
operation of the device. As already mentioned it consists of
two arms each with AC and DC modulation, but with opposite
signs of the modulations. Each AC part is represented by a PM
matrix Mpy(+3/+/2,0) as derived above, where 3 represents
the MZM modulation index and v/2 in the denominator takes
into account the applied RF power split between the two arms.
The DC part can be represented by the identity matrix I multi-
plied by a phase factor exp(+i ¢/2). Hence the overall transfer
matrix of the MZM is:

Mz (8,6) = (Mo (8/7/2,0) exp (i6/2)
Mo (~B/V2.0) exp(=i9/2)) /2. (T)

The phase ¢ is directly controlling the optical phase in the
device and hence the balancing of the MZM. Hence, in an
experimental realisation of this scheme, any drifts over time
in the interferometer will necessitate an active tracking of ¢.
The integrated nature of commercial waveguide devices and
thermal stabilisation mitigate this problem. This is the only
point where the setup is sensitive to the relative optical phase
in the arms of the MZM.

The total effect of the two modulators can therefore be
described by the matrix product

Mror = Myizm (B, 9) - Mpm (6,0) . 3
This is used as the basis for modeling the operation of the
concatenated modulators with a single input frequency (car-
rier (C)), i.e. the only non-zero input amplitude is ay.

The numerical model readily shows that the combination of
the two modulators has a maximum effect on the output spec-
trum only at a value of 6 = £ /2. At this condition, either the
left or right sideband destructively interferes if the modulation
depths are chosen correctly with the two signs representing a
respective output spectrum. Figure 2 illustrates the variation
of the output spectrum as the MZM modulation index, 3, is
increased from O to 3 and with a PM modulation index § =1,
the MZM DC term set for 50% transmission (¢ = 7/2) and the
relative RF phase difference, 8, between the two modulators
set at /2. This modeling is done with a value of N =5, which
was found to be sufficient order for calculations. The linewidth
of the spectral components shown in figure 2 is chosen arbitrar-
ily to display the spectral features as they would appear exper-
imentally on a spectrum analyser. In general, the suppression
method will work for arbitrary sidebands and the amplitude of
the second-order sidebands is set by the Bessel functions.

Figure 2 also demonstrates the spectral control afforded by
the setup. Starting at the familiar output spectrum of a PM at
£ = 0 the addition of amplitude modulation results in destruct-
ive interference of the SB- sideband at the same time as the

Amplitude (dB)

2 1 2
Relative position to the carrier

=
Y

Relative power

SB3+

Figure 2. The numerically simulated amplitudes of the carrier (C),
first-order sidebands (SB=+) and higher-order sidebands (SB2+,
SB3+), as a function of the MZM modulation index, (3, at constant
PM modulation index, § = 1, MZM DC bias control, ¢ = 7 /2, and
RF Phase difference between the two modulations, = /2. The
black line shows the condition for 8 = 0.9, where the amplitudes of
the carrier and plus first-order sideband are equal while SB- and
second-order sidebands are suppressed. The red line corresponds to
the maximised single sideband, SB+, at 8 = 2. Inset: The log-plot
of the simulated optical spectrum of equal amplitudes of C and SB+
while SB- is suppressed for optimal values of § =0.87, 5= 1.00,
¢=1.68, and 0 = /2. The linewidth of the spectral components is
chosen arbitrarily to display the spectral features.

constructive interference on SB+. At 5 =0.9, indicated by the
black curve, the majority of the output power is evenly split
between the carrier and the first upper sideband with remain-
ing left in each of SB- and SB2+. Due to the DC phase control,
half the power is lost in the MZM. Of the remaining output
power, the model shows 46% in each of the indicated modes,
carrier and SB+, and <5% in SB2+ and <3% in SB-. At a
higher MZM modulation index, 8 =2, the figure also demon-
strates how SB+ becomes the dominant sideband with about
65% of the output power (red curve). The singular signific-
ant sideband SB+ in a band of £5¢) makes this a potentially
interesting basis for an agile frequency control scheme for an
injection locked semiconductor laser [13].

The model allows for the optimisation of the four free para-
meters d, (3, ¢ and 0 required for a given application and spec-
tral requirement. Of particular interest for the intended applic-
ation is equal power in the carrier and plus first-order sideband
while minimising that of the adjacent SB- and SB2+ side-
bands. We empirically find that this is achieved for 6 =0.87,
B =1.00, ¢ =1.68 and § = 7 /2 and the inset of figure 2 shows
the corresponding log-plot of the spectrum demonstrating the
parity of the powers of the two main modes (C and SB+)
while demonstrating >25 dB reduction of the SB- and with
suppressed higher modes. From the above optimum parameter
values, a 10% variation of § or a 20% variation of [ keeping
all other parameters constant changes the SB- amplitude by
about a percent while still retaining the equal amplitudes of
the carrier and SB+ with higher modes still suppressed.
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Table 1. Experimental and model parameters.

Parameters Experiment Model
PM REF control (VVAI) DC1 1)
MZM RF control (VVA2) DC2 153
MZM DC bias voltage DC3 10)
Phase shifter (PS) DC4 0

4. Results and discussion

The condition of equal amplitudes of the carrier and one first-
order sideband while suppressing the other first-order side-
band is demonstrated experimentally using four DC control
parameters. They are PM RF amplitude through VVA1 (DC1),
MZM RF amplitude through VVA2 (DC2), MZM DC bias
voltage (DC3), and PS DC voltage (DC4). The experimental
results are also numerically simulated with the model presen-
ted in section 3. The experimental parameters and their rela-
tion to the model parameters are given in table 1. The optim-
isation of the four experimental parameters and comparison of
the experimental results with the model are discussed.

4.1. PS characterisation

The model presented in section 3 clearly demonstrates that the
requirements for obtaining equal amplitudes of the carrier and
one first-order sideband and to suppress the undesired first-
order sideband is that a condition of 7/2 phase between the
two RF modulations must be met. This can be accomplished
by adjusting the PS DC voltage (DC4). The voltage that fulfills
this condition is determined iteratively; effectively, it is the
unique voltage enabling carrier and one first-order sideband
having equal amplitudes, while the other first-order sideband
and the high-order sidebands are suppressed. Specifically, the
amplitudes of the optical spectra of the carrier, first-order side-
bands, and second-order sidebands are measured with the FPI
at a fixed PS DC voltage by scanning the MZM DC bias
voltage (DC3) at constant RF voltages to the PM (V"M and

rms

MZM (VMZM) " Confirmed by experiment, the model shows
that this determination of the 7w /2 condition is insensitive to the
chosen values of RF voltages. The method for further optim-
isation of these voltages is described in section 4.4. This is
repeated for the PS DC voltage, scanning from 0 to 10V in
1V steps. From the optical spectra, the values of the MZM
DC voltages corresponding to equal power in the carrier and
one of the first-order sidebands and the power in all observed
other sidebands relative to the total output are recorded. We
observe that they exhibit a sinusoidal behaviour. As predicted
by the model, these ratios vary with PS DC voltage, and 7/2 is
identified as a point where all sidebands apart from the desired
one are minimised.

4.2. MZM DC bias voltage scan

The optical spectra of the carrier and sidebands are meas-
ured with the FPI at different DC bias voltages to the MZM
at fixed RF voltages to the MZM (VMM — (.22 V) and PM

rms

Normalised amplitude

0 1 2 3 4 5 6

MZ modulator DC bias (V)
5 ‘ ‘ ‘ ‘ ;

(b) c

SB+

'
a
T

|

SB2+ E

Amplitude (dB)
3

'

=Y

(3]
T

SB2-
-20

2 g ill il M i

|
-0.8 06 -04 -0.2 0 0.2 0.4
Relative frequency (GHz)

! 4 |

|
0.8

Figure 3. (a) The measured power of carrier (o), plus first-order
sideband (SB+, 4), minus first-order sideband (SB-, &), plus
second-order sideband (SB2+-, x) and minus second-order
sideband (SB2-, o) are shown as a function of the MZM DC bias
voltage for a PS DC voltage corresponding to phase § = 7/2 and
MZM and PM REF voltages kept constant, with the values indicated
in the text. The red solid vertical line corresponds to the MZM DC
voltage at which the measured carrier and plus sideband have equal
amplitudes while the minus sideband is suppressed (b). The black
vertical line corresponds to the DC voltage of MZM at which carrier
and minus first-order sideband have equal amplitudes while the plus
first-order sideband is suppressed. The curves (——,—-,— in black
and --,— in blue) are the numerical calculations from the model
presented in section 3. (b) The FPI spectrum of suppressed minus
first-order sideband. The experimental data shown are a fifteen-point
moving average. Here the laser frequency is fixed and the RF
frequency of 6.2 GHz is chosen such that the sidebands appear at
+0.2 GHz (SB+) and +0.4 GHz (SB2+) relative to the carrier due
to the ~1.5 GHz FSR of the FPI.

(VIM = 0.23 V) and PS DC voltage corresponding to /2
phase. Figure 3(a) shows the recorded spectral amplitudes of
the carrier (C), plus first-order sideband (SB+), minus first-
order sideband (SB-) and second-order sidebands (SB2+ and
SB2-) as the MZM DC bias voltage (DC3) is varied from

OV to 6V in 0.2V steps. The points are experimental data
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and the curves are from the numerical model described in
section 3. For simplicity, the corresponding FPI spectra are
fitted with a sum of Lorentzian functions and the respective
amplitudes and peak positions of the carrier and sidebands
are determined. In this work for ease of display, the FPI res-
ults presented were measured at an RF frequency of 6.2 GHz
due to the 1.5 GHz FSR of the scanning FPI. Both modulat-
ors are wideband, 0-10 GHz, and as such can be readily tuned
to the hyperfine ground state splitting of all the (stable) alkali
elements.

The ability to suppress one first-order sideband while
achieving equal amplitudes of the carrier and the other first-
order sideband is demonstrated in figure 3(a). The solid red
vertical line indicates the DC bias voltage of the MZM where
the measured amplitudes of the carrier and plus first-order
sideband are equal, the amplitude of the minus first-order
sideband is suppressed, as well as the minimal amplitudes
of the second order sidebands. The corresponding FPI spec-
trum is shown in figure 3(b). The slight deviation in posi-
tion of the sidebands is attributed to the non-linearity of the
piezo scan of the FPI. It can be observed that the amplitude of
the minus first-order sideband is suppressed by >20dB with
respect to the amplitudes of the carrier and plus first-order
sideband. The amplitudes of the second-order sidebands are
about 12 dB lower than the carrier and plus first-order sideband
while the 3rd and high-order sidebands are below the noise
level. Comparing our results to various methods reported in
the literature, serrodyne modulation at 850 nm reported up to
17 dB suppression of higher-order sidebands, which is limited
to RF frequencies around 1 GHz [26], whereas the presented
measurements were performed at 6.2 GHz at 795 nm. In the
case of I/Q modulators, operated in the optical communica-
tion region, which is frequency doubled to 780 nm, work [4]
has achieved more than 20 dB suppression and discussed the
implications of the higher-order modes in the Raman atom
beam splitting. Up to 18.4 dB suppression was achieved in [23]
and in [30] the authors reported more than 30 dB on higher
order suppression. This might be due to the non-linear interac-
tion process and mature technology at optical communication
wavelengths [32].

The curves shown in figure 3(a) are numerically simu-
lated with the model presented in section 3. The four para-
meters values are § = 1.02,(VEM =0.23V,), 0 =7/2, 3=

rms

0.98,(VMZM — (022 V), and ¢ varied from O to 37. The
experimental results of suppression of the minus first-order
sideband to the noise level and 12dB suppression of the
second-order sidebands are in good agreement with the model
estimations, where about 5% of the second-order sidebands
remain while the minus first-order sideband is completely sup-
pressed as shown in figure 3(a). The deviation of the experi-
mental data from the model spectra is about 15% and is due to
the non-linearities and imperfections of the MZM device [33].

Similarly, in figure 3(a), the black vertical line represents
the MZM DC bias voltage at which amplitude of the plus first-
order sideband is suppressed, equal amplitudes of carrier and
minus first-order sideband and small amplitude of the second-
order sidebands. In figure 3(a), the results are normalised to
the maximum possible optical output power, when the MZM

is fully on with the RF not applied, i.e. ¢ tuned to the maximum
output, thus normalising out coupling losses.

4.3. MZM DC bias stabilisation

One of the known issues with an MZM is the ‘bias drift’ phe-
nomenon [33, 34]. The device is fundamentally an optical
interferometer and therefore sensitive to sub-wavelength-scale
changes in the optical path length difference within the device
MZM. Hence, a drift of the transfer function with time is
expected due to environmental effects and requires compens-
ation by adjusting the MZM DC bias voltage to maintain
the desired position. Various methods have been used to cir-
cumvent this drift [35-38]. For I/Q modulators at optical
communication wavelengths and MZMs in the near-infrared
wavelengths, DC bias voltage controllers are commercially
available. Depending on the application, the MZM DC bias
voltage is stabilised either to the maximum or minimum or
to the positive/negative quadrature (linear part) of the output
transfer function. An integrated solution has been implemen-
ted for I/Q modulators, which have an internal monitor photo-
diode [4]. Furthermore, an analog stabilisation method for an
I/Q modulator was demonstrated, where an auxiliary modula-
tion tone was used to generate an error signal [39].

For the device used in this work there is no internal monitor
photodiode, so the time averaged optical output power is recor-
ded with a photodiode at the output of the MZM and is fed to
a PID controller having proportional gain 14.9dB and integ-
rator bandwidth 10 Hz that regulates the MZM DC bias voltage
(DC3) to the quadrature of the MZM transfer function. The
stability of the optical power is observed to maintain the equal
amplitudes of the carrier and one first-order sideband, here,
SB+-, that correspond to the quadrature of the MZM transfer
function (solid red line in figure 3(a)). Hence, the correspond-
ing photodiode signal is used directly compared to a setpoint to
generate the error signal for controlling the bias voltage result-
ing in the equal amplitudes as shown in figure 3(b). The stabil-
ity of the lock is within 1% of the set value and was checked for
more than two hours for the work shown here. In addition, the
MZM is enclosed in 1 cm thick foam, isolating it from ambi-
ent temperature variations. Similarly, the equal amplitudes of
the carrier and SB- (solid black line in figure 3(a)) on the
MZM transfer function correspond to a different MZM DC
bias voltage. The results shown in figures 4 and 5 were taken
stabilising the MZM DC bias voltage.

4.4. RF voltages optimisation

This work aims to demonstrate operating conditions for 1:1
operation of an RF carrier with a single first-order sideband,
with elimination of the other, undesired first-order sideband.
In figure 4, we demonstrate how these two conditions can
be reconciled by an appropriate choice of RF voltages to the
two EOMs. Figure 4(a) shows the minus first-order sideband
amplitudes as a function of PM RF voltage for four differ-
ent MZM REF voltages. The experimental data are fitted with
a quadratic function to determine the PM RF voltage yield-
ing the minimum value of this unwanted sideband and show
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Figure 4. (a) Amplitudes of minus first-order sideband as a function
of PM RF voltage (VIM) at four values of MZM RF voltages
(VMZMy ' (b) The carrier to plus first-order sideband ratios vs. the PM
RF voltage at four MZM RF voltage values. Both sets of data are
observed to closely follow quadratic functions. For each MZM RF
voltage fits to these are used to determine the minimum value of the
minus first-order sideband as well as the PM RF voltage yielding a
unity ratio of the carrier and plus first-order sideband. The errors
quoted are one standard deviation for the experimental data. For all
the measurements, the PS DC voltage corresponds to a phase of

0 = /2, and the MZM DC bias voltage is stabilised using the PID
controller. Inset: The PM RF voltage (VIMy ys. MZM RF voltage
(VMZM)y for minus first-order sideband (SB-, blue) and for unity
carrier to plus first-order sideband ratio (C/SB+-, red).

a clear increase in this optimal PM RF voltage with increas-
ing MZM REF voltage. This agrees with the numerical calcula-
tions indicating that both PM and MZM could be operated at
relatively low RF voltages while rejecting the unwanted side-
band efficiently. Figure 4(b) shows for the same parameters
the ratio of the carrier to plus first-order sideband (C/SB+)
as a function of PM RF voltage. The experimental values are
fitted again with a quadratic function and show clearly that
the unity value of the C/SB+- ratio is obtained for a lower PM
RF voltage as the MZM REF voltage is increased. The inset of
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Figure 5. (a) The measured amplitudes of carrier, first-order, and
second-order sidebands as a function of the variation of PM RF
voltage for a fixed MZM RF voltage (V%ZSM 0.22V,), MZM DC
bias voltage (V), and PS voltage corresponding to phase 7 /2. The
y-axis is normalised to the input optical power. The curves
(——,—,—- in black and --,— in blue) are the numerical calculations
from the model in section 3. The model parameters are: § = /2,
B=0.98, (VMZM — 0.22 V), ¢ = 7/2 and § varied from O to 2,
(VM = 0.45 V). (b) The full spectrum with the value
corresponding to the PM RF voltage, ViM = 0.36 V. where SB+ is
maximum.

figure 4(b) demonstrates this opposite behaviour of the two
criteria and identifies the cross-over where the MZM and the
PM REF voltages can be tuned to satisfy both criteria.

The variation of the spectral components with increasing
PM RF voltage is shown in figure 5(a) for a constant MZM RF
voltage, MZM DC bias voltage, and PS voltage corresponding
to phase 7 /2, respectively. Here, the PM RF voltage is varied
in steps of ~ 0.04 V; from 0 to 0.41 V., approximately equal
to 1.82 V. At low RF voltage, nearly 80% of the power is in
the carrier, and the remaining 20% is distributed among the
sidebands. With increasing RF voltage, a condition is reached
at which the carrier and SB+ have equal amplitudes while the
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SB- is suppressed along with the second-order sidebands. With
further increase of the RF voltage, the carrier is minimised,
and second-order sideband starts to increase in addition to the
first-order sidebands. It illustrates the parameters needed for
obtaining the suppression of SB- and higher-order sidebands.
The curves shown in figure 5(a) are based on the numerical
model presented in section 3 and are in good agreement with
the experimental results. The experimental data are normalised
to the input optical power corrected for insertion losses in order
to compare with the model. The observed <10% difference
between the experimental values and the numerical calcula-
tions is attributed to deviations from ideal EOM performance
and variation of other experimental parameters.

Furthermore, it is apparent that at RF voltages around
VPM —0.36 V,, ~60% of the total output power goes into
the plus first-order sideband. The carrier and plus second-
order sideband share about 14% each, whereas the remain-
ing power goes into the minus first-order sideband while
the minus second-order sideband is suppressed and the 3rd
and higher-order sidebands are below the noise level. The
FPI spectrum corresponding to the above condition is shown
in figure 5(b). For single-sideband operation, the model
estimates that for the parameters § =1.3,(VPM =0.3V,),
B=18,(VEM =04V,),0=mr/2,and ¢ = /2, up to 69%
of the output power can be obtained into a single sideband,
here, SB+ with about 10% each in the carrier, SB2+, and
<1% in SB-. We note that greater spectral suppression in
the range +2(2 is observed for 5 =3, at the cost of a reduc-
tion in the total power in the desired sideband as shown in
figure 2.

5. Conclusion and outlook

In conclusion, we have demonstrated a technique for con-
trolling the optical sideband spectrum based on sequential
EOMs at near-infrared wavelengths. A phase and an amplitude
modulator were driven by the same RF frequency and with
an adjustable phase difference. It realises the suppression of
one of the first-order sidebands while achieving equal power
in the carrier and the other first-order sideband and less than
6% in higher-order sidebands. The method is implemented
with commercial fibre-coupled modulators with 10 GHz band-
width. It is readily applicable to many atomic physics experi-
ments where Raman beams are required, such as atomic clocks
and atom interferometers, bypassing the need for C-band com-
ponents. In the near future, this technique will be implemen-
ted to demonstrate the mitigation of light shifts due to off-
resonance light and for the determination of the frequency sta-
bility of a ’Rb microwave CPT clock using ultra-cold atoms
produced in a compact grating magneto-optical trap [40, 41].
We note that a similar arrangement of cascaded amplitude and
PMs was previously used to minimise chromatic dispersion
effects in fibre links [42].

As described, our method uses a PM and a MZM modu-
lator in series. In the I/Q modulator, two MZM modulators
effectively are used in parallel. However, in that case there
are three optical phases that need to be stabilised, whereas the

present setup only has one controlled by the MZM DC bias
voltage, which can be servoed to an averaged output power.
The approximately 5 dB optical insertion loss of each modu-
lator and their maximum optical power rating limit the avail-
able output power to the few mW range. However, there is a
clear way forward to eliminate one modulator that simplifies
the RF electronics significantly. As explained above, the MZM
consists of two arms where the same RF modulation is applied
with opposite phases. If each of these arms were independently
electrically accessible, the RF modulation currently applied to
the PM could be added to the two arms. This configuration
would require the same RF setup used in the present demon-
stration: the two controllable RF voltages with variable phase
difference would be applied to independently accessed arms
of a MZM. Furthermore, the remaining second-order light is
primarily due to the second orders of the PM, i.e. for a PM only
situation, there are equal plus and minus second sidebands.
The beat between these and carrier will therefore add in phase
and to lower order cancel the beat between the plus and minus
firs-order sideband. It is possible to suppress the second-order
sidebands by adding in some amplitude modulation at twice
the normal modulation frequency at right RF phase. However,
this could not be implemented in the present work as that is
outside the bandwidth of the modulators and it would be inter-
esting to investigate with advanced modulation schemes.

As shown in the data (figure 5) and further supported by
the model, the sequential modulators also offer the possib-
ility of transferring the majority of the optical power into a
single sideband. This could be used either as is or for inject-
ing into another laser [43]. The latter would not only increase
the power level but also clean up the spectral properties of
the amplified output. This has a clear advantage at GHz-level
modulation frequencies over the demonstrated serrodyne tech-
nique [26, 27], which relies on a sawtooth RF signal, i.e. one
with very high harmonic content.
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