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Heterodyne laser phase measurements in the Laser Interferometer Space Antenna (LISA) are degraded
by the phase fluctuations of the onboard clocks, resulting in unacceptable sensitivity performance levels
of the interferometric data. The current scheme for cancellation of the clock phase noise requires 1 GHz
modulation of the ranging laser beams and additional interspacecraft clock recovery heterodyne phase
measurements. Here, we report experimental results for an alternative approach to clock noise cancellation
based on modified second generation time-delay interferometry (TDI) with optical frequency combs
(OFCs). The use of OFCs in the LISA scheme allows simultaneous cancellation of both laser and clock
noises, and would eliminate the need for 1 GHz laser modulations and associated demodulation detections.
Two Mach-Zehnder interferometers with acousto-optic modulators were used to simulate two LISA arms
with Doppler shifts and time delays. With a self-referenced OFC locked to the laser providing the clock
signal, we achieve simultaneous suppression of laser and clock noises by 7 and 1.5 orders of magnitudes,
respectively, down to the setup noise floor. Based on a numerical analysis, we further show that the noise
suppression performance of the OFC-based TDI scheme can meet the LISA mission requirements with an

ample margin.
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I. INTRODUCTION

Gravitational waves (GWs), predicted by Einstein’s
theory of general relativity [1,2], are space-time oscillations
propagating at the speed of light. They are induced by
highly energetic cosmic events, such as coalescences and
mergers of binary black holes and neutron stars, supernovae
explosions, and gamma-ray bursts. Their first detection
in September 2015 by the two detectors of the Laser
Interferometer Gravitational-wave Observatory (LIGO)
marks the beginning of gravitational wave astronomy,
opening a new window on the Universe for surveying
cosmic events otherwise impossible to observe with con-
ventional telescopes [3,4]. LIGO was designed to cover a
spectrum ranging from a few tens of Hz to a few kHz. The
lower bound of this spectral range is limited by the Earth’s
seismic and gravity-gradient noises.
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In order to access lower regions of the GW spectrum,
the European Space Agency (ESA) and the National
Aeronautics and Space Administration (NASA) are plan-
ning to jointly fly the Laser Interferometer Space Antenna
(LISA), expected to be ready for launch around 2030 [5].
LISA is a space-based interferometer consisting of three
interplanetary spacecraft flying in an almost equilateral
triangle configuration with exchanging coherent laser
beams along its three arms of 2.5 million km. It is designed
to cover a bandwidth from 10~ to 10~! Hz, unveiling a
broad variety of GW sources unobservable by ground-
based detectors [6]. The phase fluctuations induced by a
GW are measured by interfering the incoming laser beam
with the outgoing laser beam on each spacecraft. Because
the length of each arm is much larger than the coherence
length of the stabilized LISA lasers, the laser noise
dominates over the GW signal in heterodyne one-way
measurements by 6 to 11 orders of magnitude [6-8].
Although LISA employs two nearly equal arms, the arm
length difference can only be maintained with a precision
of about a percent from the nominal length [9]. This is
not enough for the laser noise to cancel to the required
level. To address this problem, it has been shown that,
through knowledge of the length of each LISA arms, it is
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possible to delay and linearly combine the phase measure-
ments from each arm to cancel the laser noise to a
sufficiently low level and observe gravitational radiation
signals. This postprocessing technique is called time-delay
interferometry (TDI), and any possible linear combination
is called a TDI observable [10].

On the other hand, because of the relative interspacecraft
velocities, the received laser beams are Doppler shifted and
their interferences with the onboard laser produces beat
notes of up to 25 MHz [5]. To measure these heterodyne
signals and recover the GW signal in the TDI measure-
ments, the LISA baseline design relies on onboard, oven-
stabilized crystal clocks, usually referred to as ultrastable
oscillators (USOs). The space-qualified USO baselined by
the LISA project is characterized by a phase noise level
estimated to be up to 5 orders of magnitude higher than the
LISA noise requirements at 10~ Hz, when considering
20 MHz beat notes [6,8,11,12]. To suppress the USO
noises, the current LISA measurement scheme requires the
transfer of the USO noises between the spacecraft by
frequency modulating each laser beam exchanged by the
spacecraft [11-14]. By using six additional phase mea-
surements obtained by comparing the sidebands of the
incoming against the outgoing laser beams, specific com-
binations of the carrier-to-carrier and sideband-to-sideband
measurements allow one to calibrate out the clock noise
from the TDI observables [11-17].

In 2015, Tinto and Yu proposed a new TDI scheme to
simultaneously cancel the laser and clock noise by using
optical frequency combs (OFCs) [18]. Leveraging the recent
advent of self-referenced OFC as an optical frequency
divider [19-21], they suggested to lock an OFC to the
onboard laser and use the OFC repetition rate signal at radio
frequency (rf) as the clock signal for the heterodyne phase
measurements. They theoretically showed that, because the
local oscillator is phase coherent with the onboard laser, a
modified second-generation TDI combination can be used to
suppress both laser and clock noises. This approach leads to
a significant simplification of the onboard interferometer
measurement subsystem. Indeed, the 1 GHz interferometric
laser beam modulation and additional heterodyne measure-
ments involving microwave sidebands would no longer be
needed. The entire onboard USO system would no longer
be needed and be replaced by the OFC referenced to the
onboard laser. This alternative interferometer scheme would
significantly simplify the implementation of TDI with the
heterodyne measurements, thus significantly reduce the
probability of subsystem failures.

In this paper, we describe an experimental proof-
of-concept demonstration of the optical frequency comb-
based TDI. With a tabletop experiment setup of two 2-way
laser interferometers with simulated Doppler frequency
shifts and time delays, and a self-referenced OFC, we
achieve 7 orders of magnitude laser noise suppression
without the need of any independent clock signal over the

10~* to 107! Hz LISA frequency bandwidth, limited only
by the experiment measurement noise floor. We further
show through numerical simulation that using a self-
referenced OFC phase locked to the onboard ranging laser
in the two-arm two-way interferometer scheme, both laser
and heterodyne local oscillator rf noises can be suppressed
well below the LISA sensitivity requirements.

This article is organized as follows. In Sec. II, we present
the basics of how an OFC works together with a summary
of the implementation of TDI with OFC. The experimental
setup is then described in Sec. III, while the corresponding
results are discussed in Sec. IV. In Sec. IV, based on a
numerical analysis, we also quantify the expected perfor-
mance of TDI with OFC when implemented in the actual
LISA scenario. In Sec. V, we present our conclusions and
emphasize that the use of the OFC technique in the context
of LISA would result in hardware simplification and
improved mission reliability.

II. PRINCIPLE OF OFC-BASED TDI

A. Self-referenced optical frequency combs

An optical frequency comb is an optical oscillator that
generates a coherent pulse train in the time domain at a
stable frequency f,. In the frequency domain, it corre-
sponds to a series of n equally spaced narrow frequency
lines of frequency v,, each of these modes being phase
coherent. The spacing between each mode is equal to fp.
Because of dispersion, each mode does not have exactly the
same phase velocity, inducing a phase offset between the
optical carrier and the pulse envelope that changes over
time. This offset is called carrier envelope offset (CEO)
phase, and the rate of this offset phase change from pulse to
pulse is called the CEO frequency vcgo. The description of
an OFC in the spectral domain is given by the following
simple and well-known relation [22]:

Uy :UCEO+nfrcp- (1)

In practice, the two frequencies vcpo and fr, can be
controlled through proportional integral derivative (PID)
regulation feedback loops. When the OFC has an octave
spanning width, it is possible to measure directly vcgg by
frequency doubling one low frequency mode v, and
beating this signal with the OFC mode of frequency
2v,,. Then the measurement of vcgq can be used to stabilize
Vcgo itself, resulting in a “self-referenced OFC [23].”
Equation (1) shows that when vcgqg is self-referenced,
there is a coherent phase relationship between the optical
signals of frequency v, and the microwave signal of
frequency f.,. Thus, if the OFC is locked to an external
laser by adjusting f, so as to maintain a stable beat
note between the laser signal and one comb tooth, the
OFC then becomes an optical frequency divider. It coher-
ently transfers, with extreme precision, the laser phase
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fluctuations down to the microwave band. The level of
precision of this down-conversion process has been demo-
nstrated experimentally to be smaller than the frequency
white noise associated with the experimental setup used to
measure it [24] and estimated to correspond to an Allan
standard deviation of about s, = 10~!'? atan integration time
7 = 1000 sec. Since the corresponding power spectrum of
the relative frequency fluctuation is given in terms of the
Allan standard deviation by the following expression [25]:

S,(f) = 2762~ 1073 Hz !, (2)

we conclude this noise spectrum to be 9 to 13 orders of
magnitude smaller than the spectrum of a typical USO noise
over the frequency band of interest to space-based GW
detectors [12]. In the context of the experiment presented in
this paper, we exploit this phenomena by locking our OFC to
the outgoing ranging laser and using the OFC repetition rate
signal as reference clock for the heterodyne beat notes
measurements. The correlation between the laser phase
noise and that of the clock allows us to use a new TDI
combination to suppress both laser and clock noises in one
step, as will be shown below.

While self-referenced OFCs are now commercially
available, recent advancements have also resulted in
space-borne OFCs [19-21]. Moreover, significant progress
has also been made on miniaturized OFC based on non-
linear microresonators [26,27]. It is therefore reasonable to
expect space-qualified, power-efficient OFCs of small form
factors to become available in the near future.

B. Time-delay interferometry with self-referenced
optical frequency combs

LISA is a triangular, nearly equal-arm, interferometer
that relies on three spacecraft in heliocentric orbits, each
carrying two lasers [5]. The three spacecraft are separated
by a nominal distance of 2.5 million km and the arm length
variations are maintained below 1% through monthly
station keeping maneuvers [9]. Because the lasers are
coherently coupled [8,28], we may regard two arms of
the LISA laser interferometer configuration as being
equivalent to that of two 2-way arms with a single laser
onboard one spacecraft that emits light towards two
separated mirrors moving at different velocities, as illus-
trated in Fig. 1. The beat notes at the detectors y;(¢) are
given by

2V,‘ 2VI
yi(t) = V0<1 - c ) — 1y + ’/noise(t - Ti) (1 - >

- Vnoise(t) + hi(t)’ (3)

where v is the ranging laser center frequency, v, (?) its
frequency noise, V; the Doppler velocity, T'; the time delay

Equivalent unequal two
arms interferometer

Mirror 1 fV1

LISA configuration (arm length
difference not to scale)

Spacecraft 1

Laser beam

" Beam splitters
< v
—

) EV s

Photodiodes —, O

Spacecraft 3 Ar>n 2 Spacecraft 2 ¥,(t)

FIG. 1. Simplified unequal-arm Michelson interferometer
(right) from the three-arm LISA triangular configuration (left).
Each mirror moves at a velocity V; relative to the inertial
reference frame with respect to which the laser and the beam
splitter are at rest, and the arm-length is L;. In the case of the
LISA array, V; and L; are slowly varying functions of time and
can be regarded as constants over a period of a day or so. For each
arm, the laser beam back reflected by the mirror is combined
with the outgoing laser beam at a photodiode where phase or
frequency fluctuations y;(z) are measured.

corresponding to twice the arm length L;, ¢ the speed of
light, and h;(7) the gravitational signal.'

With the 1% arm length difference, however, it still
requires a frequency stability of the laser that is way beyond
that of any state of the art stabilized laser system. As a
consequence, the TDI scheme is used to suppress the laser
frequency noises. The conventional TDI scheme has been
discussed and tested extensively in literature [7,10-13,
15-17,28]; here, we will only describe how the OFC is
applied to accomplish the second generation TDI, and
discuss how it is applied in the experimental demonstration
in this paper. We refer readers to Ref. [13] for details of
experimental hardware implementation comparisons.

The laser beat notes y;(z) are measured with the
heterodyne detection scheme as shown in Fig. 2. Here,
the reference clock is provided by a self-referenced OFC
rather than an independent USO. All relevant symbols and
designations are clearly described in the figure caption. The
frequency counter operates in a closed feedback loop such
that the output of the mixer is nulled to the detection noise
limit (which is not considered at this moment). When the
loop is closed properly, we have

yi(t) = a;(1)f (1) =0, (4)

"The y;(t) retains the main Doppler beat tone Av; = (22_/‘)1/0 for

the experimental data analysis reasons in this work while it is
normally removed from the term of y;(#) in LISA TDI analysis in
the literature.
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Self-referenced OFC |
f(©) = fo+ @Vnoise(t)

____________________
Numerically
controlled
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Loop |
processing || Y;(t)
___________________ I =a;Ofo
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Incoming laser signal:
Vin(t) =
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FIG. 2. Block diagram of the signal flow for one arm of
the unequal-arm interferometer heterodyne measurement with
the OFC implementation. v, (#) is the laser frequency with v
the center frequency and v, (?) the frequency noise, v;,(¢) the
frequency of the back reflected laser signal, T; the time delay
corresponding to twice the arm length L;, c the speed of light, ZTV
the Doppler frequency shift factor of the back reflected laser
signal, h;(7) the gravitational wave signal, f, the clock reference
frequency derived from the optical frequency v, through the OFC
and additional mixer (see Sec. III for more details). f(¢) =
Jo + aupeise (2) 18 the clock frequency provided to the frequency

counter, o = diﬁ E:()f) the optical frequency division factor of the

OFC between the laser optical signal and the microwave
repetition rate signal of the OFC, and «;(7) the gain coefficient
of the feedback loop adjusted such that y; (1) — a;(¢)f(t) = 0. The
output of the loop processing is the measurement of y;(z),
designated as Y;(7).

where f(7) is the clock frequency to the counter derived
from the repetition rate signal of the OFC and a;(¢) the gain
coefficient of the feedback loop. f(#) has the center
frequency f, with the noise f,s(#) that is coherently
transferred from the optical noise vy (¢). The relationship
between fise(?) and vy () are proportional and can be
expressed as fpoise(f) = Qpoise(f) as discussed in the
previous section, and thus,

f(t) :f0+al/noise(t)’ (5)

where o = % is the optical frequency division factor of

the OFC.> We will designate the actual counter read-out
(output) for measured y;(7) as Y;(¢), which is then given by

Yi(1) = ai()fo. (6)

By injecting fO = f(t) - avnoise<t) [See Eq (5)] in Eq (6),
we have

Y1) = yi(1) = ai(1) avnoise (1)- ()

’In Tinto and Yu, @ = 522%= = 12 [18]. However, as we will
see in the next sections, it is not the case for our experiment

because of the commercial OFC system used.

Recall that a;(1) = Y;(t)/fo [see Eq. (6)], we obtain

Yi(t> = myi(t)' (8)

Unoise
1+ e
Considering f > avpoie(f) (in our case |a|~ 1075,
fo =107 Hz, and the noise of the stabilized LISA laser
is of the order of ~300 —1Z_ [8]), to first order we have

/ (Hz)

(0 = [1- =)0 o)

fo

By substituting Eq. (3) in Eq. (9) and approximating
Unoise (1 — T) (1 — ¥) ~ Upoise(f — T';), we have

a”noise(t)

Yi(1) = {1 - ;

- l/noise(t) + h’l(t)]

:| [Ayi + I/noise(t - Ti)
(10)

Typically, Av; € [5,25] MHz [5,8]. By neglecting noise
quadratic terms and the product between the laser noise
and the GW signal 5;(t), Eq. (10) becomes equal to

Yi(t) = AIJ,- + Vnoise(t - Ti) - Vnoise(t) + hi(t) + Qi(t)7
(11)

Al/l'
fo

where ¢;(r) is the clock noise in the heterodyne measure-
ments clearly down-converted from the laser noise. As also
discussed in Tinto and Yu [18], Eq. (12) shows that ¢,(¢)
and v, (#) are proportional, which makes the simulta-
neous noise cancellation possible through combination.
Based on Eqgs. (11) and (12), it is then easy to show that the
following second generation TDI combination preserves
the gravitational wave signal /;(¢) while canceling both the
clock noise g;(¢) and the laser noise vy (1):

q,-<r>=—a( )unoise<r>=—aa,»<t>vmise<r>, (12)

XOFC (1) = [Yl (t—T,) - (1 + a%) Y, (t)]

0

- [Yz(t -7 - (1 + a%) Yz(t)] 13

0

III. EXPERIMENTAL IMPLEMENTATION

There are two key aspects of the LISA laser interfer-
ometer measurements that must be properly implemented
in the experimental setup to demonstrate the suppression
of both laser and local oscillator noises. The first is the
Doppler frequency shift of the returned laser beams, which
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is simulated in our case by acousto-optic modulators
(AOM). The second is the time delay corresponding to
the long LISA interferometer arms that is of the order of
light seconds. Such a long delay is impossible to implement
in a laboratory. To properly simulate an arbitrary laser
propagation time delay, we came up with the approach of
applying a known noise sequence to the outgoing laser
beam and the same noise sequence delayed by a time 7; to
the returned laser beams. Since AOMs are used to simulate
the Doppler frequency shifts, the applied laser noise can be
added through the corresponding AOM. Our setup is
depicted in Fig. 3. It is an experimental implementation
of the simplified unequal-arm Michelson interferometer
presented in Fig. 1. In Fig. 3, the onboard outgoing laser
beam is marked in green, and the returned laser beams are
marked in blue. Each laser beam passes through an AOM
through which both Doppler frequency shift and laser
frequency noise vy (#) and v, (1 — T';) are applied. The
total Doppler shift Ay; of each returning laser beam will be
the differences of the AOM operation frequencies in the
outgoing laser beam and the corresponding returned beam.
Three identical synthesizers are used to drive the AOMs.
These synthesizers are controlled and programmed by a
computer to generate the frequency noise sequences of the
desired noise spectrum and delays. All synthesizers are

-

Hydrogen maser 10 MHz

[ 1
Signal generator I

referenced to a common oscillator, a hydrogen maser.
The low phase noise performance of the maser (fractional
frequency instability is less than 1073 x z7'/2 from
7=1sto 7= 10%s) is necessary and guarantees negli-
gible phase noise impact from the oscillator in the time
delayed analyses.

The interference of the outgoing laser beam with each of
the returned laser beams is detected by a photodetector.
Since the Mach-Zehnder interferometers in the setup shown
in Fig. 3 are near equal-arm interferometers with little path
length difference, the intrinsic laser noise appears as a
correlated common noise source on both the outgoing and
returned laser beams and cancels at the photodetector. Thus
the residual frequency noises at the detectors are only
limited by the stability of the interferometers themselves.
The interferometers are enclosed in a box to minimize
environmental disturbances (airflow through the arms),
and the setup is mounted on a pneumatic antivibration
optical table. The output signal of each photodetector y;(#)
is measured using a commercial two-channel frequency
counter that yields the frequency counter measurement
Y;(¢) as depicted in Fig. 2.

A part of the outgoing laser beam marked in green in
Fig. 3 is combined with the OFC optical output that is
filtered around vy = 193.4 GHz (1550 nm). The beat note

30 MHz

’ |

Signal generator Signal generator

f1 =85+ Vpoise(t = T1) MHz | f2 = 90 + Vypise (t — T2) MHz

V. Ultra-stable
laser

vo = 193.4 THz

Non-stabilized
100 m fiber link

RFA ;;

Incoming IaserI
signal —Arm 2 E

Incoming laserl \
signal —Arm 1 :

Signal generator

== E|ectrical connections
=== Free space optical beams

== == Single mode fiber optics

FIG. 3.

\ Mirror

BPF

20 -

OFC optical frequency
locking loop

3 =80 4+ Vypise(t) MHZ

OFC RF output:
20 MHz

RFM

\
N\ BPF
RFA
D Photodiode
y1(t) y2(0)Y  10MHz
N 50/50 beam splitter/combiner Channel 1 Channel 2 External
ref. clock

Frequency counter

Experimental setup. OFC: Optical frequency comb, BPF: Band pass filter, RFA: Radio frequency amplifier, REM: Radio

frequency mixer, AOM: Acousto-optic modulator, PC: Polarization controller, and EDFA: Erbium-doped fiber amplifier. The ultrastable
laser signal is brought into the experimental setup from another lab through a 100 m fiber link. The two 2-way laser interferometer arms
in Fig. 1 are experimentally represented in the dashed line boxes: the green box simulates the onboard outgoing laser beams while the

blue boxes the returning incoming laser beams.
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produced by this interference is stabilized at an offset
frequency of 60 MHz using a proportional integral deriva-
tive (PID) controller loop that adjusts the OFC repetition
frequency fy,(7). Ideally, as discussed in Tinto and
Yu [18], the OFC should work as a pure frequency divider
that directly provides the required rf frequency value f, €
[9.75,10.25] MHz from the optical frequency vy, (#) with
a simple division ratio ([9.75,10.25] MHz is the range of
the reference frequency input of the counter we use).
However, the commercial OFC system that we use is a
general purpose system with an internal frequency synthe-
sis chain. The repetition rate of the OFC system is
approximately equal to 250 MHz. The actual rf output
of the comb is at 20 MHz, internally synthesized by mixing
the fourth harmonics of the repetition rate with an external
referenced 980 MHz signal. Since the frequency counter
only accepts about 10 MHz, the comb 20 MHz is further
mixed with a 30 MHz signal source. The final input of the
reference frequency to the counter is, therefore,

f(t) =30 = [4fep(r) — 980] MHz. (14)
As previously mentioned, the OFC is locked to the laser
by maintaining a 60 MHz beat note between one OFC
frequency mode and the laser signal,

Vceo + nfrep<t) - l/laser(t) = 60 MHz. (15)

Based on Egs. (14) and (15), it follows that @ = 83{“20 =
Afep(t) 1GHz  _ -6
— = ~Tomeg o — - 171 x 1077,

Note that the rf sources mentioned in the frequency
synthesis, that is, 60 MHz, 30 MHz, and 980 MHz, are all
phase locked to the hydrogen maser, and therefore, their
phase noise contributions to the final measurement results
are negligibly small. In the LISA application, a proper
customized design for the OFC and the frequency counter
would no longer require the rf frequency mixing and
synthesis, and the use of the hydrogen maser described
above in this experiment. It should also be pointed out that
the intrinsic laser frequency noise itself also gets transferred
to the OFC repetition rate and hence, the clock signal to the
counter. This noise is not correlated with the time delays
as those from the simulated laser noise and therefore, will
not be canceled in the TDI combination. It must be
reduced to below experiment measurement noise floor.
For this reason, an ultrastable laser is used to minimize
the laser intrinsic frequency noise in the demonstration
experiment setup. This of course will not be the case and
presents no limitation in the actual LISA scenario with the
real noise delays.

The synthesizers driving the AOMs and the frequency
counter are controlled via a Python code. The Python code
outputs the measurements Y;(z) in a file that is read
and postprocessed with MATLAB to perform the TDI

combination and analyze the results. The sampling time
of the frequency counter is set at ~2.7 sec., and the
following experimental parameters were implemented:
T,=27sec., T, =54 sec., Av;y =5 MHz, and Av, =
10 MHz. Note that the delays 7'; used do not correspond to
those of the actual LISA mission (~17 sec), but it does not
influence the TDI validation and results. Indeed, Eq. (13)
demonstrated in Sec. II is valid for any delay values T
and T,.

IV. RESULTS

A. Experimental measurement noise floor

We first evaluate the experiment setup measurement
noise floors. To perform these measurements, all rf sources
are phase locked to the hydrogen maser, including the
10 MHz reference to the frequency counter. That is, the
OFC is not used. Furthermore, no simulated noise is
applied to the AOMs. In this condition, the measurements
Y;(t) give the frequency noise floors of the two interfer-
ometers formed by the “outgoing” laser arm and the
“returning” laser arms. The beat notes time sequences
are converted into the spectral domain via a fast-Fourier
transform algorithm as plotted in Fig. 4.

The frequency noise measurements are below
1074 ﬁ in the frequency range of the interest and

plateau at 1 mHz and below. It is a combination of the
instability of the interferometers and the noise of the
commercial frequency counter used. We can also use these
data to determine the noise floor of the postprocessed
second generation TDI by using Eq. (13) for a =0,
T, =2.7 sec., and T, = 5.4 sec. The result is also given
in Fig. 4. The TDI processed noise is always below that

-2
10 (a) TDI noise floor
———(b) 5 MHz beat note - Y1(t)
(c) 10 MHz beat note - Y,,(t)
10.4 — (d) LISA requirement

() ‘
W”w/\ Vh/ \Vﬂhw\v

I u“}l'WW'""r"’w"WW
| | :

kb

Frequency noise (Hz / +/Hz)

10 1073 102 107
Frequency (Hz)

FIG. 4. Experimental setup noise floor measurements. Both red
(b) and yellow (c) curves are the noise spectral amplitudes for
Y, () and Y, (1), respectively. The TDI postprocessed noise floor
is plotted in blue (a). The frequency noise LISA requirement
shown in purple (d) is derived from [6].
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of the direct heterodyne measurements Y,(¢). This is
explained by the delay line transfer function [29,30].
The frequency noise requirement for LISA is also plotted
in Fig. 4 from Ref. [6].

B. Verification of the frequency division coefficient a

To ensure the OFC coherently transfers the laser fre-
quency noise to the rf domain, we experimentally verified
the coupling between the laser and the clock signal. In this
measurement, the OFC is phase locked to the laser beam of
the outgoing arm. The counter reference clock signal is
derived from the OFC as in Fig. 3 and described before. A
sequence (7111 values of a Gaussian white noise with a
standard deviation of 50 kHz) of known applied frequency
shift steps [vnoise(£)] is applied to all AOMs without any
time delay (7; = 0) so that the beat notes y;(¢) and y,(¢)
are unaffected by the optical frequency changes. On the
other hand, the OFC transfers the resulting optical fre-
quency changes per applied frequency steps to the rf
reference clock frequency to the counter. As such, the
counter output [Y,(7)] yields the changes in the rf clock
frequency. The resulting plot of the rf frequency change
as a function of the applied optical frequency change is
presented in Fig. 5.

A linear line fit yields the slope @ = —5.173 x 107°. The
minus sign is due to the frequency down mixing of the OFC
20 MHz microwave signal with a 30 MHz signal (see
Sec. III). This is very consistent with the expected value of
a = —5.171 x 107°. A close examination shows that there
is a small variance between the measured frequency values
and the expected ones, which is largely due to the
frequency shifts of the ultrastable laser we used.

1.5 - — : :
——linear regression
measurements
1+t
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T o05f
-
g
€ or 6Y1(t) _ —6
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1 | I ! ;
-2 -1 0 1 2 3
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FIG. 5. Experimental evaluation of the coupling coefficient a.

The horizontal axis is the applied frequency steps in optical
frequency domain while the vertical axis shows the resulting beat
note frequency changes due to the counter rf reference frequency
changes through the OFC.

C. Conventional TDI performance evaluation

Before demonstrating the comb-based TDI, we establish
the baseline performance with the conventional TDI in the
experiment setup. This can be done by removing the OFC
system from the scheme and use the hydrogen maser as the
counter clock input. The phase noise of the maser is
extremely low, and the clock noise will not show up above
the measurement noise floor. This is justified since in the
current LISA scheme, the TDI for suppressing clock noise
is independent of that of the laser noise. We apply
simulated laser noise with a Gaussian noise statistics with
the rms noise amplitudes of 50 kHz. Y,(¢) are measured
with T = 2.7 sec., T, = 5.4 sec., and a = 0. The results
of the measurements and the TDI postprocessed data are
plotted in Fig. 6. As expected, we were able to completely
suppress the laser noise to the experiment measurement
noise floor. The simulated noise spectra and those of the
direct measurement Y,(¢) are also given in Fig. 6 for
reference. This shows that the TDI demonstration setup
is capable of realizing the TDI laser noise suppression by
over 7 orders of magnitude.

On the other hand, if we use a noisier quartz oscillator for
the clock reference input, we would expect that the clock
noise will not be canceled and shows up in the measure-
ments. To illustrate this point, we have performed the same
measurements as above but using a clock signal provided
by an independent 10 MHz quartz oscillator instead of the
hydrogen maser. The results are presented in Fig. 7 together
with the measured noise spectrum of the oscillator itself.

Figure 7 clearly shows that TDI postprocessing perfor-
mance is limited by the clock noise: the noise level of the
TDI postprocessed signal at 10~! Hz matches the one of the
clock, which means that the clock noise is not canceled.
Moreover, the noise floor of the TDI postprocessed signal
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d) AN b e el o
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B ((S)) — oyl

£ o100t 1
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g (e) (a) Post-processed TDI measurements

o ———(b) 5 MHz beat note - Y_(t)

£ 1070 1

C (c) 10 MHz beat note - Yz(t)

——(d) Simulated laser noise v_ . (t)
——(e) LISA requirement
(f) Noise specifications of the stabilized LISA lasers

10 107 1072 107!
Frequency (Hz)

FIG. 6. TDI experimental results with the clock signal
provided by the hydrogen maser. The LISA requirement is
published in [6], and the noise spectrum of the stabilized LISA
laser is provided in [8].
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FIG.7. TDI experimental results with the clock signal provided
by an external noisy signal uncoupled from the laser.

Hz

\/EHZ)

whereas it would be below 107°

at frequencies <1072 Hz,

in Fig. 7 is above 107>

Hz

\/ZHZ)

if the clock noise

was canceled (see Figs. 4 and 6).

D. OFC-based TDI demonstration

To demonstrate the simultaneous laser and clock noise
suppression with the use of OFC, we proceed with the same
measurements but use the OFC repetition rate signal and rf
synthesis to generate the clock signal for the frequency
counter as presented in Fig. 3. However, in order to
measure the clock noise suppression, the clock signal
was directly plugged into one of the input channels of
the frequency counter, with the clock signal provided by the
hydrogen maser, and the same time series was used to
generate v, (7). Figure 8 plots the measured comb-based
clock noise, together with the applied noise spectrum
of Upeise (7). Tt clearly shows the coherent coupling between
the clock signal and the laser signal, with a factor of
la| = 5.17 x 107 between the two signals.

The OFC-based TDI results presented in Fig. 8 shows
a laser noise cancellation factor of 7 orders of magnitude
between the TDI postprocessed measurements and the
measured beat notes Y;(¢), together with the suppression
of the clock noise, recovering the TDI measurement noise
floor of our experiment setup reported in Fig. 4.

The TDI results of noise cancellation demonstrated meet
the LISA requirements for frequencies >3 x 1073 Hz. The
noise floor of our test bed is a combination of two artifacts
that are not present in the actual implementation and
operation of LISA: interferometer instability due to (1) air-
flow and (2) thermally unstabilized setup, and free-running
laser noise uncoupled in the beat notes but coupled in the
clock signal. In order to experimentally demonstrate further
the LISA noise requirement on the entire [1074,107'] Hz
LISA bandwidth, the Mach-Zehnder interferometer noise

(c)
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-
e
o

) Post-processed TDI measurements
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(a
(b
(
©
(
(
(

Frequency noise (Hz / +/Hz)

—

o
o
o

———(d) Simulated laser noise v__._(t)
noise
) Clock noise av_ . (t)
noise

f) LISA requirement

5)

g) Noise specifications of the stabilized LISA lasers

1074 1078 1072 107
Frequency (Hz)

FIG. 8. OFC-based TDI experimental results. The LISA re-
quirement is published in [6], and the noise specifications of the
stabilized LISA laser are provided in [8].

levels have to be lowered by approximately 1.5 order of
magnitude below 3 x 1073 Hz. This would be possible by
improving our test setup using an ultralow expansion bench
in a vacuum chamber, much similar to that of the LISA
optical test bench [8]. In addition, the long-term stability of
the laser used also needs to be improved by 1.5 order of
magnitude.

To understand the expected performance of the comb-
based second generation TDI scheme when applied to the
actual LISA scenario, we performed a simulation of the best
theoretically achievable performance. Figure 9 presents the
simulation results for Av; =5 MHz, Ay, =10 MHz,
T, =27 sec., T, =54 sec., and a = f—g =5.17x1078

from a pure optical frequency divider comb.

(a) Post-processed TDI measurements
b) 5 MHz beat note - Y1(t)

c) 10 MHz beat note - Yz(l)

1010 L
d) Simulated laser noise ”noise(t)
()

noise
f) LISA requirement

—
(
—
———(e) Clock noise av.
—
— (g) Noise specifications of the stabilized LISA lasers

10°

Frequency noise (Hz / +/Hz)
>
o
SN
;

10 10’3 1072 107"
Frequency (Hz)

FIG. 9. Second generation TDI combination capability in the
context of the LISA mission.
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As depicted in Fig. 9, the second generation TDI
combination does not fully cancel the clock noise that
is coherently transferred from the stabilized LISA laser.
This is because of the approximation used for obtaining
the TDI combination mentioned in Sec. II. However, the
resulting errors are insignificant for all practical matter in
the LISA applications. Indeed, as we can see in Fig. 9, a
postprocessed TDI signal can meet the LISA noise require-
ment within the entire LISA bandwidth with over 2 orders
of magnitude margins to spare. Based on the theoretical
analysis and the experimental demonstrations reported
here, we conclude that OFC technique applied to TDI
can efficiently meet the LISA noise requirements with
ample margins.

V. CONCLUSIONS

We have experimentally demonstrated the effectiveness
of the OFC-based TDI for simultaneously canceling both
laser and clock noises in unequal-arm space interferometry.
This method relies on a self-referenced OFC locked to the
ranging laser, with the OFC repetition rate rf signal used as
a local oscillator for the heterodyne phase/frequency
measurements. Using a realistic experimental implementa-
tion of the LISA unequal-arm interferometer, we were able
to cancel the laser noise in the heterodyne measurements
by 7 orders of magnitude down to the measurement noise
floor of the laboratory setup. Moreover, we have also
shown through a numerical simulation that this approach is
capable of suppressing the laser and clock noises in the
postprocessed TDI measurements below the LISA noise

requirement with margins of over 2 orders of magnitude
over the entire LISA bandwidth.

The implementation of this technique with LISA would
lead to several significant simplifications of its payload
while increasing the hardware robustness and reliability.
With the deployment of an OFC, one eliminates the need of
the clock frequency up-conversion to 1 GHz and laser
modulation to transfer the clock noise between the space-
craft. Accordingly, the heterodyne sideband-to-sideband
measurements needed by the clock signal recovery and
calibration algorithm are no longer required. Finally, the
LISA baseline USO is no longer needed. Besides LISA,
the comb-based second-generation TDI technique can be
incorporated in the design of future space-borne gravita-
tional wave detection interferometers [31,32].
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