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Abstract

Taiji space gravitational wave detection utilizes the laser interferometer to convert the tiny distance change into the phase
fluctuation of the beat note. As to realize the sensitivity of 1 pm/,/Hz, the phasemeter needs to calculate the phase with
the precision of 27 urad/,/Hz in the frequency range of 0.1 mHz and 1 Hz. In this paper, we report recent progress of
the phasemeter for Taiji. Noises which possibly affect the measurement sensitivity are tested and discussed, especially the
sampling noise and the frequency jitter. Finally, the accuracy of the phasemeter is calibrated. The result shows that the
sensitivity has reached the requirement of Taiji in the frequencies between 0.01 Hz and 1 Hz, 0.1 mHz-1 mHz. Noises in
the range of 1 mHz and 0.01 Hz, which have not yet depressed well, are dominated by the clocking jitter and the thermal

fluctuation.
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Introduction

Along with the announcement of successful gravitational
waves detection by the LIGO (Laser Interferometer
Gravitational-Wave Observatory) (Abbott et al. 2016),
detecting the gravitational waves in the space becomes a
hot topic around the world. Compared with the ground
mission, the space gravitational wave detection is regard
as a complementary window for the lower frequency
astronomic events (Gair et al. 2013; Pitkin et al. 2011;
Freise 2010). Many proposals and techniques, such as
LISA (Laser Interferometer Space Antenna) (Danzmann
1996), eLISA (evolved LISA) (Amaro-Seoane et al. 2012),
BBO (Big Bang Observer) (Corbin and Cornish 2006),
Taiji (Hu and Wu 2017), Tianqin (Luo et al. 2016), atom
interferometry (Dimopoulos et al. 2009; Carraz et al. 2014;
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Kulas et al. 2016), are put forward and taken into research
by different organizations. Taiji mission is an original LISA-
like mission, proposed by Chinese academic of sciences
in 2015. Compared with LISA, the interferometer arm of
Taiji is shortened to 3 million km. The target sensitivity
is 1 pm/\/Hz in the frequency range of 0.1 mHz and
1 Hz, and it is scheduled to be launched in 2033. For the
wave length of 1064 nm, the phase needs to be measured
with the sensitivity of 27 urad/,/Hz in the target frequency
range. Before Taiji mission, there have a Taiji pathfinder
for all key technical validation, such as the inter-satellites
interferometer, the telescope, the beam pointing, the ranging
tone, the phasemeter, and so on. Taiji pathfinder, scheduled
to be launched in 2025, is totally different with LISA
pathfinder (Danzmann 2015; Armano et al. 2016) and
GRACE Follow-on (Dehne et al. 2009; Schiitze 2016). The
arm length of Taiji pathfinder is set to 10000—100000 km
level, and the sensitivity will reach 100 pm/,/Hz in the
frequency range of 0.1 mHz and 1 Hz.

As the phase readout equipment, the phasemeter not only
extracts the phase change of the interferometer, but also
has many other functions (Esteban et al. 2009), such as the
phase modulation for the data communication and the rang-
ing tone, the phase locking, the beam pointing, and so on.
In this paper, the recent progress of Taiji phasemeter is
reported. The principle and implementation of the phaseme-
ter is shown in the “Principle” and “Implementation”.
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Fig. 1 The principle diagram of the DPLL phasemeter

Noises which possibly affect the measurement sensitiv-
ity are discussed in the “Noises Analysis”. Finally, the
calibration result of phasemeter is given in the “Results”.

Principle

In the development of LISA, several types of the phasemeter
have been considered for the mission, such as the zero-
crossing (Pollack and Stebbins 2006), the SBDFT (Single
Bin Discrete Fourier Transform) (Shaddock et al. 2006).
However, the phasemeter, based on the DPLL (Digital Phase
Locked Loop) algorithm, are the most suitable architecture
for LISA (Shaddock et al. 2006; Gerberding et al. 2013).
Firstly, because of the Doppler effect, the frequencies of
the beat note always fluctuate up to £10 MHz. So, the
phasemeter must have the ability to track the frequency
fluctuation of the signal. Secondly, many tones for other
auxiliary functions need to be modulated into the main laser
beam (Esteban et al. 2011). Therefore, different tones are
needed to be distinguished by the phasemeter. As a LISA-
like mission, the phasemeter of Taiji is also based on the

Fig.2 The implementation

DPLL. The basic principle of the DPLL is shown in the
Fig. 1.

In the Fig. 1, a sine signal, written as Sp =
A sin (ot + @), is input into the phasemeter. The signal
is then multiplied by a NCO (Numerically Controlled
Oscillator) with an initial frequency wg. In locking process,
the output after the LPF (Low Pass Filter) is proportional to
the phase difference between the NCO and the signal. Then,
the phase difference is used to update the NCO frequency
and keep the DPLL to be locked with incoming signal. The
frequency and the remaining phase error value (Aw and ¢,)
will be exported for the further analysis.

Implementation

The phasemeter prototype of Taiji is implemented on
a commercial FPGA (Field Programmable Gate Array)
platform (TR4-530, Terasic), the architecture of which is
shown in the Fig. 2.

From the Fig. 2, the test signal is digitized by an ADC
(Analog-to-Digital Converter, AD9254) and then mixed
with a NCO signal in quadrature. The mixed part is low pass
filtered, and the lower frequency part is remained. The phase
error, which is proportional to the phase difference between
the test signal and the NCO, is reconstructed and fed into
a PI (Proportional-Integral) controller, determining as the
frequency actuation signal in the PIR (Phase Increment
Register). The value of the PIR is fed into the NCO, where
it is integrated in the PA (Phase Accumulator) and then
converted to a sine and cosine in the LUT (Look-Up Table).
The Fig. 3 shows a physical picture of Taiji phasemeter
prototype system, which includes a functional generator, a
USO (Ultra-Stable Oscillator), the FPGA platform and a
power supplier. The phasemeter platform is driven by the
USO, of which the stability and accuracy are, respectively,
10712 and 5 x 10~!'! in the time range of 1-10000 s.
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Fig.3 The physical picture of the phasemeter prototype

Noises Analysis

In our previous research (Liu et al. 2014), outputs of the
phase remaining error of the phasemeter can be written as,

Pe = o+ 0P — Awt + 6y + (T, w) +04 + 0y +dwt, (1)

Where ¢p, 6P as the initial phase and the frequency jitter
of the detected signal, §, as the sampling noise, ¢(T, ®)
as the analog frontend noise, o, as the ADC quantization
noise, dwt is the DPLL loop noise, o, is the sum of
other remaining noises. And, the obtained phase by the
phasemeter can be written as,

¢ = Awt = @+8P+3y+¢ (T, w)+0o,+0p+dwt —P,. (2)

In the following, the above noises of the phasemeter
prototype of Taiji are discussed and tested. Noises spectrum
are tested in the condition of the zero measurement in
which the signal from a source are divided into two and
then respectively delivered into different channels of the
phasemeter (Two channels are labeled as “A” and “B”).

Although the obtained phase by the single channel of
the phasemeter possible fluctuation, the phase between
the channels (Common mode noise rejection) theoretically
remains O rad in the zero measurement.

A. Initial phase ¢¢

The obtained initial phase by the single channel A or B of
the phasemeter is a constant value, which is only related
with the initial time when the detecting begin.

B. Loop noise dwt

The loop noise, limited by the bit width of the DPLL and the
finite hardware resource of the FPGA, is the sum of the loop
subparts noise in the FPGA internal. The results are shown
in the Fig. 4, where the test signal is produced by another
NCO (1 MHz). In this situation, the value of the loop noise
determines the best performance of the phasemeter.

In the Fig. 4, the blue line is the in-loop noise of
the channel B, which represents the loop is well locked.
The pink line is the performance of the channel B of
the phasemeter. This line is obviously increased in the
frequency band of 0.01 Hz—0.1 mHz. It is because that the
tiny quantitated frequency error in the loop always lead the
integrated phase to be increased in the lower frequencies.
However, this noise between channels can be well rejected,
shown by the black line. It can be concluded that the loop
noise of the DPLL is much lower than 27 urad/,/Hz, and
the loop is good enough for the accurate phase measurement
of Taiji mission.

C. Quantization noise o4

The quantization noise will be introduced, when the analog
signal is converted to the digital signal by an ADC. The
value of the noise, which is determined by the sampling
frequency f; and the number of the ADC bits N, can be
written as (Gerberding et al. 2013),

Fig.4 Results of the phasemeter 10%E
loop noise test, where the test k
signal is produced by another
NCO. The result has been
smoothed by the method of the
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Fig.5 The sampling jitter noise 10
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In this paper, the sampling frequency is set to 100 MHz
and the bits number of the ADC are 14. So, the value is
4.32 x 107? rad//Hz, much less than 27 yurad/,/Hz.

D. Sampling noise §,

The sampling noise is produced by the sampling jitter of
the ADC. Its value not only relates to the timing jitter of
the ADC driven clock, but also the response time jitter of
the ADC. The value can be written as (Heinzel et al. 2011;
Barke et al. 2014)

8p =21 X 8t X fe, “4)

Where f, is the frequency of sampled signal, §7 is the timing
error of sampling. In Taiji mission, due to orbit drift, the
highest frequency can up to 25 MHz. Therefore, for making
sure the sampling noise is less than 1 pm/,/Hz, the sampled
timing error must be less than

Ilpm/Hz 1
ot < X
1064 nm 25 MHz
~ 4 x 10714, (5)

Unfortunately, there is no such stable clock, which is
suited for the space gravitational wave detection mission, in

Fig.6 The sampling jitter noise 2
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the time range 1-10000 s until now (Tinto and Yu 2015).
So, the sampling noise will directly exist in the result of
the single channel. However, by using the method of the
common mode noise rejection between channels, this value
can be largely reduced as

ba — Pp = w (814 — 81p) + a0 — Pb0, (6)

Where the lower-case letters of a, b represents the different
channels of the phasemeter. From the Eq. 6, the value
after the common mode rejection is proportional to the
timing difference between channels. If two channels are
synchronized by the same clock, the value can be largely
decreased. For shown this, two comparison experiments are
implemented, and the results are shown in the Figs. 5 and
6. In the experiment, the detecting signals are produced by
a functional generator (Agilent, 33522A). One signal from
the 33522A is split into two, and then respectively connect
with the channels A and B of the phasemeter. The frequency
of the detecting signal is set to | MHz. The results also have
been smoothed by the method of the LASD.

In the Fig. 5, the blue line, which is the phase noise of
the channel B, are dominated by the sampling noise and
all useful information are submerged. However, through
the common mode noise rejection, the sampling noise
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between channels, shown by the black line, can be distinctly
suppressed. Compared with the Fig. 5, the blue line in the
Fig. 6 is located in a lower level. It is because that the
functional generator is synchronized with the phasemeter
by the USO, so that the sampling noise is subtracted by the
frequency jitter of the detected signal. It will be detailedly
discussed in the following part of “E”. The black line also
represent the common mode rejection is an effective way to
suppress the sampling noise.

E. Frequency jitter § @

Because of the large arm unequal, the laser frequency
jitter noise is the largest one in the noises budget of Taiji
interferometer. The value of the jitter can be written as
(Gerberding et al. 2017; Sheard et al. 2010)
S x AL
8P =dr——, (N
c

Where §u is the laser frequency jitter, AL is the arm
length difference, and c is the speed of light. If the signal
is produced by a functional generator, frequency jitter will
be determined by the driven oscillator and also can be
calculated by the Eq. 4. For better understand the noise, two

Fig.8 The frequency jitter noise 107

Frequency (Hz)

tests are done, which the results are shown in the Figs. 7
and 8. In the experiments, test signals are also produced
by the external 33522A. One signal from the 33522A is
split into two, and then respectively be connected with the
channels A and B of the phasemeter. The frequency of the
detected signal is also set to 1 MHz.

Comparing with the Fig. 5, the data in the Fig. 7 presents
a similar results. It is because that the frequency jitter and
the sampling noise are the same in the condition of our
experiment. Both of them are introduced by the jitter of the
driven oscillator, and only the locations of the USO and
the ordinary clock are exchanged in the two experiments.
However, the results in the Fig. 8 are different with the
Fig. 6. Although both of them have been used an oscillator
to be synchronized, the noises present different levels.
Obviously, through the Eqgs. 4 and 6, using the ultra-stable
oscillator to synchronize the functional generator and the
phasemeter can maximally decrease the noise of the clock
sampling and the frequency jitter.

F. Analog frontend noise ¢(T, »)

The analog frontend refers to the analog circuits between
the ADC and the photo detector. This circuits always
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synchronized by an ordinary .
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Phase Noise (rad/Hzm)
IS

—A-B
—B

—2n prad/Hz"?

I I I

-3 -2 -1 0

Frequency (Hz)

@ Springer



780

Microgravity Sci. Technol. (2018) 30:775-781

Fig.9 The typical sensitivity 2

curvy of the phasemeter
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contain the anti-aliasing filter, the RF (Radio Frequency)
amplifier, the RF transformer, the transmission line, etc. The
transfer time or phase response (phase) of the signal in the
analog circuits are easily influenced by the environmental
temperature. Moreover, the circuits present different phase
delay with the frequencies changing.

G. Remaining noises

The remaining noises mainly refer to the sum of the
electronic component noises, which have the property of the
white noise. The electronic noise is caused by the Brownian
movement of the electron. Its value is mainly determined by
the temperature of the electronic parts and the components.
Therefore, the components selection and the circuit design
are also a significant work in the phasemeter board building.

We summarize the noises which possible influence the
accuracy of the phasemeter in the above section. Some
noises, like the sampling noise, the frequency jitter noise,
the analog frontend noise, are the dominant parts in
our recent phasemeter. We should decrease the noises as
largely as possible in the actual test. Some noises, such as
the loop noise, the quantization noise, have been well solved
in the recent situation. Remaining noises, mainly refer to the
electronic noise, are not risen to the main problem in our
experiment.

The discussion of the above noises are based on the
condition that parameters of the signal are permanent during
the experiment. However, the coupling noise which is
caused by the fluctuation of the signal parameters have not
yet discussed. This noise is mainly produced by the SNR
(Signal-to-Noise Ratio) variation, induced by the signal
parameters change, such as the frequency, the power (Liu
et al. 2014; Cervantes 2007). Although it can be ignored
in this paper, the noise possibly becomes one of the main
noises in Taiji condition, where the frequency of signal is
fluctuated between 2 and 25 MHz and the power of the
signal is also fluctuated (due to the arm length changing and
the laser power drift).

@ Springer
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Results

From the above analysis, for precisely calibrating the
sensitivity of our phasemeter, we should largely depress the
above noises and make sure to test the phasemeter in an idea
conditions. In the calibration experiment, the phasemeter
and the functional generator are synchronized by the USO.
The experiment is also carried out in the condition of the
zero measurement. Results are shown in the Fig. 9.

From the Fig. 9, the sensitivity (green line) after the
common mode rejection can satisfy the requirement of
Taiji in the frequency ranges between 0.01 Hz and 1 Hz,
0.1 mHz-1 mHz. However, noises in the bands of 1 mHz
and 0.01 Hz have still not reached the requirement. From the
“Noises Analysis”, the noises mainly come from two parts:
(1) The analog frontend noise caused by the thermal drift.
(2) The sampling noise and the frequency jitter noise. In our
future research, the pilot tone will be imported to reject it
(Gerberding et al. 2013, 2015; Liang 2018).

Concluding Remarks

In this paper, the phasemeter prototype have been con-
structed in our laboratory for Taiji and its pathfinder mis-
sion, and the sensitivity have reached the requirement in
the frequencies between 0.01 Hz—1 Hz, 0.1 mHz—1 mHz.
However, the noise can’t be suppressed below than the
requirement in the band of 1 mHz-0.01 Hz. The noise
in this band are dominated by the sampling noise and
the thermal noise. The pilot tone will pave the way to
reject it.

The phasemeter presented here has been tested in the
laboratory condition, which the SNR of tested signal is
much higher and the signal parameter (frequency, power)
is fixed. However, the SNR is always more lower and the
parameter is also always in the dynamic condition for Taiji.
More anti-aliasing filter must be imported to handle it and
optimize the loop. Moreover, the phasemeter here is based
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on a commercial FPGA platform, which has many useless
designs for the actual experiment. A customized board for
Taiji is now under developing, and we believe the better
results will be obtained in the future.
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