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Abstract: Space gravitational wave detection uses a three-satellite formation scheme, with
the distance between satellites reaching hundreds of thousands or millions of kilometers.
According to the principle of laser heterodyne interferometry, the distance change between
the inter-satellite inertial references caused by the gravitational wave event is converted
into the phase change of the heterodyne interference signal. The payload for measuring the
phase change information is the phasemeter. The mission requires that the phasemeter’s
ranging accuracy is 1 picometer, and the corresponding phase measurement accuracy is
required to reach 27t prad/ Hz!/2 @(0.1 mHz-1 Hz). Due to the inter-satellite Doppler effect,
the dynamic range of the interference signal frequency reaches 5 MHz to 25 MHz. Due
to the sampling jitter noise of the interference signal, it is necessary to suppress the noise
through a single pilot tone. This paper introduces the development of the phasemeter,
which uses a single pilot tone to suppress sampling jitter noise. The test results show that
when the dynamic range of the interference signal frequency is 5 MHz to 25 MHz, the
phasemeter meets the mission indicator requirement of 27 urad /Hz!/? @(0.1 mHz-1 Hz).

Keywords: space gravitational wave detection; laser interferometer; phasemeter

1. Introduction

The scientific implications of gravitational wave detection have transcended the initial
validation of the relativity theory, evolving into a revolutionary astronomical discipline. In
addition to electromagnetic observations, gravitational waves now offer unprecedented
insights into astrophysical phenomena, including early universe evolution, galactic struc-
tural formation, and complex physical processes in astrophysics and cosmology [1,2]. The
2016 announcement by the Laser Interferometer Gravitational Wave Observatory (LIGO)
marked a historic milestone with the first direct detection of gravitational waves, inau-
gurating a new era in gravitational wave astronomy [3]. Concomitant advances in black
hole research have highlighted the prevalence of gravitational wave sources within the
0.1 mHz-1 Hz frequency band, primarily originating from binary black hole mergers with
masses ranging from 10% to 10° solar masses [4]. However, terrestrial gravitational wave
detectors face inherent limitations imposed by seismic vibrations, gravitational gradient
noise, and interference arm length constraints, restricting their sensitivity to low-frequency
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and mid-frequency gravitational waves emitted by celestial events. This requires the devel-
opment of long-baseline space-based laser interference systems [5]. In 1993, the European
Space Agency (ESA) [6] and the National Aeronautics and Space Administration (NASA)
jointly proposed the Laser Interferometer Space Antenna (LISA) [7], designed to measure
gravitational waves using a constellation of three spacecraft arranged in an equilateral
triangle configuration. Subsequent initiatives include the Taiji program [8,9] proposed by
the Chinese Academy of Sciences (CAS) in 2012 and the Tiangin program [10] proposed by
Sun Yat-sen University (SYSU) in 2014. Although both share the fundamental configuration
of LISA, they differ in orbital mechanics: the Tianqin program operates in geocentric orbit,
whereas the LISA program and Taiji program utilize heliocentric orbits. Additionally, each
program employs different arm lengths between spacecraft [11].

Based on the principle of laser heterodyne interferometry, gravitational wave detection
missions employ laser interference systems to measure picometer-level distance variations
between inter-satellite inertial references. These distance changes are converted into phase
changes in the interference signals, which are detected and measured by dedicated pay-
loads called phasemeters. The relative motion between satellites produces Doppler shifts
that affect the beat-note frequency generated in interferometry [12,13]. Jiafeng Zhang [14]
summarized the external constraints on beat-note frequency. First, as heterodyne inter-
ference is adopted, the interference signal frequency cannot be 0 Hz. In addition, it is
necessary to avoid the low-frequency band dominated by laser relative intensity noise
(RIN). Furthermore, the frequency generated by the analog-to-digital converter (ADC)
sampling pilot tone cannot be consistent with the frequency of the interference signal.
Finally, the bandwidth of the phase meter is limited. Therefore, an offset frequency is
usually added to satisfy these external constraints. Beat-note frequencies for the LISA mis-
sion [15] and the Taiji mission [16] limited to 5-25 MHz. Beat note has the same meaning
as the interference signal in this paper. For space gravitational wave detection missions,
achieving picometer-level range accuracy (1 pm) requires phase measurement noise of
27 urad/Hz/2 @(0.1 mHz-1 Hz) [17,18] .

The phasemeter and the ADC are driven by the onboard ultra-stable oscillator
(USO) [19]. During the digital sampling process of the heterodyne interference signal,
clock jitter noise will also be introduced [20]. Even for a perfect system clock, the signal
is digitized at non-equidistant intervals because of intrinsic timing jitter of the ADC. The
digital replica of the signal will deviate from the original. To measure intrinsic noise and
remove it from the measured signal, a reference signal at a different frequency (pilot tone) is
digitized simultaneously by the same ADC [12]. A frequency distribution system has been
proposed, which has the functions of generating GHz frequencies for inter-satellite noise
transmission, the system clock frequency of the phasemeter, and the pilot tone. The above
frequencies remain constant during system operation. Therefore, before integrating the
frequency distribution system, it is necessary to verify the sampling jitter noise suppression
of the phase measurement results of the full dynamic frequency range interference signal
using a single frequency pilot for the phasemeter. The above research results can provide
the feasibility verification and engineering development basis for functional expansion of
the phasemeter in the future, as well as integration with the frequency distribution system.

In recent years, several research teams have verified the phase measurement function,
but the frequencies of the interference signals and the pilot tones are selected differently.
Heshan Liu [21] employed a 10 MHz interference signal and a 14 MHz pilot tone, while
Xiangqing Huang [22] adopted a 15 MHz interference signal and a 31 MHz pilot tone.
Qiangtao Zhang [23] further expanded the interference testing signals of 5 MHz, 10 MHz,
15 MHz, 20 MHz, and 25 MHz with the corresponding 15.1 MHz, 25.1 MHz, 25.1 MHz,
25.1 MHz, and 29.1 MHz pilot tones, respectively.
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This paper presents a phasemeter development scheme that validates the full dy-
namic range (5 MHz to 25 MHz) of interference signals using a single 31 MHZz pilot tone.
The experimental results show that phase measurement noise reaches 27t prad/Hz!/2
@(0.1 mHz-1 Hz), meeting the requirements of space gravitational wave detection mis-
sions. This can expand and supplement the research results of other research teams
mentioned earlier.

2. The Development of Phasemeter

The phasemeter employs a modular architecture with analog and digital subsystems,
consisting of three circuit board types: analog front-end, digital processing, and inter-board
signal transmission interface. The analog front-end board handles the analog-to-digital
conversion path for interference signal input, while the digital processing board implements
post-ADC signal processing algorithms and external data communication protocols. The
inter-board signal transmission interface board provides high-speed signal routing between
the analog and digital subsystems. A complete phasemeter assembly incorporates two
analog front-end boards (each supporting 8-channel interference signal processing), one
digital processing board, and one signal transmission interface board. The hardware
diagram of the multichannel phasemeter is shown in Figure 1.

® WY @

(b) (c)

Figure 1. (a) The hardware diagram of the multi-channel phasemeter. (b) Digital processing board.
(c) Analog front-end board.

The principal block diagram is shown in Figure 2. Following sequential low-pass
filtering, differential operational amplifier, and analog-to-digital conversion by two analog
front-end boards, the processed data from the 16 interference signals are transferred to the
digital processing board via the signal transmission interface board. On the FPGA platform,
the DPLL and data downsampling processes are implemented, and the measurement
results are ultimately outputted.
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Figure 2. Diagram of the phasemeter (includes hardware architecture and signal flow diagrams).

2.1. Signal Filtering Circuit

The signal filtering module performs two critical functions: (1) optimizing stopband
attenuation characteristics to suppress out-of-band noise interference; and (2) improving
the signal transmission rate to increase system response speed. The analog-to-digital
converter (ADC) utilized in the phasemeter features an operational bandwidth of 650 MHz,
significantly exceeding the measured signal frequency range (5 to 25 MHz). To prevent high-
frequency noise from aliasing in the signal band, a precise cutoff frequency configuration is
required to establish an attenuation channel. For this purpose, the Mini-Circuits RLP-30+
low-pass filter chip is selected, offering a cutoff frequency of —3 dB of 37 MHz, which
fully encompasses the phasemeter measurement band while maintaining low insertion
loss characteristics.

2.2. Differential Operational Amplifier Circuit

Differential operational amplifier circuit modules are designed to convert single-ended
signals into differential signal pairs, effectively rejecting common-mode noise interference
to enhance the signal-to-noise ratio (SNR) of the system and interference rejection capability.
In contrast to the transformer scheme, which suffers from insignificant noise rejection of
the pilot tone in the low-frequency band (<3 MHz) and thermal-magnetic interference
defects [24], this article uses the AD8138 differential amplifier to construct the differential
operational amplifier module. The device achieves balanced differential output through
an internal feedback network, featuring a —3 dB bandwidth of 320 MHz, a voltage slew
rate of 1150 V /s, and low harmonic distortion throughout the operational bandwidth. Its
external circuit design simplifies the superposition process of the measured signal and pilot
tone frequency, while optimizing the channel consistency through symmetric impedance
matching to ensure the phase stability of the signal transmission.
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2.3. ADC Circuit

In the ADC circuit, the AD9253 14 bit four-channel ADC is utilized to perform
differential to digital conversion. This device supports configurable sampling rates
of 80/105/125 Mbps and employs a multi-channel synchronous sampling architecture
to ensure timing synchronization accuracy between channels. Thus, it overcomes the
phase mismatch problem caused by independent sampling of multiple single-channel
ADC solutions and establishes the basis for accurate inter-channel signal synchronization
for the phasemeter.

2.4. FPGA Circuit

For the selection of programmable logic devices, the XC7K325T-2FFG9001 FPGA
from Xilinx’s Kintex-7 series serves as the core processing unit. This device incorporates
326,080 programmable logic cells, 50,950 configurable logic slices, and a hierarchical mem-
ory architecture: 4000 Kb distributed RAM for high-speed data caching and 445 x 36 Kb
block RAM modules to support large-scale data staging. Its 500 configurable I/O ports
provide hardware expansion capability for the phasemeter’s multichannel synchronous ac-
quisition system. These resource allocations are optimally suited to meet the requirements
for phase calculation processing, data buffering, and interface control.

2.5. Data Transmission Interface Circuit

This paper employs two low-voltage differential signaling (LVDS) buses to accommo-
date the 16-channel phasemeter measurement data, with a unified baud rate of 10 Mbps
that supports multitype and high data-rate down-link transmission. Additionally, two
RS-232 interfaces are utilized for auxiliary data communication, configured at a consistent
baud rate of 115,200 bps.

2.6. DPLL (Digital Phase-Locked Loop)

The DPLL phase measurement technique operates on the principle of 1/Q phase
demodulation. It introduces a frequency feedback loop to form a phase-locked loop and
ultimately performs phase measurement through the frequency change in the numerically
controlled oscillator (NCO). This technique can meet the special requirements of spatial
laser interference measurements and has been applied to this task. The working principle
of the DPLL phase measurement algorithm is illustrated in Figure 3 [21,25].

( E ;) N Sin(p)
signal

@ E‘” 0 PR e

So=A4,Sin(@1 + @) H NCO Aw |

Sin(@ 1)

Cos(p)
&) 1

DPLL

Interference

Figure 3. Diagram of the DPLL: LUT, look-up table; PA, phase accumulator; NCO, numerically
controlled oscillator; PIR, phase increment register; PI, proportional integral; LPF, lower pass filter.

Assume the expression of the measured signal as defined in Equation (1).

So = Apsin(wt + ¢) (1)
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The signal frequency is first predicted or the frequency value at the initial moment
is measured by a frequency measuring device. Based on this frequency value, an internal
reference quadrature signal is generated as in Equation (2).

)

Rsin = sin(wt)

{ Reos = cos(wt)

The internal quadrature reference signals are mixed with the measurement signals by
multiplication, as defined in Equation (3).

(sin(¢@) + sin(2wt + ¢))

Sp X Reps = Agsin(wt + ¢) x cos(wt) = 3)
(cos(p) — cos(2wt + ¢))

So X Ry = Agsin(wt + @) X sin(wt) =

N‘gjw‘gf

Subsequently, the octave component of the above equation is filtered out by a filter,
yielding Equation (4).

P = 40 x cos(¢)
{ Q= % x sin(g) @

Finally, the phase value is derived via an inverse tangent operation on the preceding
equation, as depicted in Equation (5).

¢ = arctan(P/Q) (5)

The requency discrepancy Aw between the measured signal and the NCO results in
an ultimate phase offset of Aw + ¢. Phase derivative computation yields the frequency
difference Aw, which is fed back to the NCO via a closed-loop control mechanism to
achieve phase synchronization. For fluctuating signal frequencies, frequency variations are
tracked by monitoring changes in Aw, while integral calculation extracts information on
phase fluctuation.

This analysis reveals that the NCO serves as the core algorithm unit in DPLL phase
measurement. The algorithm fundamentally achieves phase locked between the measured
signal and NCO, and computed signal frequency (phase) variations by tracking NCO
frequency changes during DPLL locking. Meanwhile, setting different initial values for the
NCO at the initial time and choosing an appropriate filter, the DPLL loop can capture the
phase changes of different frequency components in the signal.

2.7. Anti-Aliasing Downsampling

The DPLL output measurement data feature a sampling frequency up to 80 MHz, while
the phase measurement sensitivity evaluation band spans only 0.1 mHz-1 Hz, making
the majority of the bandwidth signal irrelevant. According to signal processing theory,
downsampling the original high-frequency signal leads to noise aliasing into the low-
frequency band. To address this, an anti-aliasing downsampling algorithm is implemented:
prefiltering followed by decimation. According to previous research results [26], multiple
filters are cascaded to perform anti-aliasing downsampling of the measurement data,
including the CIC filter, compensation filter, multirate FIR filter and HB filter, and the
structure schematic is shown in Figure 4.

80MHz~2.5MHz Variable Fixed

g lino £ Multi-rate | —p 102HzSampling frequency
ampling frequency decimation decimation
—— | factor CIC factor CIC CFIR filter [ FIR and [ > 10HzSampling frequency
filter bank filter bank i1 3l 3.4HzSampling frequency
First Module Second Module Third Module Fourth Module

Figure 4. Four-stage downsampling filter bank.
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The first stage is a variable extraction factor filter bank, which consists of 8 x, 4x and
2 x CIC filters, and can accomplish 1~32 times downsampling by cascading different
ex-traction multiples; the second stage is a fixed extraction factor CIC filter bank, which
consists of three 16 x CIC filters in cascade, and can accomplish 163 times downsampling;
the third stage is a compensating filter, which is used to reduce the passband attenuation;
the fourth stage is a multi-rate FIR and HB filter bank, which can realize multiple times
of downsampling according to different needs. The third stage is a compensation filter to
reduce the passband attenuation; the fourth stage is a multi-rate FIR and HB filter bank,
which can realize multiple times of downsampling according to different needs.

3. The Verification of Phasemeter
3.1. Phasemeter Performance Evaluation Method

In this paper, absolute measurement, split measurement, and sampling jitter noise
suppression are used. Phase measurement noises are evaluated using the amplitude
spectral density [27] and smoothed using the LISA Technology Package Data Analysis
Toolbox (LTPDA) developed by the Albert Einstein Institute in Germany [28].

3.1.1. Absolute Measurement

Direct phase measurements are performed on an interference signal with phase ¢;.
The measured phase ¢,s is directly compared to the reference phase ¢;, and the phase
difference @j,s — @r serves as the phase noise floor of the measurement system. Under
the ideal input signal assumption, the performance evaluation results directly quantify
additive noise and phase noise contributions within the measurement chain.

3.1.2. Split Measurement

Separation measurement, also known as zero measurement, is measured by separating
an interference signal with a phase of ¢y, s into two signals, InS1 and InS2, and performing
phase measurements on the two signals, respectively, to obtain the phases ¢,51 and ¢p,52,
which can be ¢1,51 — @152 as the background noise of the phase measurement, and the
performance evaluation results help detect and suppress uncorrelated noise sources in the
two measurement chains.

3.1.3. Sampling Jitter Noise Suppression

The inherent timing jitter within the ADC causes the input signals to be digitized at
non-equal spacing intervals, resulting in some distortion of the digital signal relative to
the analog signal. One solution to this problem is to use an ADC clock jitter correction
method based on pilot tone calibration [29]. This is achieved by adding a fixed frequency
pilot tone at the input of each ADC channel, which is phase tracked by a dedicated DPLL.
By injecting a stabilized high-frequency pilot tone, the phase noise derived from its phase
measurement is mainly attributed to the ADC time jitter, and the amount of phase correction
is computed. According to the principle shown in Figure 5, the phase measurement results
can be corrected by applying phase correction to basically eliminate sampling jitter noise.
The interference signal (InS) and pilot tone (PT) are separated into two ADC channels. After
processing through four DPLL modules, the interference signal phase information (¢1,s1,
@1ns2) and the pilot tone phase information (¢pr1, @pr2) are obtained. Using the interference
signal frequency (fj,s) and the pilot tone frequency (fpr), the jitter noise correction term
(CORR) is calculated to eliminate the sampling jitter. The corrected interference signal
phase is denoted as ¢j,,s.



Symmetry 2025, 17, 519

8of 12

NnS1
DPLLAnSI |2

PTL
DPLL-PT1 ks
InS2
DPLL-InS2 @
b

DPLL-PT2

AD
Channel-1

Prns1 - Pms2

CORR = ((PPTl - (PPTZ) X fins/ fer
Qs = ((plnSl - (plnsz) — CORR

InS

fins / for

Figure 5. Principle diagram of pilot tone correction for sampling jitter noise.

3.2. Experiment

The objective of the research is to develop a prototype phasemeter to meet the require-
ments of micro-radian phase measurement. Within the full dynamic frequency range of the
interference signal, a single pilot tone is used to verify the phase noise of the phasemeter,
and to evaluate whether the performance of the phasemeter after integration of its compo-
nents meets the requirements of the space gravitational wave mission. This can expand
and supplement the research results of other research teams mentioned earlier.

The phasemeter verification evaluation environment is shown in Figure 6. The
phasemeter supports parallel processing of 16-channel interference signals. A KEYSIGHT
33622A signal generator provides 5 MHz to 25 MHz simulated interference signals and
pilot tone, while a KEYSIGHT E36312A power supply delivers a +12 V regulated source.
Additionally, a high-stability time-frequency reference device (HT 5825) developed by the
Xi’an Space Unlimited Electricity Technology Research Institute synchronizes the phaseme-
ter and signal generator with a low-jitter clock. Mini-Circuits ZFSC-2-6+ can not only
combine interference signal and pilot tone, but also split the combined signals.

[H

Figure 6. The phasemeter verification evaluation environment.

A fixed 31 MHz pilot tone was combined with simulated interference signals span-
ning 5 to 25 MHz for experimental validation. Five frequencies (5 MHz, 10 MHz,
15 MHz, 20 MHz, 25 MHz) were tested to characterize phase measurement noise in the
0.1 mHz-1 Hz frequency band. The signal generator outputs a sinusoidal signal with
Vpp =2V, maintaining a consistent amplitude throughout the dynamic range.

The experimental results for the phase measurement noise of five interference signals
are depicted in Figure 7. The curves InS1 and InS2 represent absolute measurements
of the interference signal (InS), while the curves PT1 and PT2 show absolute measure-
ments of the pilot tone (PT). The differential measurements PT1-PT2 and InS1-InS2 reflect
common-mode noise suppression for the pilot tone and the interference signal, respectively.



Symmetry 2025, 17, 519

9of 12

The curve InS_PT_CORR demonstrates the sampling jitter noise correction of the inter-
ference signal using the pilot tone, quantifying the phase noise floor of the interference
measurement chain. Figure 7 shows the phase noise curves of the interference signals
with frequencies of 5 MHz, 10 MHz, 15 MHz, 20 MHz, and 25 MHz respectively. The
curves indicate that the frequencies of the interference signals cover the full dynamic

range and their performances all meet the mission indicator requirement of 27t yrad /Hz!/2
@(0.1 mHz-1 Hz).

Phase Noise (rad/Hz"?)
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Figure 7. (a) Phase noise of 5 MHz interference signal. (b) Phase noise of 10 MHz interference signal.

(c) Phase noise of 15 MHz interference signal. (d) Phase noise of 20 MHz interference signal. (e) Phase
noise of 25 MHz interference signal.

According to the results of the phase noise comparison in Table 1, with reference to
Figure 7, the trend at 1 Hz phase noise is that the higher the frequency of the interference
signal, the higher the noise. However, the testing process was conducted in the laboratory
in stages and without temperature stability treatment. Therefore, the trend in experimental
results at other frequency points may not be completely consistent with that at 1 Hz,
possibly due to fluctuations in ambient temperature and other conditions. However, this
does not affect the final evaluation of the phasemeter.
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Table 1. The results of the phase noise comparison.
InS @1Hz @ 100 mHz @10 mHz @1 mHz @ 0.1 mHz
5 MHz 0.49 urad 1.13 prad 3.56 urad 9.62 urad 29.48 urad

10 MHz 0.60 purad 1.56 urad 491 purad 9.50 purad 35.59 urad
15 MHz 0.85 purad 1.26 urad 3.11 prad 9.41 urad 72.60 prad
20 MHz 0.94 urad 1.27 prad 3.48 urad 12.02urad  282.03 prad
15 MHz 0.96 urad 1.66 prad 447 urad 9.89 urad 80.37 urad

4. Conclusions and Outlook

This paper presents a micro-radian phasemeter development scheme. Since sam-
pling jitter is one of the main noises affecting phase measurement, noise cancellation and
suppression must be implemented through a single pilot tone provided by the frequency
distribution system. The micro-radian phasemeter meets space gravitational wave mission
requirements for phase measurement noise in the 0.1 mHz-1 Hz frequency band, operat-
ing under conditions of a 5 to 25 MHz frequency dynamic range for interference signals
and a single 31 MHz pilot tone. The experimental results mentioned above indicate that
the development for micro-radian phasemeter is correct, and technologies such as circuit
design, DPLL, and anti-aliasing downsampling are feasible. The phasemeter possesses
engineering applicability. Each satellite in the space gravitational wave detection mission
will supply a fixed system clock signal and a single pilot tone to each phasemeter payload
via a frequency distribution system. The phasemeter validation results presented in this
paper offer the feasibility and technical foundation required for the subsequent integration
of phasemeters into the frequency distribution system.

Functional expansion considerations reveal that the phasemeter integrates core phase
measurement along with auxiliary functions such as interstellar ranging and communi-
cation. The interference signal will contain multiple signals/noises. The phasemeter will
also be integrated with the frequency distribution system. Environmental equivalence
testing will involve the integration of the phasemeter with the optical bench in follow-up
validation campaigns.
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