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Abstract: A novel radio frequency (RF) phase measurement method that uses optical modulation
was proposed. The mathematical model of Mach-Zehnder modulator (MZM) characterization was
reviewed. By measuring the output sideband power of the optical modulator, the phase difference
of the electric signals fed to the modulator was experimentally measured, and picosecond-level
accuracies were achieved. This technique is expected to be useful for radio-over-fiber-based antenna
array systems.
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1. Introduction

In recent years, the application of video conferences and remote work has rapidly
developed owing to the global pandemic. The increasing demand in the telecommuni-
cations industry requires increased transmission speed, larger bandwidth, lower latency;,
and ability to connect to more terminals. To utilize the currently unused high-frequency
bands, research and studies aiming for beyond 5G (B5G) and 6G (6 generation wireless
systems) telecommunication have begun. A demonstration of bidirectional 300 GHz tera-
hertz transmission, which provides a transmission speed of 2 x 20 Gbps, has recently been
experimentally performed [1].

One of the most significant applications contributing to the rapid development of
communication technology is massive multiple input/multiple output (MIMO) antenna
technology. Massive MIMO antennas can provide users with a high network capacity and
improved coverage. With massive MIMO, uniform network access can be provided, similar
to the realization of massive terminal connections. In the upcoming B5G and 6G networks,
MIMO wireless technology is expected to play an important role. A photonics-aided
2 x 2 MIMO wireless THz wave signal transmission system was recently experimentally
demonstrated, in which a 16 Gb/s 450 GHz polarization-division-multiplexed quadrature
phase-shift keying (PDM-QPSK) signal was successfully transmitted over a 50 km wired
SMF-28 link and a 142 cm wireless 2 x 2 MIMO link [2].

Radio-over-fiber (RoF) technology deployed in wireless networks can be used to in-
crease transmission capacity and improve the quality of service. This provides a good
balance between the flexibility and mobility of wireless access networks and the capacity
of optical networks. The combination of RoF and MIMO has been experimentally demon-
strated, realizing transmission in a 50 km SMF path length and a wireless distance of
15 m [3]. In recent research, the simulation of 60 GHz multiple input/multiple output
generalized frequency division multiplexing (MIMO-GFDM) at 1 Gb/s and orthogonal
frequency division multiplexing PON (OFDM-PON) signal at a 2.5 Gb/s data rate over a
20 km standard-PON span has also been reported [4]. This kind of result indicates that
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the system efficiency can be considerably enhanced by applying the combination of RoF
and MIMO.

In general, a massive MIMO system is an expansion of a standard MIMO system. A
standard MIMO system consists of two or four antennas, whereas a massive MIMO system
is a combination of more than hundred antennas. To minimize radio frequency interference,
the phase difference between each antenna element needs to be accurately measured
and adjusted. In the case of massive MIMO, a large number of antennas increases the
importance of accurately measuring the phase difference. A common method to measure
the phase difference is to use a frequency domain measuring instrument, such as a vector
network analyzer or a cross-domain analyzer.

Integrated lithium niobate (LN) modulators consisting of sub-Mach-Zehnder (MZ)
interferometers arranged in parallel are commonly used for high-speed signal generation [5].
Through the characterization of Mach-Zehnder modulators, the working state of the MZM
can be systematically verified. By measuring the power of the optical output sidebands,
the change in the electrical signal could be derived and verified from the change of the
optical signal. Based on this property, the phase difference of the electric signals fed to the
modulator can be evaluated through an optical spectrum analysis.

In this study, the phase difference of the modulating signals between the two paths of
a Mach—Zehnder modulator was experimentally measured using optical spectrum analysis.
Compared with the conventional method, the measurement error based on the optical
spectrum analysis of the MZM produces more accurate results, with an error smaller
than a few picoseconds in the time domain. This method is an effective technique for
supporting massive MIMO antenna array systems. The reminder of this paper is organized
as follows: Chapter 2 reviews the MZM characterization calculation model and presents
the experimental setup. The experimental results and discussion are presented in Section 3.
Finally, Section 4 presents the conclusion of this research.

2. Methods
2.1. Characterization of Mach—Zehnder Modulator

The parameters of a given MZM can be measured by feeding its electrodes with an
electrical signal in a push—pull scheme, and the corresponding optical sideband components
can be generated and measured [6]. The optical spectrum analysis of the MZ modulator
can be used to characterize the MZ modulator. In this type of optical spectrum analysis, the
carrier component can be ignored, whereas the maximum and minimum power intensities
of the sideband are measured. The output power of nth-order optical sideband components
from the MZ modulator can be expressed as [7]

KZ

. 2
= S |n(AD T+ Ju(A2) e " 0+P) (1)

Py
where K donates the total insertion loss of MZM, and ], is the first kind of nth-order Bessel
function. B is defined as the optical phase difference induced by an applied DC bias voltage.
For the common MZV, it is necessary to properly set the average voltage of the modulating
signal, which fluctuates alternately. This average voltage is called the DC bias or simply
the bias of the modulator [8]. ¢ is the skew that describes the phase difference deviation of
the modulating signals in relation to the ideal push—pull condition. A; is the optical phase
shift induced by the sinusoidal signal at the i-th interferometer (i = 1,2) of MZM.

A= A(l+ ) @)

Ay = —A(1—w) 3)
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¢ is defined as the intrinsic chirp parameter; 7 describes the power imbalance between
two interferometers. A is the modulation depth at each arm of the MZM. ; is defined as
the optical power imbalance at the i-th interferometer (i = 1,2), which can be expressed as:

g
h=1+] 4)
_q "
L=1 > ®)

By applying a DC bias voltage, the optical phase differences of By = 0 and By = 7t
can be induced. Therefore, the maximum and minimum intensities of each sideband
component are measured. The (+) sign indicates the maximum sideband value, whereas
the (—) sign indicates the minimum sideband value. The parameters A, «p, and # can
then be derived from the following calculation: First, the approximate value of A can be
calculated using Equation (6):

P [Mmr ©

P Ln(A)

In optical spectrum analysis, the measured sideband components with lower order are
preferred because their power is generally larger than that of the higher-order components.
P;" and P are usually used for the calculation, and by substituting P;" and P, into
Equation (6), the approximate value of A can be calculated. After that, approximate values
of np and # can be obtained from the following expression:

Péi) Ui ]nfl(A) n 2
P 3 an B 2] @

The ratios of first- and second-order sidebands P,/ Pfr and P, / P2Jr can be applied to
Equation (7). Generally, two unknown parameters can be derived from these two equations.
Several solutions, including unphysical solutions, are derived for these transcendental
equations. High-order sideband components, such as P; and P5", should be used to
determine which solutions are physically possible.

The precision of calculation can be improved through the following equation: [9]

P (AN — Ju(A2) B2

p}i? (AL + Ja(A2) D

®)

The sideband intensities P;, P;", P,, P,", P;, and P; can be substituted into
Equation (8) for calculation. However, considering the actual measurement, the inten-
sity of third-order sideband may be too low to be detected. Ratio of P; /P;", P, /P;", and
Pl+ / P2+ can also be considered. Therefore, three equations can be obtained to solve the
three unknown parameters, and A, ag, and # calculated before can be used as the initial
values for the final calculation. The insertion loss K can also be calculated using expressions

of A; and I;:
2

P;SI) = KZUH(Al)Il + Jn(A2) L] 9)

The characterization method provides an effective way to determine the MZM pa-
rameters. By monitoring the modulation depth A, chirp parameter g, and optical power
imbalance 7, the current working state of the MZM can be studied from the instant sideband
components and current bias phase B, and the phase difference ¢ can be calculated.

Referring to Equation (1), the nth-order optical output sideband component of the
MZM can also be written in the form:

K2 172

Py = - | lnArh? + [1Az 1% + 2 cos(ng + B) JuAr ] Az(1 = 1) (10)



Photonics 2023, 10, 324 40f 10

The intensities of the upper and lower sidebands of the first- and second-order compo-
nents P, P_q, P, and P_, were measured using an optical spectrum analyzer. The instant
skew ¢ and bias phase B can be directly obtained by solving Equations (11) and (12).

2
P {]%Alllz + J3 A2 1% + 2c0s(B + ¢) [1 A1 JnAa (1 — %)}

2
P []%Alhz + J2 A2 1% + 2c0s(B — ) 1A 1 Ao (1 — ¢

_ )]

42)] (12)
P_, [I§A1112 + ]%AZIZZ +2c0s(B —2¢)J2A1]nA2(1 — UT)]

(11)

N

p,  [BAUZ+ BAL? +2c0s(B+29) [ A1JnAr (1 -

Owing to the property of the trigonometric equation, the 360-degree shift in the
measured skew ¢ and bias phase B should be carefully checked and verified. Setting an
initial value for the calculation can help determine appropriate solutions.

2.2. Experimental Setup

A single MZM with two electrodes on two subphase modulators was used in this
experiment. As shown in Figure 1, the experimental setup consisted of four parts: signal
generation, reference, single MZM, and signal processing. The brands and models of the
instruments used in this experiment can be found in Appendix A. The signal generation
part includes the signal generator, RF power amplifier, and the band-pass filter. An RF
signal generated by signal generator was used as the modulating signal, which was pumped
by the RF power amplifier and then purified by the band-pass filter. The band-pass filter
can prevent the high-frequency synchronized components and nonlinear components
generated by the RF power amplifier from affecting the measurement results.

DC bias

GPIB interface
e RF signal
Optical signal

Cross-domain
analyzer
J

Power
splitter

L] Phase || Bias tee DC power | N
shifter supply
180

RF Signal RE Band degree Laser X | Opttlcﬁl || Computer
| power = pass |— . diode MZ modulator spectrum (LabView)
generator amplifier filter yOrH 0 analyzer

coupler

. Pl?ase Bias tee DCpower | |
shifter supply

Power

splitter

Figure 1. Experimental setup for phase difference measurement.

The reference part in this configuration can be used to measure the RF phase difference
as the reference value. The power dividers in the circuit divide the input electronic signals
into two parts. Half of the input signal is fed to the MZM modulator, and the other half is
connected to the cross-domain analyzer for the RF phase measurement. The cross-domain
analyzer (CDA) is a kind of two-channel vector and spectrum analyzer. This device can
enable comparative real-time RF phase measurements from the two channels over a wide
frequency range [10].

A single LN-based MZM with two electrodes was used in this experiment. A grid-
tunable laser source (TLS) was used to provide the input optical signal. The DC power
source can generate the DC signal, which is used to change the bias state of the MZM. The
bias tee was used to combine the input RF signal and DC signal.
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The signal processing part included an optical spectrum analyzer and PC. The intensity
of the output optical sideband was recorded using an optical spectrum analyzer. The
calculation of the instant RF phase change was realized using a PC. In this experiment, the
DC bias source and the optical spectrum analyzer were connected through a GPIB interface.

First, the relationship between the measured bias phase and measured RF phase
difference needs to be confirmed because the bias condition fluctuates in the time domain
owing to the DC drift and heat effect. A larger initial bias voltage accelerated the DC drift;
thus, the half-wave voltage range with a smaller DC bias voltage was used [11]. The full-
bias-states and null-bias states should be found before. The DC bias voltage was adjusted
to 0.1 V per step, and the corresponding RF phase difference was recorded. Therefore, the
stability of the measured RF phase is confirmed.

Calibration of the cross-domain analyzer should be conducted later. After generating
a ramp signal by the DC bias source, first-, second-, and third-order sideband components
will be swept under a range of two times the half-wave voltage. The computer is then
applied to the measurement of sideband data and the calculation of the working parameters
of MZM with LabView and MATLAB. Finally, after the characterization of the MZM, the
instant sideband power can be measured and used to figure out RF phase difference.

To further verify the reliability of the measured RF phase using optical spectrum
analysis, the RF phase difference measured by the CDA was used as the reference data.
A comparison of the measurement results and measurement errors was quantitatively
analyzed and will be provided later.

3. Results and Discussion

Figure 2a shows the relationship between the measured bias phase and the DC bias
voltage. The change in the measured RF phase difference when a DC bias was applied
is shown in Figure 2b. The bias phase changed linearly, whereas the measured RF phase
was maintained at a stable level. This result indicates that the measured RF phase was not
influenced by the bias fluctuation.
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Figure 2. (a) Relationship between measured bias phase applied and DC bias voltage; (b) Relationship
between measured RF phase and applied DC bias voltage.

The RF signals of 12, 12.5, and 13 GHz were used as modulating signals in this experi-
ment. The DC bias voltage exerted on the electrodes is set around a 90° bias phase state.

Avoiding the use the full-bias and null-bias states is very significant because an
asymmetric sideband is needed. After calibrating the CDA, the initial phase difference
was set as close to zero. By referring to the phase difference shown on the CDA, the phase
shifter was rotated to change the skew by approximately 5° each time. It is difficult to
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maintain the same measurement step because phase shifters have unavoidable mechanical
limitations. The current RF phase difference and bias phase can be measured by performing
the characterization method and recording the instant sideband power. The RF phase
difference was measured for at least 5 times, and the average values were recorded in order
to suppress the influence from the fluctuation of the optical sideband.

Figure 3a shows the phase measurement results at 12 GHz. Figure 3b shows the
absolute measurement error between the two types of measurement. The x-axis is the
measured phase difference from the CDA, whereas the y-axis is the result obtained from
the optical spectrum analysis. The red curve represents the reference phase curve measured
by the CDA. The error bars show the phase measurement variation range of the CDA. The
measured data points located near the reference curve were considered more accurate. The
absolute measurement error was smaller than 4°.
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Figure 3. Phase difference measurement under 12 GHz (a) RF phase difference from MZM and CDA;
(b) Absolute measurement error between two measurements.

Measurements were conducted at different frequencies to confirm the measurement
stability by changing the frequency of the modulating signal. The phase difference mea-
surement results at 12.5 GHz are shown in Figure 4a. Figure 4b shows that the absolute
measurement error was suppressed under 7°. The absolute measured error between the
results from the CDA and the results from the MZM is larger than the error under 12 GHz.
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Figure 4. Phase difference measurement under 12.5 GHz (a) RF phase difference from MZM and
CDA; (b) Absolute measurement error between two measurements.
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Phase difference measured by MZM (degree)

80

Following the same procedure, an experiment under 13 GHz was also conducted.
Figure 5a shows the phase measurement results, whereas the absolute error is shown in
Figure 5b. A comparison of the three different measurements is presented in Table 1.
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Figure 5. Phase difference measurement under 13 GHz (a) RF phase difference from MZM and CDA;
(b) Absolute measurement error between two measurements.

Table 1. Relationship between modulating frequency and absolute error.

Modulating Frequency Absolute Error Absolute Error (Time Domain)
12 GHz <4° <0.93 ps
12.5 GHz <7° <1.56 ps
13 GHz <5° <1.07 ps

Table 1 shows that the absolute measurement error was less than 10 degrees in the
three groups of measurements. The measurement error under 12.5 GHz is larger than that
of the other two groups of measurements. There are several possible explanations for this
finding. First, the instant bias phase and RF phase difference were calculated from the
sideband intensity. The output power measured by the optical spectrum analyzer occupied
the dominant position in whole measurement. Thus, the fluctuation induced by the optical
spectrum analyzer cannot be neglected. This problem can be solved by applying the
average value of the sideband intensity for the calculation. The stability of the laser diode
should also be considered here. However, the grid TLS used in this experiment provided
the relatively stable output. The wavelength stability is 2.4 pm under 1550 nm, and the
variation of optical output level is +0.03 dB [12]. The effect of minor fluctuations from the
laser diode could be neglected in the measurement. Furthermore, the variation of the phase
measured by the CDA would be +6°. (The discussion can be found in Appendix B) Thus,
the reference value may not be sufficiently precise.

In this experiment, the testing instrument used was only adapted for low frequencies,
and the sampling speed of the optical spectrum analyzer was relatively low. However, the
overall measurement error was successfully suppressed below 10 degrees, allowing several
picosecond-level accuracies to be achieved.

4. Conclusions

In this study, a phase difference measurement of the MZM using optical spectrum
analysis is proposed. Through characterization of the MZM, the working parameters of the
MZM can be identified, allowing the instant bias phase and skew change to be calculated
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from the sideband component of the optical output. The phase measurement method was
experimentally demonstrated. The measurement of the bias phase and RF phase indicates
that this method has sufficient tolerance for bias fluctuation. A cross-domain analyzer
was used as a reference to confirm the accuracy of the phase measurement. The absolute
measurement error was smaller than 10° during the test, providing a precise measurement
in which the error was smaller than 2.3 ps in the time domain. This technique is expected
to be useful for radio-over-fiber-based antenna array systems.

Funding: This paper includes research results from works funded by the Commissioned Research (No.
04901 and No. 06001) of National Institute of Information and Communications Technology (NICT),
Japan, and also results from research supported by JSPS KAKENHI Grant Number JP22H05196.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
The following instruments were used in the experiment:

RF signal generator: ROHDE & SCHWARZ SMF 1004;

Optical spectrum analyzer: YOKOGAWA AQ6370N;

DC power supply: ROHDE & SCHWARZ HMC8043;

Phase shifter: SAGE 6705K-2;

Laser diode: YOKOGAWA AQ2211 frame controller with AQ2200-132 grid TLS module;
Cross-domain analyzer: ADVANTEST U3872.

Appendix B

According to the datasheet, the phase measured by the CDA has a variation of +15°
under the worst conditions. Even though the manufacturer tends to set a larger specification
for measurement instruments, a series of measurements for confirming the accuracy of the
cross-domain analyzer is still needed to be verified. A vector network analyzer (VNA) was
used to compare RF phase measurement accuracy with the CDA.

Figure Ala shows the experimental setup of the VNA, and the experimental setup
of the CDA is in Figure Alb. A phase shifter was used to induce the phase change in the
circuit. The initial phase of the phase shifter is defined as phase A. The phase shifter was
adjusted to induce two different phase states. The changed phase is defined as phase B and
phase C.

R3860A RF Component Analyzer

(ADVANTEST) Phase Shifter U3872
] Cross-domain
RF signal Power analyzer
generator splitter (ADVANTEST)
Phase Shifter
(a) (b)

Figure A1. (a) RF phase measurement by VNA (b) RF phase measurement by CDA.
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Table Al shows the phase measurement results by the VNA, whereas Table A2 shows
the phase measurement results by the CDA. Table A3 describes the difference in the
measured phase between the VNA and the CDA.

Table A1l. Phase measurement results by VNA.

Frequency Phase A to Phase B Phase B to Phase C
12 GHz —15.1° —-17.9°
12.5 GHz —18.5° —15.5°
13 GHz —18° —15°

Table A2. Phase measurement results by CDA.

Frequency Phase A to Phase B Phase B to Phase C
12 GHz —14.89° —17.52°
12.5 GHz —16.53° —15.82°
13 GHz —17.39° —15.85°

Table A3. Difference in measured phase between VNA and CDA.

Frequency Phase A to Phase B Phase B to Phase C
12 GHz —0.21° —0.38°
12.5 GHz —1.97° 0.32°
13 GHz —0.61° 0.85°

According to the results shown in Table A3, the difference in the measured phase is
smaller than £2° under 12, 12.5, and 13 GHz. The dynamic phase measurement accuracy
of the VNA is within £4° in the frequency range of 8 to 20 GHz [13]. This result indicates
that the CDA can provide the phase measurement with an accuracy of £6° in the frequency
range of 12 to 13 GHz.
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