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Room C Room D Room E Room F
Time 3F Lobby
[CETLGEY:Y) (Samda B) (301) (302)
"Metr[::;-y‘lgov::rgs:::umte [rS2g1l Workshion P31 Jorkehoo "Filters a[rrl’is:ltv;‘:v:z::apl Circuits
09:00-12:00 d " 1 N "
Measurements at mm-Wave and Rlict:“t Advag.oe o‘:'l"l'-lz Ill.lav Des\{we l;lg:elmgtTr?m:'s ar:d for Satellites and Wireless
Sub-THz Frequencies” grated Circuits’ rge Signal Characterization’ Systems”
12:00-13:00 Lunch (3F, Delizia)
v ~ [WS6-1] Workshop
. IWS1-2]Workshop [WS2-2] Workshop I = st orkenop igh-Gain and Wideband
DI 13:00-15:30 Metrology for 6G: Accurate "Recent Advance of THz ‘Advancing 5G/6G ORAN, MIMO Microwave Superconducting
(Tue.) Meas;:gr_v_:_eﬂn:i gt ?::g::f and Integrated Circuits" and[l)! ngs;a;:mand Parametric Amplifiers for High-
req P Fidelity Quantum Bit Readout"
15:30-15:45 Coffee Break
[WS1-3] Workshop [WS4-2] Workshop LG =Ss2 Wotkehop
15451815 "Metrology for 6G: Accurate "Advancing 56/6G ORAN,MiM0 | High-Bainand Wideband
Measurements at mm-Wave and and RIS Research and : pe ing
Sub-THz Frequencies" Development” Parametric Amplifiers for High-
Fidelity Quantum Bit Readout"
18:15-18:30 Break
18:30-19:30 Welcome Reception (5F, Ocean View)
. Room A Room B Room C Room D Room E Room F Room G
Time 3F Lobby
(Halla A) (GEIEY:)) (Samda A) (Samda B) ({0 ))] (302) (303)
08:30-08:50 Opening Ceremony (3F, Halla A+B)
Keynote Speech | (3F, Halla A+B)
08:50-09:35 “Space Exploration and Our Place in the Universe”
Dr. Goutam Chattopadhyay (JPL, USA)
Keynote Speech Il (3F, Halla A+B)
09:35-10:20 “Advances in Millimeter-Wave Circuit Design for Future Communications”
Prof. Kenichi Okada (Institute of Science Tokyo, Japan)
10:20-10:30 Break
Keynote Speech 11 (3F, Halla A+B)
10:30-11:15 “Mode-Oriented El t-Level T :ANew P ligm for
Prof. Quan Xue (South China Univ. of Technology, China)
Keynote Speech IV (3F, Halla A+B)
1M:15-12:00 “Next ion C i eF ion for New Services”
Dr. Yongsoon Baek (ETRI, Korea) Exhibition
Rl 12:00-13:20 Lunch (5F, Tamna B+C) (08:30-
(Wed.) 17:30)
wA1 wB1 wc1 wD1 WE1 WF1 WG1
RF Circuit [SS] Innovative Millimeter-Wave
-20-15: Techni fe Front-End "Ask Wave Phased
13:20-15:00 e_c niques for ront-En B S .us . and Compact EMC Security mmiave Fhase Radar Hardware
Wideband and Components in Anything' . Array Antenna
. 3 Antenna and Modeling and Systems
Multi-Band mmWave IC Session B System
. Technologies
Systems Design
15:00-15:40 Coffee Break
WA2 WB2 wc2 wD2 WE2 WG2 Interactive
e a— Antenna Radar Signal Forum |
15:40-17:20 [SS] Joint Millimeter Wave Young Measurement, [SS] EMC Test Sub-THz Processing, (Poster)
APMC/EuMC Professionals Imaging, and and Noise Communication leasurement 15:00-16:40
5 3 and THz Phased 5 A
Special Session (YP) Performance Reduction for 6G echniques and
Array Ics . .
Engineering Systems
17:20-17:30 Break
IEEE MTT-s BPC
17:30-18:20 Panel Session YP/WiM Social Network (5F, Ocean View)
(17:30-18:30)
Dec. 4 . Room A Room B Room C Room D Room E Room F Room G
Time 3F Lobby
(Thu.) (Halla A) (Halla B) (Samda A) (Samda B) (301) (302) (303)
08:30-10:10 TE1 TF1 TG1 Exhibition
(08:30-
18:00) &
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g : Student
N EETEEEm Space-Time Next-Generation Design
RF and Antenna N N
- . N Coding & Antenna Reconfigurable  Algorithms and Competition
Millimeter-Wave High Technologies for . N 5
) Reconfigurable  Architectures: Intelligent Computational
and 5G RFIC Performance Strategic )
. - Antennas for Lenses, Arrays,  Surfacefor5G  EM for Intelligent
Innovations Power Amplifiers ~ Defense and . ) .
Future Wireless ~ and Machine adv/6G EW/Sensing
Emergency .
Systems Learning
Response
10:10-10:30 Coffee Break
TA2 TB2 TC2 TD2 TE2 TF2 TG2
[SS]Aland .
RF Front-End " Emerging [ss] Emergmg
b SIW, Multibeam, q q Electromagnetic
10:30-12:10 Circuits for - " N Techniquesin  Advanced Front- N
Millimeter-Wave " and Biomedical . Technologies for
Reconfigurable y Meet the Editors Antenna Design  End System for .
Power Amplifiers Antenna Medical
and mmWave e for loT and 5G adv/6G 9 5
— Solutions . Diagnosis and
Applications Microwave T
Systems erapy
12:10-13:20 Lunch (5F, Tamna B+C)
TA3 TB3 TC3 TD3 TE3 TF3 TG3
Recent
. y Millimeter Wave Filtering and ME Advances in RF and Antenna RFand
13:20-15:00 RF Power and Sub- . " 9 Microwave Technologies for  Microwave for
n . Industry Session  Dipole Antenna " o
Amplifier Teraherz Signal Technologies Components Satellite Medical
Sources 9 and Their Communications Applications
Applications
15:00-15:40 Coffee Break
TA4 TB4 TC4 TD4 TE4 TF4 TG4 Interactive
e Wide-Scanning P Radar Innovations in Forum |1
15:40-17:20  Millimeter Wave 9 . Women in and 9 P Applicationsin  Antenna Design (Poster)
Generation & . Characterization
Front-End Microwaves Reconfigurable Human and and 15:00-16:40
5 Frequency . of RF Systems . .
Amplifiers . (WiM) Antenna Environmental  Electromagnetic
Conversion and Components . .
Systems Sensing Tracking
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a q y Feed Networks, ey 3
Transceivers Techniques and Intelligent and RCS and Applications for Various
Array Systems Reduction Applications |
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Engineering Component mmWave, and o
Measurements y Measurement Applications Il
Design THz Systems
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Numerical . "
D o ap— Siwand Wideband, and Wireless Power Power
13:20-15:00 o 'ng X Multifunctional Transfer, RF Transmission
Circuits and Analysis for RF Waveguide- . . - .
s Passive Devices & Circuit Regulation,
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e —" Microwave Modeling Technology and
Components Industry Trends
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[SS] Wireless Milimeter-Wave Emerging L
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Abstract —  Microwave photonics (MWP) is an
interdisciplinary field that combines microwave engineering and
photonics to generate, process, and distribute high-frequency
microwave and millimeter-wave signals using optical components.
It enables wide bandwidth, low loss, and immunity to
electromagnetic interference, making it ideal for applications in
communication, radar, and sensing systems. The Si Mach-
Zehnder modulator (MZM) is a critical optical device for many
MWP applications. In this paper, a new modeling technique for
the Si MZM is presented. The technique includes characteristics
of both traveling-wave (TW) electrodes and Si PN junction phase
shifters. The modeling accuracy is confirmed by the third-order
intermodulation distortion (IMD3) measurement of a Si MZM
fabricated by a foundry service.

Keywords — microwave photonics, Si Mach-Zehnder
modulators, modulation linearity, third-order intermodulation
distortion

I. INTRODUCTION

The recent demands of emerging communication systems,
such as 6G and Internet of Things (IoT), are driving the research
and development of communication networks that utilize
broader and higher frequency bands [1]. Although electronic
methods have been widely employed to meet these
requirements, they exhibit limitations due to bandwidth
constraints as the operating frequency increases. Moreover,
electronic systems face additional challenges in high-frequency
applications, including limited tunability and inherent signal
losses. Microwave photonics (MWP) offers a promising
solution to overcome these issues. Using optical devices, it is
possible to achieve low transmission loss and wide bandwidth,
thereby addressing the limitations.

Si photonics is an emerging platform that enables the
integration of photonic components on a Si substrate using
standard CMOS-compatible fabrication processes for MWP
applications [2]. This technology leverages the transparency of
Si in the near-infrared wavelengths (particularly around 1310
nm and 1550 nm), which are widely used in optical
communication systems. The primary advantage of Si
photonics includes high integration density, compatibility with
electronic-photonic co-design, and potential for monolithic
integration of photonics and electronics. By utilizing existing
semiconductor infrastructure, Si photonics offers a scalable and
cost-effective solution for high-bandwidth, low-power optical
interconnects in data centers, high-performance computing
systems, and emerging quantum and neuromorphic
technologies [3].

The high-performance optical modulator is an essential
component for many optical signal transmission and processing
systems. In MWP applications in which photonics is used for
performance enhancement of microwave systems such as
photonic microwave filters [4] and photonic analog-to-digital
converters [5], optical modulators play a critical role in
converting high-frequency electrical signals into the optical
domain. For these MWP applications, modulation linearity is
the key device characteristic that directly affects overall system
performance. Third-order intermodulation distortion (IMD?3)
and spurious-free dynamic range (SFDR) are widely used as
key figures of merit for assessing linearity.

Among various optical modulators realized on the Si
photonics platform, Si Mach—Zehnder modulators (MZMs)
have emerged as a promising candidate. There have been many
reports for many high-performance Si MZMs for digital
modulation [6], [7]. However, realization of high-performance
Si MZMs for analog applications needs further research and
development and, for this, accurate modeling and
characterization of the Si MZM are essential.

Previous studies have addressed Si MZM linearity using
both simulations [8] and experimental measurements [9]. In
particular, [8] used the Taylor series expansion method to
model the transfer function and characterize the linearity of Si
MZMs, but its complexity limits practical usability.

In this paper, we present a comprehensive modeling
technique for evaluating the linearity of Si MZMs. Our
approach incorporates the electrical and optical characteristics
of both the phase shifters and traveling-wave (TW) electrodes.
Model parameters are extracted through simulation and
experimental measurement, enabling accurate prediction of
fundamental and IMD3 signal power for a given device. The
accuracy of this approach is validated using a fabricated Si
MZM. Details of these results are given in [10].

II. SIMZM LINEARITY MODEL

A Si MZM integrates TW electrodes for microwave signal
delivery and PN-junction-based Si phase shifters for optical
signal propagation and modulation. The linearity of the Si
MZM is affected by several critical factors, including the
nonlinear dependence of effective index and junction
capacitance of the Si phase shifter on the applied bias voltage,
as well as the transmission-line characteristics of the TW
electrodes. Fig. 1 illustrates these factors that are carefully
analyzed in our investigation.


성민혁 (일반대학원 전기전자공학과)
선

성민혁 (일반대학원 전기전자공학과)
선


TW Electrode PN Junction

P— wd) | Ry ()
Vin(f) "
— b c,%

2
Velocity mismatch Impedance mismatch
RF loss

Fundamentals  ===—p Elactrical

Jus — Optical Junction
Hont 2T Phase Shifter
Toudf) Loudt) Eout) -n‘»,,(v)
< FFT [1 7] Ednga)|| 1,
S

Fig. 1. Block diagram of the linearity model of Si MZMs in this research [10].

When a two-tone sinusoidal input voltage signal vi(?),
which has angular frequency near @, propagates through the
TW electrodes, vi(f) experiences modifications due to
impedance mismatches between the source, load, and electrode
characteristic impedances; velocity mismatch between the
optical and microwave signals; and microwave losses in the TW
electrodes. [11] provides a model describing the average
voltage vae(w), which the optical signal experiences due to
these three factors, with the following equation.

exp(B,(@L,)-(1+T,(@)- (V. (@) +T (@) -V (@) (1)
(exp(jB.(@L,)+T(@) T (@) exp(~jB(@)L,))

Vg (@) =V,

Here, v, is the amplitude of vi,(¢), and L. is the length of the
TW electrode. I'y and I7 are the reflection coefficients at the
termination load and the microwave signal source each, which
are given as

Z,—Z,(®)
Z,+Z,(0) |

_Z(@)-Z, 2)

Li(@)= “Z@+z,

[ (@)

In the above equations, Z, is the characteristic impedance of the
TW electrode, and Z; is the load resistance. Z, is the microwave
source impedance, which is 50 Q. V. and V- are represented by

[11]

Sin(/i(w)r;ﬂn(w) LJ
fOmp@,
2 3)

V(@)=exp

‘o

(i LCLLCH J

where £, and £, are the propagation constants of the optical and
the microwave signal, respectively. These are given as

ﬂg(@{’no, /i(a»=—j(a(a»+j§’nm(a», )

where « is the microwave attenuation coefficient, and 7,,, is the
microwave index of the TW electrode. n, is the group index of
the optical signal passing through the PN-doped Si waveguide.

When v;,(7) is introduced to the TW electrode, the effect of
the TW electrode can be modeled with v,.(¢) given as

v V-u2 w2
+  +

- MMI Ve MM Vj
in
Vb

(@ ()

Fig. 2. (a) Block diagram of the structure of the Si SPPMZM and (b)
equivalent DC circuit schematic of modulation section of the Si SPPMZM
[10].

(2)
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Fig. 3. (a) Microphotograph of the fabricated Si SPPMZM and description of
each part and (b) cross-section diagram of the junction phase shifters of the Si
SPPMZM [10].
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(5) represents that v;,(f) is modified with the scaling factor
influenced by the TW effect. When @ of v;,(¢) is small, the TW
effect is small. However, vi,(f) can be significantly scaled, if @
is large.

As illustrated in Fig. 1, the signal v,(¢) is additionally
affected by the junction resistance R, and the voltage-dependent
junction capacitance C; of the Si waveguide. v(f), which is
applied to the PN-doped Si waveguide, induces variations in the
effective refractive index n.;(v) and the optical absorption
coefficient a(v) of the waveguide, because of the plasma
dispersion effect. Assuming a differential drive with zero bias
voltage applied to the Si MZM, the output electric field E,u(?)
of the Si MZM can then be described as follows:

E =

out

-E,

in

N | =

27n (v, /2) ©
|| jrexp(—a(-v,/2)L,)- eXp[—j %Lm

;2 (v,12) LH
2

J “exp(—j@)
+exp(—a(v;/2)L,)-exp [_

Ly, is the length of the PN junction phase shifter. ¢ is the initial
optical phase difference between two arms of the Si MZM. The
intensity of the modulated optical signal, Z,.(f), can be obtained
from E,.(f), and this can be converted into the power spectral
density, Tou(f), from which the fundamental and IMD3 signals
of the Si MZM can be determined.
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Fig. 4. Setup used in measurement of the Si SPPMZM linearity for the
verification of the linearity simulation model. ORx: optical receiver, RF SA:
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Fig. 5. Simulated and measured values of fundamental and IMD3 signals along
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wavelength is 1548.8 nm. Input microwave power is 6 dBm. The bias point is
quadrature point [10].

III. A SAMPLE SIMZM

To validate the accuracy of the linearity model described
above, a Si single-ended push-pull MZM (SPPMZM), whose
structural design is depicted in Fig. 2(a), was fabricated in a Si
photonics foundry. A reverse bias voltage v; is applied to the
shared N-type region of the two phase shifters via an inductor.
This external inductor, part of a commercial Bias-T, blocks the
microwave signal from leaking into the bias line, thereby
enabling proper push-pull operation of the Si SPPMZM. When
a microwave signal v; is applied to one of the P-type regions,
labeled S, it encounters two series-connected capacitors. As a
result, the voltages v, — v;/2 and v + v;/2 are applied across the
two respective PN junctions. This configuration allows the Si
SPPMZM to modulate the optical signal in a differential
manner using a single microwave input, as illustrated in Fig.
2(b).

Fig. 3(a) illustrate the chip photograph of the Si SPPMZM.
The Si SPPMZM has 2-mm PNP-doped junction phase shifters.
A termination resistor is placed at the end part of the TW
electrode. Both arms of the Si SPPMZM have thermo-optic
heaters, with which the MZM bias point is thermally tuned.
Grating couplers are used for optical I/O. Fig. 3(b) displays the
cross-section of the PN junction phase shifters in the Si
SPPMZM.

IV. EXPERIMENTAL VERIFICATION

Fig. 4 illustrates the setup used to measure the IMD3 of the
Si SPPMZM for validating the proposed linearity simulation
model. Two RF signal generators (Anritsu 68177C and Agilent
83752B) and a power combiner (Mini-Circuits ZX10-2-183-
S+) are used to generate and deliver a two-tone microwave
signal to the Si MZM. The optical signal output from the
modulator is converted to an electrical signal using an optical
receiver (Optilab PR-23-M), and the resulting microwave

signal power spectrum is analyzed by a spectrum analyzer
(Agilent 8593E). Both simulation and experimental
measurements use two-tone sinusoidal signals at 9.9 GHz and
10.1 GHz. A wavelength of 1548.8 nm is chosen for the
measurement to minimize coupling loss through the grating
couplers. The input optical power to the Si SPPMZM is set at 0
dBm, and the device is mounted on a temperature-controlled
stage maintained at 25 °C.

Fig. 5 shows the simulated and measured results of the
fundamental and IMD3 components as a function of v,, when
the Si SPPMZM is biased at the quadrature point, where half of
the input optical power is transmitted. The simulated and
experimental results are in good agreement, with a maximum
discrepancy of no more than 1.5 dB. This low difference
between the measured and simulated results indicates the high
accuracy of our modeling technique.

V. CONCLUSION

We presented a modeling technique with which the linearity
characteristics of Si MZMs can be precisely analyzed. Our
model includes the effects of the optical characteristics of the
PN junction phase shifters as well as the transmission
characteristics of the TW electrodes. Using this modeling
technique, fundamental and IMD3 signal power of Si MZMs
can be determined, and the accuracy of the model is confirmed
with the measurement results.
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