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Abstract: Radio-over-fiber (RoF) technology for low-loss, high-speed millimeter-wave transmission
using optical fibers has been attracting attention. We propose a highly efficient microring resonator
(MRR)-loaded InGaAs/InAlAs multiple-quantum-well (MQW) phase modulator with an antenna
coupled electrode (ACE) for 60 GHz RoF systems, and its modulation characteristics are theoretically
discussed. This modulator is able to directly convert wireless millimeter-wave (MMW) signals into
optical signals without an external power supply. The MRR used in the waveguide structure increases
the optical phase change obtained by the unique quantum confinement Stark effect in the MQW
through phase enhancement effects, while the ACE based on a coupled microstrip resonant electrode
applies a strong standing wave electric field to the waveguide. The proposed modulator is expected
to provide tens of times higher phase modulation efficiency than a conventional gap-embedded
planar antenna-integrated modulator.

Keywords: optical modulator; patch antenna; resonant electrode; millimeter-wave; radio-over-fiber;
microring resonator; multiple quantum well

1. Introduction

Wireless millimeter-wave (MMW) technology is a communication method with ex-
cellent capacity and high-speed owing to its abundant frequency resources. In partic-
ular, the 60 GHz band is allocated internationally as a frequency band that does not
require a license [1,2]. IEEE 802.11ay [3] is an ultra-short-range wireless local area network
(LAN)standard using the 60 GHz band, which includes new beamforming and channel
bonding functions, and is expected to make use of MMW radio for various applications.
However, the number of antenna units to construct such wireless MMW systems is enor-
mous, and the signals have relatively high propagation losses due to a large amount of
oxygen absorbed in the air. Radio-over-fiber (RoF) technology that offers seamless connec-
tions between wireless and optical networks has been investigated [4-7]. In RoF technology,
an RF signal received by an antenna is converted into a lightwave signal by an electro-optic
(EO) modulator and transmitted over a low propagation loss silica fiber. This transmission
method has a higher usable bandwidth as well as lower loss compared to coaxial cable
transmissions. In addition, its high robustness to ambient noise makes it advantageous for
the long-distance transmission of wireless MWW signals. Recently, an RoF transmission
of 60 GHz radio signals at 31.4 Gbps using orthogonal frequency-division multiplexing
(OFDM) has been demonstrated [8]. In conventional RoF systems, MMW signals received
by an external antenna are transmitted through coaxial cables and input to an optical
modulator. However, it has been pointed out that distortions and delays in MMW signals
occur in coaxial cables, and the MMW speed is decreased. Therefore, an antenna-integrated
optical modulator is attracting much attention as a new modulation device.

The antenna-integrated modulator is driven directly by received RF signals without an
external power supply. Therefore, it has a high affinity that enables low latency communi-
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cation. The antenna-coupled optical modulator can be applied to the fronthaul of wireless
LAN, 5G, and beyond-5G systems [9]. The antenna-coupled optical modulator converts the
wireless RF signals from user terminals received at a wireless LAN access point or a remote
access point (RAU) to lightwave signals, which are then transmitted to a base station (BS)
through optical silica fibers. An approach to building a high-capacity and low-latency
RoF system is proposed by installing several dedicated antenna-coupled modulators in a
high-density user environment. Furthermore, it is of interest in many applications such
as high-resolution radar for airport runways, high-speed rail communication systems,
high-precision antenna measurements, and imaging and sensing systems for security ap-
plications [10]. There have been reports on antenna-integrated optical modulators based
on the Pockels effect of EO materials such as lithium niobate (LN) [10-12] and nonlinear
optical polymers (EOP) [13-16]. However, there are some issues such as a relatively small
change in refractive index induced by an electric field, large power consumption, poor
integration with semiconductor light-emitting devices such as laser diodes (LDs), and
enlargement and high losses of an entire system. To date, we reported a printed dipole
antenna integrated phase modulator [17,18] with a multiple five-layer asymmetric coupled
quantum well (FACQW) [19]. Its high-speed modulation under irradiation of MMW signals
is experimentally demonstrated.

In this paper, we propose an InGaAs/InAlAs FACQW microring resonator (MRR)-
loaded optical modulator [20,21] integrated with antenna-coupled electrodes (ACE) [22] for
the 60 GHz RoF systems, and its modulation characteristics are theoretically discussed. This
modulator is able to directly convert wireless MMW signals into optical signals without an
external power supply. The electric-field-induced optical phase shift in the MRR waveguide
is increased by the unique quantum confinement Stark effect (QCSE) in the FACQW and an
enhanced phase shift in the MRR, while the ACE based on a coupled microstrip resonant
electrode applies a strong standing wave electric field to the waveguide. Owing to the
combination of these effects, the proposed modulator is expected to provide tens of times
higher phase modulation efficiency than the previously reported gap-embedded planar
antenna-integrated modulator [17].

2. Device Design and Operation Principle
2.1. Device Design

Figure 1 shows a schematic of the proposed phase modulator, which employs Fe-
doped InP (Fe-InP) as a substrate to improve the ACE antenna characteristics; the straight
part of the MRR waveguide is located along the edge on the gap side of the ACE to
efficiently receive voltage signals enhanced as the odd mode.

— Millimeter wave
y |
z

X Eo / Waveguide BCB I Resonant Electrode
X

Patch Antenna / g
MSL '/ 7
/N

N Ground Metal

Resonant Electrode

(b)

Ground Metal
Fe-InP

(@)

Figure 1. Schematic view of proposed modulator. (a) Whole view and (b) cross-sectional view in x—z plane.
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2.1.1. Large Electrorefractive Index Change in InGaAs/InAlAs FACQW

Figure 2 shows the potential diagram of the InGaAs/InAlAs FACQW [18,19], which
is used for a core layer of the waveguide in this modulator. Each layer is lattice-matched
to InP. The modulator is designed so that the absorption loss is small for the operation
wavelength of 1550 nm [17].
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Figure 2. Potential profile of InGaAs/InAlAs five-layer asymmetric coupled quantum well (FACQW).

Figure 3 shows the calculated electrorefractive index change in the InGaAs/InAlAs
FACQW as a function of the electric field for the transverse electric (TE) mode at the
wavelength of 1550 nm. The FACQW shows a large differential refractive index change
| An/AF | of approximately 4.0 x 10~% cm/kV in the operating range of the reverse electric
field F = —8 to —16 kV/cm.
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Figure 3. Calculated electrorefractive index change in InGaAs/InAlAs FACQW as function of electric
field for transverse electric (TE) mode at wavelength of 1550 nm.

Figure 4 shows a schematic cross-section of the waveguide for the MRR. The waveg-
uide consists of a core layer with 12 sets of InGaAs/InAlAs FACQWs, a 50 nm InAlGaAs
separate-confinement heterostructure layer, and p/n-doped InP cladding layers. The dop-
ing densities of the upper p-type InP (p-InP) and lower n-type InP (n-InP) cladding layers
are assumed to be 1.0 x 10'® cm~3 and 2.0 x 10'® cm~3, respectively. Both sides of the
waveguide are buried by benzocyclobutene (BCB), which is a low-refractive-index material.
The total thickness of the core layer is approximately 300 nm. The pin diode structure
provides a bias electric field of —11.6 kV/cm caused by the built-in potential in the pin
junction, which enables the push—pull operation in the operating electric field region of the
FACQW. A 50-nm thick undoped InP layer is inserted on top of the core layer to prevent
the diffusion of dopants from the p-doped cladding layer and adjust the bias electric field.
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Figure 4. Schematic cross-section of waveguide for microring resonator (MRR).

2.1.2. Microring Resonator

A typical ring resonator is a looped optical waveguide, and resonance occurs when the
optical path length of the resonator is an integer multiple of the wavelength. In this study,
we use the enhanced phase change in an MRR. [20,21] The transmittance of an electric field,

T, in the busline waveguide shown in Figure 5 is given by

2,2
T_ Es _|atr 2ar cos ¢ , (1)
Eq a2r2 +1 — 2arcos ¢
where
r=+v1-K, )
a= exp(—%). 3)

‘\E4 output port

input port

Figure 5. Schematic view of microring resonator with busline waveguide. E; and Ej3 are optical
electric fields at input and output ports, respectively. E; and E, are optical electric fields coming in
and going out from coupler, respectively. K is optical power coupling efficiency between microring

resonator and busline waveguide.

The symbol r represents the field transmission coefficient at a coupler between the
microring resonator and the busline waveguides. K is the power coupling efficiency,
which is the ratio of the power coupling between the microring resonator and the busline
waveguide. L is the round-trip length of the MRR, a is the field transmission coefficient,
and o is the absorption coefficient. The effective phase change ¢4 is expressed by

E
(PEff :arg(E_i) (4)
rsin ¢ ar sin ¢

= nm+¢+ arctan(m> + arctan(m),
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where ¢ is the single-pass phase in the microring defined as —7t < ¢ < +7 and the total
single-pass phase ¢iota1 = ¢ (mod 277). Figure 6 shows the effective phase shift ¢, as a
function of the single-pass phase shift ¢ for K = 0.55, « =5 Np cm~!, and L = 1458 um. The
remarkable nonlinearity between the effective phase shift Ag.s and single-pass phase shift
A¢ is strongly enhanced in the on-resonance state.
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Figure 6. Calculated

phase shift characteristics in MRR. (a) Effective phase shift ¢, as function of single-pass phase shift ¢

for coupling efficiency K = 0.55, round-trip length of MRR L = 1458 mm. (b) Phase shift enhancement factor | Agys/A¢ |
and Q factor as function of coupling efficiency K for L = 1458 mm.

The phase enhancement factor, representing the phase enhancement effect, is ex-
pressed by [21]

A
’ Z’Eff ‘ S 5)
¢ P2 =1
This equation means that the electric field required for driving is reduced by
| Apes /AP | ~1 by loading an MRR. From Figure 6b, it is necessary to reduce K in or-
der to increase the phase enhancement factor | Ad.r/A¢ | and the Q factor. On the other
hand, in order to obtain sufficient optical intensity coupled to the microring resonator, K
needs to satisfy the over coupling conditions given by

K>1-d° (6)

Since a is assumed to be 5 Np/cm ™! in the proposed waveguide, K needs to be larger
than 0.52 in order to satisfy Equation (6). The operating frequency band f of the modulator
is expressed using the Q factor of the MRR as follows [23]:

fo=+5 @)

where c is the velocity of light in a vacuum and A is the operating wavelength of light. The
frequency of the signal wave irradiated to the modulator needs be lower than the operating
frequency band fq

2.1.3. Antenna Coupled Electrode

Figure 7 shows the schematic configuration of the ACE used in the proposed modu-
lator. The ACE consists of a patch antenna and a coupled microstrip resonant electrode.
The coupled microstrip resonant electrode consists of a coupled microstrip line (MSL)
shorted by a ring-shaped MSL. It generates a standing-wave electric field along the coupled
microstrip line by receiving power from the MSL [10]. The coupled MSL also assists in
the propagation of odd and even modes [24]. In the case of odd mode, when the potential
difference between the ground and the coupled microstrip resonant electrode is V, the
potential difference between the two lines of the coupled MSL is 2V. Each mode has a
different resonant wavelength, so it is possible to excite the odd mode selectively [25].
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By symmetrically coupling double antennas to a coupled microstrip resonant electrode
(D-ACE), we can obtain higher efficiency of optical modulation than that of a single antenna
resonant electrode (S-ACE). The patch antenna and the resonant electrode are modeled sep-
arately in the finite element method (FEM) simulation analysis and designed to minimize
the reflection at the fed end. The overall loss due to reflection of the electric field is —18 dB
in the D-ACE.
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Coupled Microstrip Resonant Electrode
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Figure 7. Schematic configurations of antenna coupled electrodes (ACEs). Colors of red to blue in
ACE represent intensity and polarity of electric field E,. (a) S-ACE and (b) D-ACE.

2.2. Operation Principle

Figure 8 explains the relationship between the light propagating in the MRR and the
electric field E, applied to the ring-shaped resonant electrode of the D-ACE. The direction
of the electric field caused by the received radio wave changes every half cycle. Therefore,
the direction of the refractive index change in the waveguide core layer is also reversed
every half cycle. Therefore, in this modulator, the round-trip length and configuration of
the MRR is designed so that the light transmitted through the waveguide exactly circles
the MRR in one cycle of the alternate electric field caused by the received radio wave. As a
result, the electric field E, applied to the waveguide core layer where the wavefront of the
light is always propagating in a constant direction, and the direction of the phase change
of the light circling the MRR is always constant as well.

t=0 wavefront of light

@{3—» £

4
——— @a::|

Figure 8. Schematic diagram of light propagating in MRR under millimeter-wave electric field E,.
Colors of red to blue in D-ACE represent intensity and polarity of electric field E,. T represents
period where light circles in MRR.

When an ACE is irradiated with an MMW with a frequency f in the z-direction, the
standing-wave electric field generated at the resonant electrode is given by

E?,Z (y,t) = E;sin(npkny) cos(wmt), (8)
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where E, is the amplitude of the electric field, ny, is the effective refractive index for the
MMW at the modulation electrode, ky, is the wavenumber of the MMW in a vacuum, y is
the distance the lightwave travels along the MRR, and wy, is the angular frequency of the
MMW signal.

Equation (8) is not suitable for calculating the electric field applied to an optical
waveguide because it represents the electric field distribution in a stationary system. By
modifying Equation (8), the electric field observed from the wavefront of the lightwave,
when the period of the MMW is consistent with the time of the light propagating in the
MRR, is expressed as

~ . . 1,. 1
En(y,i,¢) = E;sin (nmkm {y + E(z —Duy + 4u1}> cos(ngkmy + ¢), )
where N N
U = nﬁ — nfm (10)
m 8

Am is the wavelength of the MMW signal, g is the group refractive index of the lightwave,
¢ corresponds to the phase of the MMW signal when the lightwave is coupled to the MRR,
and i is the number of times the light circulates halfway through the MRR to the other
microstrip line side.

However, Equation (9) does not consider the fact that no electric field is applied to the
waveguide distributed in the cavity of the resonant electrode. Therefore, the electric field
distribution considering the gap is given by

= En(y,i, IS4 (i—Nuy<y<—Z5+i
EMRR(yri;¢/S) _ m(y 1 (P) ( 2 + (l )le — y — 2 +lu2) , (11)
0 (otherwise)
where N
__ARF
Uy = zng/ (12)

and S is the electrode separation. From the above results, the phase change of the lightwave
propagating the MRR can be expressed as

2Nu2 - .
7T fo EMRR(]/J/(P/S)d]/
D=— TL 1
Nop effrEACQWILMRR X 2Nty , (13)

where A, is the wavelength of the light, n.g is the effective refractive index of the core
layer, rracow is the coefficient of refractive index change in the FACQW, i.e., | An/AF|, and
I is the overlap coefficient between the E; applied to the core layer and the optical electric
field of the lightwave propagating in the FACQW core layer, and Lyrr is the round-trip
length of the MRR, and N is the number of times the lightwave travels around the MRR.
Since Equation (13) represents the phase change per revolution of light in the MRR, the
cumulative phase change in the MRR can be calculated with Equations (4) and (13).

3. Result and Discussion
3.1. MMW Characteristics

Figure 9 shows the schematic view of each parameter of the proposed modulator,
and Table 1 shows the numerical values of each parameter obtained by the analysis. The
parameters of the ACE were designed with reference to [26,27]. The coupling efficiency K
satisfies the over coupling condition K > 1 — a? ~ 0.52. The MMW characteristics of the
proposed modulators were analyzed using the FEM, and the MMW analysis was performed
by irradiating the plane wave signals of the x-polarized light in the 60 GHz band.
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Figure 9. Schematic view of proposed modulator with design parameters shown in Table 1. (a) Top view and (b) cross-

sectional view in x-z plane.

Figure 10 shows the electric field enhancement factor E,/Ey below the antenna when
the antenna is irradiated with a y-polarized 60 GHz plane wave. As shown in Figure 10a,
the odd mode is excited where the electric field is induced in both positive and negative
directions along the resonant electrode. The electric field E, around the inner edge is larger
than that in the middle of the MSL of the resonant electrode, which means that the electric
field is efficiently applied to the optical waveguide. Figure 10b shows the electric field
enhancement factor E,/Ey in the cross-section of the waveguide with and without the
pin junction. In the pin junction, the electric field is concentrated in the nondoped layer
(i-layer) composed of the FACQW, and a larger electric field is induced.

Table 1. Parameters for MMW analysis.

Parameters Value
Microstrip antenna
Peak operational frequency, fp 58.3 GHz
Length, L, 633 mm
Width, W, 954 mm
Feeding position, Ax 265 mm
Micro-strip line width, Wp, 20 mm
Thickness, t, 1 mm
Coupled microstrip resonant electrode
Length, L. (D-ACE) 930 mm
(S-ACE) 940 mm
Width, We 55 mm
Electrode separation, S 450 mm
Feeding position, Ay 60 mm
Microring resonator
Free spectral range, Al 0.48 nm
Group index, ng 3.43
Thickness, tway 2 mm
MRR round-trip length, L 1458 mm
Coupling efficient, K 0.55~0.95
Quality factor, Q 4729~12,954
Operating frequency, fq 10~17 GHz
Substrate
Thickness, tsp 200 mm
12.49

Dielectric constant, epe_np
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Figure 10. Calculated distribution of electric field enhancement factor E,/Ey in (a) upper surface of D-ACE and (b)

cross-sectional view of waveguide without pin structure, (c) cross-sectional view of waveguide with pin structure under
irradiation of 60 GHz band MMW plane waves.

Figure 11 shows the electric field enhancement factor | E,/Eq | calculated as a function
of the frequency of the MMW. E, was calculated as the maximum value from the electric
field applied to the core layer. The peak frequency f}, of the D-ACE was calculated to be
58.3 GHz. At the peak frequency, | E,/E(| is evaluated to be 1300, which means that the
electric field applied to the core layer, E, is increased by 1300 times of the incident MMW
magnitude Ey.

1400
1300
1200 |

D-ACE
1000 ¢

Printed Dipole Typel'7]

D-ACE (wio pin) .
800 }

600

400

200 ¢

55 56 57 5 50 60
Frequency (GHz)

Electric Field Enhancement Factor|Ez/Eol

Figure 11. Calculated electric field enhancement factor |E,/Ey | as function of frequency of MMW
plane waves.

On the other hand, maximum | E,/Eg | is 780 in the structure without the pin junction.
This indicates that E, is enhanced by 1.7 times by using the pin junction. In the case of
S-ACE, at the peak frequency, |E;/Ey| of 530 of the incident MMW magnitude E( can
be applied to the core layer. This value indicates that the electric field enhancement in
the D-ACE is approximately 2.5 times larger than that in the S-ACE. This is attributed to
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the fact that the D-ACE has twice the antenna aperture area of the S-ACE, and the MSLs
are symmetrically coupled to the coupled microstrip resonant electrode, resulting in less
distortion of the standing wave field. The small peak observed at 57.2 GHz in the S-ACE
curve is caused by the resonance of the electric field in the MSL between the antenna and
the junction of the microstrip antenna (MSA) and the resonant electrode. On the other
hand, such a peak is not observed in the D-ACE curve because the impedance of the
resonant electrode is changed by the MSL on the other side, and the resonance at 57.2 GHz
is suppressed. Compared with the previously reported printed dipole type device with a
pin junction [17], the D-ACE is approximately 1.63 times as large as | E,/Eg .

Figure 12 shows the relationship between the electric field enhancement factor | E,/Ey |
and the distance Ay from the center of the coupled microstrip resonant electrode to the
feeding point of the MSL. We can see that |E,/Eg| increases with the increase in Ay, and
the peak frequency shifts to the high-frequency side. This is due to the fact that the charac-
teristic impedance is higher when Ay is smaller because the standing wave field induced in
the coupled microstrip resonant electrode has its peak near the center. In this modulator,
the MSL, MSA, and a coupled microstrip resonant electrode are impedance-matched at
110 Q), which is much smaller than the characteristic impedance at Ay = 0. Therefore
impedance matching is easier for smaller Ay.
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Figure 12. Calculated electric field enhancement factor | E,/Eq | and peak frequency f,, as functions
of feeding position Dy between the microstrip line (MSL) and coupled microstrip resonant electrode.
Each broken line is approximate curve drawn with reference to plotted data.

Figure 13 shows the relationship between the electric field enhancement factor | E, /Ey |
and the frequency, where the effect of the phase mismatch between the electric field applied
to the MRR waveguide and the light propagating in the MRR is considered in addition to
the frequency response of the ACEs obtained in Figure 11. The number of times the light
circulates in the MRR, F, is assumed to be 2.5 (i = 4). Here, the finesse of an MRR, F, is

given by [23]

T\/ra

= — 14
1—ra (14)
The finesse represents the number of times the light travels around the MRR before

its energy is reduced to 1/e of the incident light power. Although the 3 dB bandwidth of
the D-ACE is narrower than that of the printed dipole antenna type modulator, it is still as
wide as 1.6 GHz. The 3 dB bandwidth of the S-ACE is approximately two times as wide as
that of the D-ACE due to the influence of the small peak observed in Figure 11.
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Figure 13. Calculated electric field enhancement factor |E,/Eg | as function of frequency of MMW
plane waves considering mismatch between phases of electric field and lightwave in addition to
frequency response of the ACEs.

3.2. Phase Modulation Characteristics

Figure 14 shows the relationship between the coupling efficiency K, phase change f,
and transmittance T. The phase change was calculated by substituting the electric field
enhancement factor |E,/Ey| at the peak frequency obtained from Figure 11 into E, in
Equation (14). In Figure 14a, we can see that the input power density required for driving,
P, decreases with the decrease in the coupling efficiency K. On the other hand, Figure 14b
shows that the transmittance T also decreases and the insertion loss increases with the
decrease in K. That is, there is a trade-off between the phase enhancement effect and the
insertion loss. Considering the insertion loss, K of 0.8 or larger is preferable for practical
use. In the case of K = 0.8, the input power required to obtain a phase change of /2 is 12.
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Figure 14. Static modulation characteristics of proposed modulator. (a) Electric power density P
required for p/2 rad phase shift as function of the coupling efficiency K. (b) Transmittance T as
function of the coupling efficiency K. (c) Effective phase shift Df as function of electric power density
P generated around modulator.
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W/m?, which means that the modulation efficiency of the D-ACE modulator is
16.6 times higher than that of the printed dipole type modulator.

Figure 15 shows the relationship between the coupling efficiency K and the modulation
speed fq of the MRR. The frequency allocation of the 60 GHz band assumed in this
modulator is roughly 57~66 GHz [1]. Therefore, the frequency of the modulated wave is
less than 10 GHz at most. This means that this MRR structure has a sufficient modulation
bandwidth in the range of coupling efficiency K that satisfies the over coupling condition.

The proposed modulator is expected to exhibit the excellent characteristics discussed
in this paper when the device is fabricated as designed. In particular, the electric-field-
induced change in the refractive index in the FACQW significantly deteriorates unless each
layer is grown according to the designed structure with the accuracy of a few monolayers
(ML, 0.293 nm), as discussed in [28]. The relative positions of the resonant electrode and
the optical waveguide are also important to obtain the expected electric field enhancement
factor. Fabrication errors in the positions are desired to be within 1.0 pm.

=X
4]

L =1458 um

Modulation Frequency fy (GHz)

0.55 0.6 0.65 0.7 0.75 08 0.85 0.9 0.95 1
Coupling Efficiency K

Figure 15. Calculated modulation frequency fq as function of coupling efficiency K for device with
parameters in Table 1.

The phase modulation of p/2 rad of the proposed modulator (D-ACE) can be obtained
with an input power density of 12 W/m? in the 60 GHz band. Its modulation efficiency
is expected to be three orders of magnitude larger than that of an antenna-integrated LN
modulator [12] and two orders of magnitude larger than that of an antenna-integrated
plasmonic modulator [13]. On the other hand, the 3 dB bandwidth of the D-ACE modulator
is 1.6 GHz, which is approximately half of those of the LN and plasmonic modulators.

4. Conclusions

We proposed the InGaAs/InAlAs FACQW phase modulator composed of a coupled
microstrip resonant electrode and MRR, and its RF and modulation characteristics were the-
oretically discussed. Owing to the strong resonant electric field by the coupled microstrip
resonant electrode, the field intensity enhancement rate for the core layer is approximately
1.63 times higher than that of the printed dipole modulator. By utilizing both the large
enhancement of the electric field in the resonant electrode and the large phase shift en-
hancement effect in the MRR, the phase change of tens of times higher than that of a printed
dipole antenna-integrated modulator is expected to be obtained.
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