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We demonstrate an integrated Si optical single-sideband (OSSB) modulator composed of a parallel dual-ring
modulator (PDRM) and a quadrature hybrid coupler (QHC). Both the PDRM and the QHC are carefully
designed for 30 GHz opearation, and their operations are verified by measurement. The Si OSSB modulator suc-

cessfully generates a single sideband with larger than 15 dB suppression of the undesired sideband.
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1. INTRODUCTION

Optical single-sideband (OSSB) modulation eliminates the
frequency-dependent power fading problem from which
optical double-sideband (ODSB) modulation suffers when
high-frequency signals are delivered in the optical domain over
dispersive fiber for radio-over-fiber (RoF) applications [1,2].
OSSB modulation is essential for realizing high-performance
RoF links, especially for millimeter-wave wireless networks,
which with their higher carrier frequencies suffer more from
the power fading problem [3]. OSSB modulation also allows
higher spectral efficiency for dense WDM transmission systems
[4]. OSSB modulation can be achieved by eliminating the un-
desired sideband with optical notch filters based on, for example,
fiber Bragg gratings [5] or stimulated Brillouin scattering [6].
However, these techniques require highly selective optical filters
whose characteristics may not be robust enough for practical
applications. OSSB modulation has also been realized with a
Mach—Zehnder modulator (MZM) [2,7-11]. Various MZM
configurations have been used, including a dual-electrode
MZM [2,7], a dual-parallel MZM [7,8], and an MZM cascaded
with a phase modulator [9]. In addition, there have been exten-
sive investigations for the ring-assisted MZM [10-13] and,
using this, OSSB modulation has been demonstrated [14,15].
Although these techniques can produce high-quality OSSB
signals, their implementation requires several different pieces of
optical and electrical components, resulting in limited practical
applicability.

In this paper, we demonstrate for the first time, to the best of
our knowledge, a single-chip Si OSSB modulator operating in
the millimeter-wave range of 30 GHz. Our OSSB modulator

2327-9125/18/010006-06 Journal © 2018 Chinese Laser Press

includes an optical modulator and a 30-GHz 1/Q) signal gen-
erator, both of which are integrated on a Si wafer. Such mono-
lithic integration of photonic and electronic components results
in much smaller sizes and, consequently, significant cost reduc-
tion; it provides great advantages for many applications. Our
OSSB modulator is fabricated with IHP’s Photonic BICMOS
technology, which provides high-performance Si photonic de-
vices and Si BICMOS circuits on the standard Si platform [16].

This paper is organized as follows. In Section 2, the structure
of our OSSB modulator is explained and the characteristics of
the depletion-type microring modulators (MRMs) used within
the OSSB modulator are given. In Section 3, the lumped-
element quadrature hybrid coupler (QHC) [17] is described,
which is used for generating electrical 1/Q signals around
30 GHz having the same magnitude with a 90° phase differ-
ence. In Section 4, the measured OSSB modulation character-
istics are given. Section 5 concludes the paper. An initial result
of this work has been presented in Ref. [18].

2. OSSB MODULATOR STRUCTURE

Figure 1 shows the block diagram of our OSSB modulator
composed of a parallel dual-ring modulator (PDRM) and a
QHC and schematically explains how OSSB signals are pro-
duced. The input light having angular frequency w, is supplied
into one input port of a 2 x2 multi-mode interferometer
(MMI). Each of two MMI outputs having a 90° optical phase
difference [19] is delivered into the identical MRM located on
the top and bottom arms. Electrical sinusoidal signals having
angular frequency w,, are applied to the QHC, which produces
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Fig. 1. Block diagram of the OSSB modulator.

two electrical output signals having the same magnitude but a
90° electrical phase difference. When one of the QHC output
signals is used for modulating the top MRM and the other the
bottom MRM, there exists a 180° optical phase difference
between one of the two sidebands of the modulated optical
signals in the top and bottom arms (lower sideband in the case
of Fig. 1). When these are summed in a 2 x 1 output MMI,
the output optical signal has only one sideband thus achieving
OSSB modulation. Our OSSB modulator is implemented with
a PDRM instead of the standard MZM since the PDRM
provides the much smaller device size.

Figure 2 shows a microphotograph of the fabricated
Si OSSB modulator. Its core size is 350 pm x 800 pm
(350 pm x 300 pm for the QHC and 350 pm x 500 um for
the PDRM). Grating couplers (not shown in the figure) are
used for the PDRM input and output optical coupling, and
GSG pads shown on the left are used for supplying electrical
sinusoidal signals to the QHC. The top DC pads are used for
ground connection (G), tuning varactors within the QHC
(Vque)> and supplying bias voltages to MRMs (V pe mrm)-
The bottom DC pads are used for ground connection (G)
and MRM heater control (V). Other DC pads are not used
for the present investigation.

Figure 3(a) shows the structure of two identical MRMs
within the PDRM. It has a ring radius of 11 pm and a coupling
gap of 280 nm. The ring waveguide is 500 nm wide and 220 nm
thick and has a PN junction whose nominal peak doping

Fig. 2. Microphotograph of the integrated Si OSSB modulator.
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Fig. 3. (a) Structure and (b) cross section and the electrical model of
the Si MRM.

concentrations are 7 x 10'7 cm™ for P-doping and 3x 10'® cm™3

for N-doping. For PT and N regions, nominal doping
concentrations of 1 x 102 cm™2 are used.

Since the resonance wavelength of two MRMs within the
PDRM may not be the same due to process variations, each
MRM has an on-chip heater made up of an N-doped Si layer,
as shown in Fig. 3(a), so that its resonance wavelength can be
externally tuned. For QHC implementation, the precise
electrical characteristics of the MRM are needed, as will be ex-
plained in Section 3. Figure 3(b) shows the MRM cross section
along with its electrical equivalent circuit model [20]. C, and
C, represent the capacitance of the 2 pm BOX oxide between
N-doped and P-doped regions and the substrate, R, is the
substrate resistance, Cj is the PN junction capacitance, and
R, and R, are the series resistance for N-doped and P-doped
regions of the rib waveguide, respectively. The numerical values
for these electrical parameters can be extracted by electrical Sy,
measurement of a MRM device. Figures 4(a) and 4(b) show Sy,
magnitude and phase measurement results obtained from a
stand-alone MRM device fabricated for the testing purpose
and having the identical structure as two MRMs within the
PDRM. Also shown are the simulated results carried out with
the exacted parameters whose values are shown in Table 1.

Figure 5 shows the measured optical transmission spectra at
three different bias voltages for the same MRM device. It has the
resonance wavelength tunability of 27 pm/V, the ring round-
trip loss (@) of 0.957, the through coefficient (y) of 0.957,
and the effective refractive index (n2.4) of 2.5224, determined
using the extraction technique reported in Ref. [20]. With these,
the MRM modulation characteristics can be precisely predicted
[21]. Figure 6(a) shows the simulated normalized MRM modu-
lation frequency responses at a bias voltage of -1 V for several
different values of D, defined as the difference between the
resonance wavelength and the input light wavelength, as
shown in the inset of Fig. 6(a). The MRM modulation character-
istics strongly depend on D [22] and, consequently, for our
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Fig. 4. Measured and simulated electrical S;; (a) magnitude and
(b) phase of the Si MRM. For simulation, extracted values shown
in Table 1 are used.

Table 1. Numerical Values for MRM Electrical
Parameters

Parameter Value
R(=R,+R,) 220 Q
C 10.5 fF
Cox(=C, + C)) 8.5 fF
Ry 4.2 kQ

Normalized output power [dB]

o 0oV
o -1V
A

1546.0 1546.2 1546.4 1546.6
Wavelength [nm]

Fig. 5. Measured optical transmission spectra of the Si MRM at
different bias voltages.

(a) T T T T
4 |-——D =30 pm (3dB BW: 27 GH2) | ;
) ——D =90 pm (3dB BW: 30 GHz)
B 2——D =150 pm (3dB BW: 34 GHz) L
o —— D =190 pm (3dB BW: 65 GHz),
® 0 D T
s
8 -2
@
4
o
°
@
N
©
£
£
]
4

Frequency [GHz]
(b) 10 T T I
—_ Measurement
| —— Simulation €

o

Normalized output power [dB

Il ; -
-0.3 0=A,) 0.3
Wavelength [nm]

Fig. 6. (a) Simulated modulation frequency response and (b) mea-
sured and simulated optical spectrum for Si MRM modulated at
30 GHz with D = 90 pm.

investigation, D is carefully determined by simulation and con-
firmed by measurement for optimal performance for the target
modulation frequency. Figure 6(b) shows the normalized mea-
sured and simulated optical spectra when the test MRM device
is modulated with 30 GHz, 2 Vpp sinusoidal signals with
D = 90 pm. The measured and the simulated results agree well,
except that the measured results have a much higher baseline
due to noise in the measurement and much larger linewidth
mostly due to the limited resolution of the optical spectrum
analyzer used for the measurement. The second-order modula-
tion peak can be observed in the right side, which is due to
nonlinear modulation characteristics of the MRM [23].

3. QHC

The QHC is often implemented with transmission lines [24],
but the requiring size is too large for our consideration.
Instead, we implemented our QHC with inductors and capac-
itors [25] in order to minimize its size. Figure 7 shows its
structure.

For the desired QHC operation at frequency f, L; =
50/(2xf), L, = 50/[(2)'/? x 2z f], and C = [1 + (2)'/?]/
(50 x 2z f), where C = Cypy + Cyy should be satisfied
when Z; is 50 Q [26]. However, Z; = 50 Q cannot be sat-
isfied for our MRMs. We can determine MRM Z; at a given
frequency with the MRM equivalent circuit shown in Fig. 3(b),
and its parameter values are given in Table 1. With this, the
required L and C values for the QHC when it is loaded with
MRMs can be determined by simulation. Figures 8(a) and 8(b)



Research Article

ICMIM ICMIM

Output 1
I-port
Input © T W T O
cvarl cvar3 [~
. B <
Ciar2 Cuara Output 2
. L ”: |' Q-port
Isolation:
J_ ‘mﬂm' O

50Q
i ICMIM ICMIM

Fig. 7. Schematic of the QHC.

—— Simulation: I-port
0.5} — Simulation: Q-port J

04f E
@ 0.3 J
g
s 0.2F L
01} J
0.0 . . . . .
26 28 30 32 34
Frequency [GHz]
(b) L) L) L) L) L)
= 120} E
N
2
3 —_
c 3
S % 0} .
E o
TS5
o
7}
©
£ 60 | -
o
Il Il Il Il Il
26 28 30 32 34
Frequency [GHz]

Fig.8. Simulated (a) magnitude of and (b) phase difference between
I/Q output signals for the QHC with Si MRM loads.

show the simulated magnitude of and the phase difference
between two QHC output signals when it is loaded with two
MRMs. For the simulation, the L and C values shown in
Table 2 are used. Around 30 GHz, the magnitudes of two out-
put signals are almost identical with an insertion loss of about
8 dB and have 90° phase difference. For implementation, L;
and L, are realized with spiral inductors, Cypy with MIM

Table 2. L and C Values Used for QHC Implementation

Parameter Value
L 580 pH
L, 410 pH
C 97 fF
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Fig. 9. Measured and simulated for (a) magnitude of and (b) phase
difference between QHC 1/Q output signals with 50 Q loads.

capacitors, and C,,, with varactors, all of which IHP’s Photonic
BiCMOS technology provides. Varactors are used so that the
capacitances can be externally tuned in case process variation
causes variances in circuit parameters. With the bias voltage
ranging from 0.5 to -4.0 V, the capacitance of each varactor
changes from 8 to 3 fF. For externally tuning the varactors, four
varactors are grouped into two pairs (C\,; and C\,p0, C\y3 and
Car4) and each pair is tuned together in order to reduce tuning
complexity.

In order to confirm the accuracy of our QHC design, a
stand-alone QHC, which is identical with the QHC used in
the OSSB modulator but without MRM loads is fabricated,
and its S-parameters are measured with 50 Q loads provided
by a network analyzer. Figures 9(a) and 9(b) show that mea-
sured and simulated results agree very well. For simulation,
the parameter values given in Table 2 are used.

4. OSSB MODULATOR CHARACTERISTICS

Figure 10(a) shows the output transmission spectrum around
1546 nm of our PDRM. As can be seen, its resonance peak is
significantly broadened. This is due to the mismatch between
two MRMs caused by slight process nonuniformity. Such mis-
match significantly degrades the PDRM modulation efficiency.
This problem can be solved by heating up one of the MRMs so
that they have the identical resonance wavelength. Figure 10(b)
shows the resulting output transmission spectra of the same
PDRM at three different bias voltages when one MRM is
heated up about 1.7°C. As can be seen, the resonance peak
broadening is eliminated. In addition, a resonance wavelength
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Fig. 10. Measured optical transmission spectra of the PDRM
(a) without temperature control and zero bias voltage and (b) with
temperature control at three different bias voltages. (c) Measured
OSSB modulator output optical spectrum when modulated with
30 GHz, 2 Vpp sinusoidal signals at D = 90 pm and 1 V bias voltage.

tunability of 27 pm/V is observed. Figure 10(c) shows the mea-
sured optical spectrum of the OSSB modulator output when it
is modulated with 30 GHz, 2 Vpp electrical sinusoidal signals
and D = 90 pm. OSSB modulation is successfully achieved
with larger than 15 dB suppression of the undesired sideband.
Our grating coupler has about 5 dB coupling loss, resulting in
10 dB loss for the modulator input and output coupling. The
MRM has about 6 dB loss when D = 90 pm. Each of two
MMIs used in our OSSB modulator has about 1 dB loss.
Consequently, the total insertion loss is about 18 dB.

Figure 11 shows the measured optical spectra of the OSSB
modulator output when the modulation frequency varies
from 28 to 32 GHz. The upper sideband spectra are enlarged
in the inset. As shown in the figure, our OSSB modulator can
operate in a wide range of modulation frequencies, making it
suitable for many millimeter-wave applications having large

bandwidth.
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Fig. 11. Measured output spectra of the OSSB modulator with
different modulation frequencies.

5. CONCLUSION

We successfully demonstrate a monolithically integrated
30 GHz Si OSSB modulator that contains a PDRM and an
electrical I/Q signal generator. Each built-in component in
our electronic—photonic integrated circuit is carefully designed
and implemented. Our OSSB modulator achieves larger than
15 dB suppression of the undesired sideband. This Si OSSB
modulator should provide great advantages in its size and cost
for many applications requiring OSSB operation.
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