
Experimental performance evaluation of quadrature
amplitude modulation signal transmission

in a silicon microring

Chengcheng Gui and Jian Wang*

Wuhan National Laboratory for Optoelectronics, School of Optical and Electronic Information,
Huazhong University of Science and Technology, Wuhan 430074, Hubei, China

*Corresponding author: jwang@hust.edu.cn

Received May 18, 2016; revised July 15, 2016; accepted July 20, 2016;
posted July 22, 2016 (Doc. ID 266576); published September 1, 2016

We comprehensively characterize the transmission performance of m-ary quadrature amplitude modulation
(m-QAM) signals through a silicon microring resonator in the experiment. Using orthogonal frequency-division
multiplexing based on offset QAM (OFDM/OQAM) which is modulated with m-QAM modulations, we demon-
strate low-penalty data transmission of OFDM/OQAM 64-QAM, 128-QAM, 256-QAM, and 512-QAM signals in a
silicon microring resonator. The observed optical signal-to-noise ratio (OSNR) penalties are 1.7 dB for 64-QAM,
1.7 dB for 128-QAM, and 3.1 dB for 256-QAM at a bit-error rate (BER) of 2 × 10−3 and 3.3 dB for 512-QAM at a BER
of 2 × 10−2. The performance degradation due to the wavelength detuning from the microring resonance is evalu-
ated, showing a wavelength range of ∼0.48 nm with BER below 2 × 10−3. Moreover, we demonstrate data trans-
mission of 191.2-Gbit/s simultaneous eight wavelength channel OFDM/OQAM 256-QAM signals in a silicon
microring resonator, achieving OSNR penalties less than 2 dB at a BER of 2 × 10−2. © 2016 Chinese Laser Press

OCIS codes: (130.3120) Integrated optics devices; (220.0220) Optical design and fabrication; (230.7370)
Waveguides; (060.4510) Optical communications.
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1. INTRODUCTION
The rapid growth of Internet, high-speed data, and multimedia
services has given rise to ever increasing demand for high
data traffic rates and transmission capacity. Compared to
electronic integrated circuits, photonic integrated circuits
(PICs) feature higher data transmission rates [1]. Recently,
PICs, which have facilitated possible integration of complete
optical communication systems on a monolithic semiconduc-
tor chip, are envisioned as promising ways of implementing
on-chip and chip-to-chip interconnection networks [2–4].
PIC-assisted optical interconnection provides relaxed inter-
connection latency, wide bandwidth, and high resistance to
electromagnetic interference. Several optical technologies
have been developed including the use of silicon photonics
[5,6], photonic crystals [7], and plasmonic circuits [8].
Remarkably, owing to the availability of a mature silicon
technology, lower power consumption, compactness, and
potential for complementary metal-oxide-semiconductor
compatibility, silicon photonics is considered to be a promis-
ing technology to address the ever increasing challenges of
future chip-scale optical interconnections and optical data
processing [9–13]. Among the many researched silicon pho-
tonic devices, microring resonators feature a compact struc-
ture capable of performing a variety of network functions
(i.e., wavelength conversion, optical switching, optical filters,
optical delay lines, microwave photonic filters) [14–20].
Because of the unprecedented bandwidth scalability with re-
duced power consumption enabled by high-performance sili-
con photonic devices, the wavelength-division multiplexing
(WDM) technique can be employed to achieve high data rates

and make wavelength parallelism available in integrated
optics [21,22]. So far ultrahigh-speed data transmission of
Tbit/s signals has been reported in optical fiber transmission
systems [23]. In this scenario, one expected challenge would
be high-speed data transmission for on-chip networks. In the
past few years, data transmissions of multichannel 40-Gbit/s
binary on–off keying (OOK) signals in a silicon waveguide
[24], 170-Gbit/s OOK signals in an erbium-doped waveguide
amplifier on silicon [25], and 40-Gbit/s binary differential
phase-shift keying (DPSK) transmission through a silicon mi-
croring switch [15] have been reported, showing impressive
performance. With unabated exponential growth of data
traffic, advanced multilevel modulation formats such as
m-ary phase-shift keying (m-PSK) and m-ary quadrature am-
plitude modulation (m-QAM), and multiplexing techniques
such as WDM and orthogonal frequency-division multiplexing
(OFDM), have become of great importance to increase the
capacity and spectral efficiency of communication systems
[23,26]. Hence, one laudable goal would be to realize high-
speed optical data transmission of m-QAM signals in silicon
photonic devices. Very recently, terabit-scale data transmis-
sion of WDM OFDM 16-QAM signals through silicon vertical
slot waveguides has been reported [27]. Additionally, owing to
the high side lobe suppression ratio, OFDM based on offset
QAM (OFDM/OQAM), which can be modulated with high or-
der PSK or QAM modulations, has recently attracted increas-
ing attention in optical communications [28,29]. However,
optical data transmission of OFDM/OQAM m-QAM signals
in silicon photonic devices (e.g., silicon microring resonators)
has not yet been reported.
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In this paper, we experimentally study the transmission per-
formance of OFDM/OQAM m-QAM signals through a silicon
microring resonator. Low-penalty transmissions of OFDM/
OQAM 64-QAM, 128-QAM, 256-QAM, and 512-QAM signals
in a silicon microring resonator are demonstrated. The trans-
mission impairments induced by the wavelength detuning
from the microring resonance are discussed. Meanwhile,
the transmission performance of 191.2-Gbit/s simultaneous
eight-channel WDM OFDM/OQAM 256-QAM signals in a
silicon microring resonator is also evaluated.

2. EXPERIMENTAL SETUP AND SILICON
PHOTONIC DEVICE
The experimental setup for data transmission of OFDM/
OQAM m-QAM signals through a silicon microring resonator
is shown in Fig. 1. At the transmitter side, the outputs of eight
external cavity lasers (ECLs) are injected into eight polariza-
tion controllers (PCs) and then combined by wavelength
selective switches (WSSs) and an optical coupler (OC). The
eight laser wavelengths are set to be 1544.54, 1546.41,
1548.28, 1550.15, 1552.02, 1553.89, 1555.76, and 1557.63 nm.
The combined eight wavelength channels pass through an
optical inphase/quadrature (IQ) modulator to carry OFDM/
OQAM m-QAM signals. An arbitrary waveform generator
(AWG) running at 10 Gsamples/s is employed to produce sin-
gle sideband electrical signal. The effective numbers of bits of
the AWG and scope are 10 and 10, respectively, and the sam-
pling rates of the AWG and scope are 10 and 50 Gsamples/s,
respectively. The OFDM/OQAM signal is constructed by 82
subcarriers, in which 78 subcarriers are loaded with payloads
using m-QAM (m ≥ 64) modulation mapping, while 4 subcar-
riers are selected as the pilots with 4-QAM loading to estimate
the phase noise. For the purpose of channel estimation, we
employ 10 training symbols for every 500 payload symbols.
Only one polarization is used for the transmission. The symbol
rate is 3 Gbaud (10 × 78∕256 � 3 Gbaud). The OFDM/OQAM
m-QAM signals are amplified by an erbium-doped fiber ampli-
fier (EDFA) and then coupled to a silicon photonic device by a
vertical grating coupler.

The silicon photonic device is fabricated on a silicon-on-
insulator wafer with a 340-nm-thick top silicon layer and a
2-μm-thick buried oxide layer. The device layout is transferred
to ZEP520A photoresist by electron-beam lithography (EBL;
Vistec EBPG5000� ES). Using EBL followed by induced

coupled plasma etching (Oxford Instruments Plasmalab
System 100), the proposed silicon photonic device structure
is formed by the upper silicon layer, which is etched down-
ward to 220 nm. Our silicon device is composed of a bus wave-
guide and a microring. Vertical grating couplers are used to
couple light in and out of the bus waveguide, and they prohibit
transmitting TM mode and ensure operation with TE-
polarized light only. So the single mode (TE mode) transmits
in the proposed silicon photonic device. To improve fiber-
to-waveguide coupling efficiency, a nominal 1200-nm-wide
waveguide is linearly tapered to 500 nm between the nanowire
and vertical grating coupler. The scanning electron micro-
scope (SEM) image of the bus waveguide with dimensions
of 500 nmwide × 220 nm thick is shown in Fig. 1(a).
Figure 1(b) depicts the SEM image of the microring structure.
The radius and height are 50 μm and 220 nm, respectively. The
zoomed-in coupling region is depicted in Fig. 1(c). The cou-
pling gap between the bus waveguide and bending waveguide
of the microring is about 240 nm. Figure 1(d) exhibits the
zoomed-in vertical grating coupler. The period of the vertical
grating coupler is 630 nm, and the duty cycle is 50%. The
coupling loss of the vertical grating coupler is measured to
be 7 dB for a single side.

The signal transmitting through the silicon photonic device
is coupled out by another vertical grating coupler and then
amplified by an EDFA. A variable optical attenuator (VOA)
is employed to adjust the optical signal-to-noise ratio
(OSNR). At the receiver side, a local oscillator is used to
mix the received signal in a coherent receiver. For on-chip
single polarization transmission, a PC is employed to align
the polarization states. The radio-frequency (RF) signals cor-
responding to I/Q components are fed into a Tektronix real-
time scope and processed offline with a MATLAB program.
The offline digital signal processing contains (1) carrier fre-
quency offset estimation and OFDM window synchronization,
(2) digital filter designed for OFDM/OQAM only, (3) fast
Fourier transform (FFT), (4) channel estimation and phase
noise estimation, and (5) constellation decision and bit-error
rate (BER) calculation. A synchronization sequence is used at
the front end of the frame data to estimate carrier frequency
offset and synchronize the OFDM window. After FFT, the
signal is converted to the frequency domain. For the channel
estimation, we employ 10 training symbols for every 468
payload symbols in a manner of [A 0], where “A” denotes
one OFDM m-QAM symbol.

3. EXPERIMENTAL RESULTS AND
DISCUSSION
First, we experimentally study the data transmission perfor-
mance through the silicon photonic device using OFDM/
OQAMm-QAM signals. In the experiment, we select the fourth
wavelength channel (i.e., 1550.15 nm), loading it with OFDM/
OQAM 64-QAM, 128-QAM, 256-QAM, and 512-QAM modula-
tions for the data transmission through a microring resonator.
The corresponding net data rates for each format are 17.9,
20.9, 23.9, and 26.9 Gbit/s, respectively. Figure 2(a) shows
the measured transmission spectrum of the fabricated micro-
ring resonator with an observed free spectral range of
∼1.87 nm using an optical spectrum analyzer (AQ6370B).
The bandwidth resolution of the spectrum measurements
we used is 0.02 nm. The zoomed-in spectrum in Fig. 2(b)

Fig. 1. Experimental setup for data transmission of OFDM/OQAM
m-QAM signals through a silicon microring resonator. (a)-(d) SEM
images of (a) waveguide cross section, (b) mirroring resonator,
(c) coupling region between the bus waveguide and bending wave-
guide, and (d) grating coupler.
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shows the selected resonance wavelength �∼1550.15 nm� of
the fabricated microring resonator in the experiment with
an extinction ratio of ∼19.4 dB. Figure 2(c) plots the mea-
sured RF spectrum of the demodulated signal at the offline
digital signal processor with a bandwidth of 3.2 GHz.

The measured BER curves for OFDM/OQAM m-QAM data
transmission as a function of the received OSNR are plotted in
Figs. 3(a)–3(d). The observed OSNR penalty is assessed to be
1.7, 1.7, and 3.1 dB at a BER of 2 × 10−3 (enhanced forward
error correction [EFEC] threshold) for OFDM/OQAM 64-
QAM, 128-QAM, and 256-QAM, respectively. For the data
transmission of OFDM/OQAM 512-QAM, the OSNR penalty
is measured to be less than 3.3 dB at a BER of 2 × 10−2

(20% overhead forward error correction [FEC] threshold).
The measured constellations of transmitted m-QAM (m ≥ 64)

signals through the proposed silicon photonic device are de-
picted in the insets of Fig. 3.

Then, we shift the wavelength of the transmitted OFDM/
OQAM 256-QAM signal to evaluate the performance degrada-
tion due to the wavelength detuning from the microring
resonance wavelength. Figure 4 shows measured BER perfor-
mance as a function of the signal wavelength detuning from
the microring resonance wavelength. One can see that the
measured BER values can be kept below the EFEC threshold
of 2 × 10−3 as the signal wavelength is varied from 1549.84 to
1550.32 nm, that is, within a wavelength range of ∼0.48 nm.
When the signal wavelength is further detuned from the mi-
croring resonance, significant performance degradation is ob-
served. As shown in Fig. 4, a fitting curve is also plotted for
reference. The insets (a) and (b) in Fig. 4 depict two examples
of measured constellations which clearly show the perfor-
mance degradation due to the relatively large signal wave-
length detuning from the microring resonance wavelength.
Such wavelength detuning-induced performance degradation

Fig. 2. (a) Measured transmission spectrum of fabricated microring
resonator. (b) Zoomed-in spectrum of selected resonance in the
experiment. (c) RF spectrum of demodulated signal.

Fig. 3. BER versus received OSNR for data transmission of OFDM/
OQAM m-QAM signal through a silicon microring resonator. (a) 64-
QAM. (b) 128-QAM. (c) 256-QAM. (d) 512-QAM. Inserts are constella-
tions of signal after transmission. B-to-B, back-to-back; Aft. Trans.,
after transmission.

Fig. 4. BER versus signal wavelength detuning from the microring
resonance wavelength for experimental measurements (circles)
and fitting curve (solid line). Insets are constellations of 256-QAM
signals.

Fig. 5. (a) Input spectrum of eight wavelength channels before the
input of the modulator. (b) BER versus received OSNR for all
eight-channel OFDM/OQAM 256-QAM data transmission. (c)–
(e) Constellations of (c) B-to-B signal at 1554.54 nm, transmitted
signals at (d) 1544.54 and (e) 1546.41 nm. B-to-B, back-to-back;
W1, 1544.54 nm; W2, 1546.41 nm; W3, 1548.28 nm; W4, 1550.15 nm;
W5, 1552.02 nm; W6, 1553.89 nm; W7, 1555.76 nm; W8, 1557.63 nm.
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can be ascribed to the filtering impairments when transmitting
the signal through the passband of microring resonator.

Additionally, we study the wavelength parallelism by trans-
mitting 191.2-Gbit/s simultaneous eight-channel WDM OFDM/
OQAM 256-QAM signals through the fabricated microring res-
onator. The eight laser wavelengths are set to be 1544.54,
1546.41, 1548.28, 1550.15, 1552.02, 1553.89, 1555.76, and
1557.63 nm, respectively. The combined eight wavelength
channels are combined by the OC and then pass through
an optical IQ modulator to carry OFDM/OQAM m-QAM
signals. Figure 5(a) shows the observed input spectrum of
the eight wavelength channels before being modulated by
the optical IQ modulator. The measured BER curves for all
eight-channel OFDM/OQAM 256-QAM data transmission as
a function of the received OSNR are shown in Fig. 5(b).
The observed OSNR penalties are less than 2 dB at a BER
of 2 × 10−2 (20% FEC threshold). Figures 5(c)–5(e) display
three examples of measured constellations of back-to-back
(B-to-B) OFDM/OQAM 256-QAM signal at 1554.54 nm and
transmitted OFDM/OQAM 256-QAM signals at 1544.54 and
1546.41 nm, respectively.

4. CONCLUSIONS
In summary, the obtained results shown in Figs. 3–5 indicate
the successful low-penalty transmission of OFDM/OQAM
m-QAM signals through a silicon microring resonator.
OFDM/OQAM 64-QAM, 128-QAM, 256-QAM, and 512-QAM
data transmissions are demonstrated in the experiment.
The impairments from the signal wavelength detuning from
the microring resonance are discussed. Moreover, simultane-
ous eight-channel WDM OFDM/OQAM 256-QAM data trans-
mission through the microring resonator is implemented.
With further improvement, the fabricated silicon microring
resonator might support simultaneous WDM m-QAM data
transmission with even more wavelength channels (>8).
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