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Abstract: We demonstrate the generation of error-free binary-phase-shift-
keyed (BPSK) data at 5 Gb/s using a silicon microring modulator. The 
microring-modulated BPSK signal is propagated at fiber lengths up to 80 
km, maintaining error-free performance, while demonstrating resilience to 
chromatic dispersion. Bit-error-rate measurements and eye diagrams show 
near equivalent performance of a microring-based BPSK modulator as 
compared to commercial LiNbO3 phase modulators. 
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1. Introduction 

As optical communications continues to penetrate deeper into the infrastructure of 
information technology the need for smaller, cheaper, and more energy efficient optical 
components has become imperative. The last decade has seen the continued growth of fiber 
access networks, and the subsequent migration of fiber optic components closer to the end 
user [1]. Such fiber access networks, often implemented as passive optical networks (PON), 
typically consist of links less than 100 km, and bit rates less than or equal to 10 Gb/s [2]. 
While the performance metrics of these long-reach optical links are comparatively much 
smaller than their long-haul counterparts, the much larger breadth of access networks requires 
many more links, resulting in an overall increased number of optical components. At this 
long-reach scale, the focus on optical components shifts from performance to cost. The 
developing field of silicon photonics offers a revolutionary new platform for low-cost high-
performance optics. Extensive research has demonstrated many of the fundamental functions 
needed in an optical network, such as filtering [3], modulation [4,5], switching [6,7], buffers 
[8], and detection [9,10], with performance characteristics comparable to their counterparts in 
conventional optical platforms. The complementary metal-oxide-semiconductor (CMOS)-
compatible fabrication of these structures has opened up not only the possibility of low-cost, 
large-scale photonic integration, but also the integration of auxiliary electronics, enabling the 
vision of low cost transmitters and receivers for long-reach applications. 

In this work, we consider the silicon microring modulator, a promising candidate for the 
future silicon photonic platform due to its small size, fast speed, and low energy consumption. 
Previous research has focused on using the microring modulator for the generation of on-off-
keyed (OOK) data. In contrast, we demonstrate the first error-free generation and propagation 
of binary-phase-shift-keyed (BPSK) data for long-reach applications using a silicon microring 
modulator. The BPSK modulation format has several beneficial characteristics over OOK: a 
sensitivity improvement, lower susceptibility to fiber non-linearities, and reduced crosstalk in 
WDM systems [11]. With this demonstration we are effectively combining the benefits of 
silicon microring modulators and the BPSK format. 

Furthermore, we compare the performance of this prototype modulator against a 
commercial LiNbO3 phase modulator (PM), and a commercial LiNbO3 Mach-Zehnder 
modulator (MZM), the two types of modulators most commonly used to generate BPSK data. 
Bit-error-rate (BER) measurements and eye patterns are used to study the evolution of 
transmitted microring-generated BPSK and verify its potential for use in long-reach 
applications. 
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2. Microring-modulated BPSK 

The silicon microring modulator used in this work was fabricated at the Cornell 
Nanofabrication Facility (CNF). As depicted in Fig. 1(a), it consists of a 5-µm-radius 
microring side-coupled to waveguide. The microring and waveguide are designed for quasi-
TE operation using a width and height of 450 nm and 200 nm, respectively. A 50-nm Si slab 
surrounding the microring was doped accordingly to produce a PIN structure capable of 
injecting carriers into the microring (Fig. 1(a)). 

 

Fig. 1. (a) Microscope image of the microring modulator (doping regions are highlighted in 
green for p-doping and blue for n-doping) and its corresponding (b) amplitude and (c) phase 
response under DC conditions. 

The optical resonance of the microring in its passive state is shown in Fig. 1(b). Carrier 
injection, enabled through the PIN structure, produces a blue shift in the resonance via the 
free carrier dispersion mechanism [5]. Microring modulators utilizing this device structure 
have been demonstrated at speeds up to 18 Gb/s [12]. Furthermore, the suitability of 
microring-modulated OOK for long-haul transmission has previously been verified [13]. 

In addition to generating traditional OOK data, it has been theorized [14] and 
demonstrated experimentally (at 250 Mb/s) [15] that the microring modulator is also capable 
of producing BPSK data. BPSK generation is enabled through the utilization of the 
microring’s strong localized phase response. The phase response of the microring modulator 
can be calculated from the optical length of the microring, L, the loss in the cavity, α, and the 
coupling coefficient, κ [16]. Using these parameters, the field response of the microring is 
given by Eq. (1). 
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Only over-coupled microrings, where κ > α, exhibit the strong phase response necessary 
for phase modulation. This condition can be met by appropriately specifying the gap between 
the microring and waveguide. We use the amplitude response (Fig. 1(b)) and Eq. (1) to fit the 
phase response of the over-coupled microring used in this experiment. As can be seen in 
Fig. 1(c), the phase response of the microring blue shifts in tandem with the blue shift of the 
resonance. While Fig. 1(c) is a derived fit, the wavelength shift of the phase response has been 
confirmed through a direct measurement [15]. 
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Fig. 2. BPSK generation using a microring modulator. (a) The two bit-states have equivalent 
amplitudes, but (b) a difference in phase of π. 

 

Fig. 3. Eye patterns of the demodulated BPSK signal from the LiNbO3 MZM (top row), 
LiNbO3 PM (middle row), and silicon microring modulator (bottom row) after propagating [0, 
30, 55, 80] km and passing through the fiber DLI. 

Similar to the generation of OOK, generation of BPSK using a microring modulator 
exploits a resonance shift to produce the desired bit-state. However, BPSK generation 
requires positioning the wavelength such that the optical bits have equivalent amplitude 
(Fig. 2(a)), but differ by a phase shift of π (Fig. 2(b)) [14]. A consequence of operating inside 
the resonance region is an inherent insertion loss completely separate from the waveguide or 
coupling losses. This insertion loss was approximately 3 dB for the microring modulator used 
in the experiment. It should be noted that while Fig. 2 depicts perfect symmetry between the 
two resonance states, in the carrier-injected state, free carrier absorption increases the loss in 
the cavity, leading the resonance to approach critical coupling. This is visible in the two 
resonance states depicted in the experimental measurement of Fig. 1(b), with the carrier-
injected state closer to critical coupling. The asymmetry produces a pattern dependency in the 
demodulated BPSK signal, as seen in the experimentally demodulated BPSK signals of Fig. 3. 
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Fig. 4. (a) Signal constellation for PM-, microring-, and MZM-modulated BPSK. (b) PM-, 
microring-, and MZM-modulated BPSK before demodulation. 

In Fig. 4, the fitted resonances of Fig. 1(b) are used to generate the signal constellation of 
the microring-modulated BPSK generated in this experiment. As Fig. 4 illustrates, the 
combination of the phase shift and amplitude dip produces a modulation mechanism unique to 
the microring modulator, differing from the phase modulation mechanism in either the PM or 
MZM [17]. The experimentally measured BPSK signals confirm that the microring modulator 
generates amplitude dips larger than the PM, but not reaching full extinction such as the 
MZM (Fig. 4(b)). It should be noted that the noise present on the microring-modulated BPSK 
signal of Fig. 4(b) is a result of the previously mentioned pattern dependency of the microring 
modulator. 

The simultaneous combination of amplitude and phase modulation generates chirp 
characteristics that differ from those produced by the LiNbO3 PM or MZM. Subsequently, it 
is expected that the subjection of microring-modulated BPSK to the dispersive effects of 
optical fiber will yield different results when compared to using BPSK generated from a PM 
or MZM; hence, motivating experimental measurements to validate the use of microring-
modulated BPSK for long-reach applications [18]. 

3. Experimental setup 

Our characterization consisted of generating BPSK using the aforementioned silicon 
microring modulator, and then propagating it through progressively longer spans of fiber 
while observing the deformation of the eye pattern and changes in the bit-error-rate. In the 
experimental setup, (Fig. 5), a pulsed-pattern generator (PPG) was used to generate a 5-Gb/s 
non-return-to-zero (NRZ) 2

7
-1 pseudo-random bit sequence (PRBS) electrical signal. The 1-

Vpp signal was biased at 1.2 V and conditioned with a pre-emphasis circuit to enable high-
speed operation of the modulator [19]. A CW tunable laser at a wavelength of 1544 nm was 
set to a TE polarization before being launched onto the chip. The microring-modulated BPSK 
signal egressing from the chip was amplified with an erbium-doped fiber amplifier (EDFA), 
and filtered (λ), before being passed into [0, 30, 55, 80] km of single-mode fiber (SMF) at a 
power of 11 dBm. The varying lengths of fiber result in variable amounts of accrued loss; 
hence, a variable optical attenuator (VOA) was used to attenuate the signal to a fixed power of 

17 dBm, thereby ensuring OSNR consistency between measurements. This signal was then 
amplified and filtered before being passed into a thermally stabilized delay line interferometer 
(DLI) to demodulate the BPSK signal. Because the differential of PRBS is equivalent to the 
original PRBS, error testing is possible without the customary differential-phase-shift-keying 
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(DPSK) encoder and decoder. The demodulated signal was received using a PIN-TIA 
photodetector followed by a limited amplifier (LA) and fed to a bit-error-rate tester (BERT) 
for BER measurements. In addition, a digital communications analyzer (DCA) was used to 
record eye patterns. 

 

Fig. 5. Experimental setup for bit-error validation of microring-modulated BPSK. 

For comparison, a commercial LiNbO3 dual-drive MZM (rated for 10-Gb/s operation) was 
inserted in place of the microring modulator. In this setup, both the inverted and non-inverted 
ports of the PPG are used to generate 4-Vpp electrical signals that drive the MZM in a push-
pull configuration, producing the desired BPSK. The launch and exit powers of the fiber span 

were also maintained at 11 dBm and 17 dBm, respectively, to ensure consistency with the 
characterization of the microring-modulated BPSK. Similarly, a commercial LiNbO3 single-
arm PM (also rated for 10-Gb/s operation) was characterized in the same configuration, using 
a single output of the PPG to generate the 6-Vpp electrical signal needed to drive the PM. 

4. Experimental results 

Figure 3 depicts the eye patterns for the constructive port of the demodulated BPSK signals as 
they propagate through the progressively increasing fiber spans. For the PM- and MZM-
modulated BPSK signals, the chirp induced from the modulation results in a gradual NRZ to 
RZ conversion of the demodulated signal. A similar phenomenon occurs with the microring-
modulated BPSK signal. However, from the eye diagrams, it is observed that the fiber span at 
which the microring-modulated BPSK signal reaches an optimal RZ format occurs sooner (at 
55 km) when compared to the PM- or MZM-modulated BPSK signal. 

 

Fig. 6. (a) BER curves. (b) Power penalties taken relative to 0-km propagation of the LiNbO3 
MZM-modulated BPSK signal. 
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This behavior is further validated by the BER measurements (Fig. 6(a)) conducted on the 
corresponding demodulated BPSK signals of Fig. 3. Error-free performance, defined as a 

10
12

 error-rate, is confirmed for microring-modulated BPSK up to the maximally tested fiber 

span of 80 km. The power-penalties, as measured at the 10
9

 error-rate point, and referenced 
to the 0-km propagation of the MZM-modulated BPSK, are summarized in Fig. 6(b). The 
chirp-induced NRZ to RZ conversion results in better receiver sensitivity, and hence negative 
power-penalty relative to the power-penalty with no fiber propagation [20]. The fiber-
propagated behavior of the PM- and MZM-modulated BPSK are similar, exhibiting gradually 

decreasing power-penalties until finally reaching power penalties of 0.5 dB and 0.4 dB, 
respectively, relative to their 0-km propagation. As expected and indicated by the 
measurements, the PM-modulated BPSK signal suffers from more chirp than the MZM-
modulated BPSK signal. 

In contrast, the microring-modulated BPSK, as was noted from the eye patterns, achieves 
its lowest power-penalty at 55 km. More importantly, the power-penalty of the microring 
modulator relative to the MZM is less than 1.3 dB throughout the 80-km propagation of the 
signal. Because the bandwidth of the microring modulator is lower than that of the MZM or 
PM, a direct comparison of the chirp-induced propagation is not possible. Regardless, this 
demonstration shows that the relative power-penalty variance of the microring-modulated 
BPSK is on par with the commercial MZM and PM. 

5. Discussion and conclusion 

We have demonstrated error-free generation of BPSK using a microring modulator at a 
commercially viable data rate of 5 Gb/s. Furthermore, it was shown that this signal can be 
propagated up to 80 km with a small (< 1dB) variance in its power penalty, illustrating its 
resilience to chromatic dispersion and validating its use in the aforementioned long-reach 
applications. As the bit-error-rate measurements showed, this prototype silicon microring 
modulator has performance comparable to the commercial modulators normally used for the 
generation of BPSK. In addition, the silicon microring modulator has several advantages that 
would render it preferable over the traditional LiNbO3 PM or MZM. 

One advantage of note is the considerably lower drive voltage used for the microring 
modulator, 1-Vpp, versus the 4-Vpp and 8-Vpp required for the LiNbO3 PM and MZM, 
respectively. The required drive voltage can be further decreased to sub-volt levels by scaling 
down the size of the microring modulator, simultaneously reducing the footprint of the device 
[21]. The low-voltage operation of the microring modulator can enable high-speed optical 
links while expending with the expensive, high-speed electronic amplifiers normally required. 
In addition, the wavelength selectivity of the microring modulator can be exploited, enabling 
the cascading of microring modulators for high-bandwidth wavelength-division-multiplexed 
(WDM) operation [22]. These advantages are magnified when considering the economy of 
scale found in long-reach applications, where the low-voltage, integrated WDM operation of 
microring modulators can translate to a drastic reduction in the number of individual 
components. As long-reach networks continue to migrate to from PON to WDM-PON, the 
need for low-cost, integrated photonics, will only further justify the use of microring 
modulators [23]. Furthermore, recent demonstrations have shown that a combination of 
microring-modulated BPSK can produce microring-modulated QPSK signals, foreshadowing 
its potential use in future long-haul communication networks where QPSK is the preferred 
next-generation modulation format [24]. 

Lastly, we conclude by noting the generalizability of these results. While, in this instance 
we utilized a silicon microring modulator for the aforementioned advantages, any resonator 
based device that obeys Eq. (1) will display similar behavior. Current realizations of these 
types of modulators include devices also in the silicon-on-insulator platform, such as 
microdisk modulators, or devices implemented in other material platforms, such as poly-
silicon, III-Vs, LiNbO3, or polymers [25–29]. 
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