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Abstract: This paper proposes a chirp-free optical return-to-zero
(RZ) modulator using a double coupled microring resonator. Optical RZ
modulation is achieved by applying a clock (CLK) driving signal to the
input coupling region and a non-return-to-zero (NRZ) driving signal to
the output coupling region. Static and time-domain coupled-mode theory
(CMT) based dynamic analyse are performed to theoretically investigate its
performance in RZ modulation. The criteria to realize RZ modulation are
deduced. Various RZ modulation formats, including RZ phase-shift-keying
(RZ-PSK), carrier-suppressed RZ (CSRZ), and RZ intensity modulation
formats, can be implemented by using CLK and NRZ signals with different
combinations of polarities. Numerical simulations are performed and the
feasibility of our modulator at 10 Gbit/s for the multiple RZ modulation
formats is verified.
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1. Introduction

Non-return-to-zero (NRZ) and return-to-zero (RZ) are important modulation formats in opti-
cal transmission systems. The NRZ modulation format, widely used in short-reach networks,
requires less bandwidth and has higher timing tolerance. The RZ modulation format, though re-
quiring a more complex modulation scheme, is more robust to intersymbol interferences (ISI)
and nonlinear propagation distortions [1], and thus has better receiver sensitivity. Therefore,
optical RZ modulators receive sustained attention from the optical communication society.

In recent years, microring-based modulators have been recognized as promising electro-optic
modulators due to their potential for high-density integration. By controlling the refractive in-
dex of the ring waveguide [2, 3] or the coupling strength between the ring waveguide and the
bus waveguide [4], a single ring resonator can be employed to generate NRZ signals and NRZ
phase-shift-keying (PSK) signals. For example, a silicon microring with a diameter of 12 μm
was reported in Ref. [3] to perform the NRZ intensity modulation at 18 Gb/s, and the NRZ-
PSK modulation at 250-Mb/s was demonstrated in Ref. [5]. However, previous work mainly
focuses on the generation of NRZ-type modulation formats, and little attention is paid to re-
alizing the RZ modulation based on microring resonators. Up to now, to our knowledge, there
is only one scheme [6] that was proposed to generate low-chirp RZ-PSK signals using three
microring resonators.

In this paper, we propose a method to perform chirp-free RZ modulations using a single
microring resonator side-coupled to two straight waveguides. To implement the RZ modula-
tion, the coupling coefficients of the couplers at the input and output sides are independently
controlled by an electrical clock (CLK) signal and an NRZ signal. In this case, if continuous
wave (CW) light at the resonance wavelength is injected to the input waveguide, one can obtain
an optical RZ signal at the output waveguide. Moreover, our dynamic analysis and simulation
demonstrate that the proposed microring-based modulator is able to generate multiple RZ mod-
ulation formats, including RZ, carrier-suppressed RZ (CSRZ), and RZ-PSK, if the polarities of
the driving signals are properly adjusted.

2. Principle

2.1. Static analysis

The schematic structure of the proposed modulator is given in Fig. 1(a). The modulator is
composed by a microring resonator side-coupled to a pair of straight waveguides. The CW
light from the input port successively passes through the input and output coupling regions
before being detected at the drop port. The optical field transfer matrix at the input and output

#160060 - $15.00 USD Received 15 Dec 2011; revised 31 Jan 2012; accepted 16 Feb 2012; published 20 Mar 2012
(C) 2012 OSA 26 March 2012 / Vol. 20,  No. 7 / OPTICS EXPRESS  7664



coupling regions is given as

Mi = e− jθi

(
ti − jki

− jki ti

)
, (1)

where the subscript i = 1, 2 represents the input and output couplers, θi is the propagation
phase-shift for the coupler, ti is the self-coupling coefficient, and ki is the cross-coupling coef-
ficient. In the lossless case, t2

i + k2
i = 1.

Output

Input Input

Output(a) (b)

t1, k1, θ1

t2, k2, θ2 θ2-π/2-Δθ2

θ1+π/2+Δθ1

a1,φ1a2,φ2

θ1-π/2-Δθ1

θ2+π/2+Δθ2

Fig. 1. Schematics of a coupling modulated microring resonator for (a) the general case
and (b) two MZI couplers.

Let a1 and a2 be the propagation losses of ring waveguides, ϕ1 and ϕ2 be the phase-shifts of
the ring waveguides. The microring resonator transfer function can be expressed as follows:

Tdrop =
−k1k2a1e− j(θ1+θ2+ϕ1)

1− t1t2a1a2e− j(θ1+θ2+ϕ1+ϕ2)
. (2)

At resonance wavelengths, e− j(θ1+θ2+ϕ1+ϕ2) = 1, and Eq. (2) becomes

Tdrop =
−k1k2a1e jϕ2

1− t1t2a1a2
. (3)

If k1, k2 � 1, Eq. (3) can reduce to

Tdrop ≈ −a1e jϕ2

1−a1a2
k1k2. (4)

It clearly indicates that one can obtain an optical RZ signal, if the two coupling coefficients are
respectively modulated by an electrical NRZ and a CLK signal with the assumption k1, k2 � 1.
We will show by simulations in Section 3 that the analytical results are still valid even when the
small signal assumptions are relaxed.

To realize the coupling modulation, MZI couplers operated in a push-pull mode [7] can be
used for these two coupling regions, as illustrated in Fig. 1(b). The coupling coefficients can
then be expressed as ki = je− jθi sinΔθi, where θi is the phase-shift induced by the MZI coupler.

2.2. Dynamic analysis

The static analysis has suggested the possibility of RZ modulations using a single ring, whereas
the result is only valid for the low-frequency modulations. To explore the performance at high
modulation frequency, we analyze its dynamic performance using the time-domain coupled-
mode theory (CMT) [8]. In the CMT analysis, the microring resonator is regarded as a lumped
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element with a time-varying optical energy amplitude a. When light is launched on resonance,
the resonator optical energy change rate is given as:

da(t)
dt

= ( jω0 − 1
τl
− 1

τe
− 1

τd
)a(t)− j

√
vg

L
k1e jω0t (5)

where L is the perimeter of the ring resonator, ω0 is the resonant frequency, 1/τl is the resonator
intrinsic decay rate, 1/τe = vgk2

1/2L and 1/τd = vgk2
2/2L are the decay rates due to the input

and output couplings, and vg is the light group velocity in the waveguide. The signal wave
amplitude transmitted to the drop port sd is related to a as follows [9]:

sd =− j

√
vg

L
k2a. (6)

Suppose two electrical driving signals are applied to the input and output coupling regions,
the refractive indices are modulated as ni(t) = n± (mbi +mi cosωit), where mbi is the bias, mi

is the modulation amplitude, and ωi is the angular frequency of the applied electrical signal.
Thereby, the input and output cross-coupling coefficients are modulated as

ki(t) = sin [(mbi +mi cosωit)βLe/n]≈ kbi + rbi cosωit, i = 1,2 (7)

where kbi = sin(mbiβLe/n), rbi = mi(βLe/n)cos(mbiβLe/n), i = 1,2, β is the propagation
constant in the waveguide, and Le is the MZI arm length.

Substituting k1(t) and k2(t) into Eq. (5) and solving Eqs. (5) and (6) with the small signal
assumption rb1 � 1 and rb2 � 1, we have:

sd(t) ≈ −vg

L

[
kb1kb2

Ω
+

kb2rb1√
ω2

1 +Ω2
cos(ω1t −φ1)+

kb1rb2

Ω
cos(ω2t)

]
+

vg
2

L2

kb1kb2

Ω

[
2

∑
i=1

kbirbi√
ω2

i +Ω2
cos(ωit −φi)

]
(8)

where φi = arcsin [
√

ω2
i /(ω2

i +Ω2)] and Ω = 1/τl + (vg/2L)(k2
b1
+ k2

b2
). It shows that the

proposed modulation scheme is chirp-free since sd(t) is a real number. If kb1kb2 = 0 (or
1/τl � (vg/2L)(k2

b1
+ k2

b2
)) and ω1 � Ω, Eq. (8) will immediately reduce to

sd(t)≈−vg

L
k1(t −φ1/ω1)k2(t)

Ω
. (9)

Equation (9) indicates that it is feasible to use a single ring to realize RZ modulation, as long
as the following criteria are satisfied:

1. ω1 cannot be very high;

2. kb1kb2 = 0 or (1/τl)� (vg/2L)(k2
b1
+ k2

b2
), i.e., the unloaded quality factor (Q-factor) of

the microring resonator cannot be very high;

3. Signal applied to the input coupling region needs to be shifted with a phase φ1 in advance.

Condition 1 suggests that the modulation is inherently bandwidth-limited. Such characteristic
is manifested by the Optical Modulation Amplitude (OMA), which is defined as:

OMA =
f (t)max − f (t)min

2
, (10)
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where f (t)max and f (t)min are the maximum and minimum amplitudes of the signal. In the case
of our scheme,

OMA =
vg

L

∣∣∣∣kb2rb1

Ω−2k2
b1

vg
2L

Ω
√

ω2
1 +Ω2

∣∣∣∣+ vg

L

[
(
kb1rb2

Ω
)2 +

(
vg

2L
(2kb1kb2rb2)

2
k2

b2

vg
2L −Ω

Ω2(ω2
2 +Ω2)

)]1/2

.

(11)
When ω2 = 0,

OMA|ω2=0 =
vg

L

∣∣∣∣kb2rb1

Ω−2k2
b1

vg
2L

Ω
√

ω2
1 +Ω2

∣∣∣∣. (12)

If ω1 → ∞, OMA|ω2=0 rapidly reduces to zero, as illustrated in Fig. 2(a). The roll-off frequency
ω3dB defined as the range of frequency where the OMA is reduced to 1/

√
2 of the maximum

frequency response. Clearly, we have ω3dB1 = Ω according to Eq. (12). Also, when ω1 = 0,

OMA|ω1=0 =
vg

L

[
(
kb1rb2

Ω
)2 +

(
vg

2L
(2kb1kb2rb2)

2
k2

b2

vg
2L −Ω

Ω2(ω2
2 +Ω2)

)]1/2

. (13)

OMA|ω1=0 almost keeps unchanged even when ω2 → ∞, as shown in Fig. 2(b). This implies
that: 1) The RZ modulation is bandwidth-limited at the input coupling region; 2) A square-
wave NRZ signal, which has a broad frequency spectrum, may incur severe distortion if it is
applied to the input coupling region. To minimize the signal distortion, we put the NRZ signal
at the output coupling region and the CLK signal at the input coupling region, as illustrated in
Fig. 3(a).
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Fig. 2. OMA changes with signal frequency. (a) mb1 = m1 = 10−4 , mb2 = m2 = 10−3 and
ω2 = 0 (b) mb1 = m1 = 10−3 , mb2 = m2 = 10−4 and ω1 = 0.

As for condition (2), we consider three cases. First, kb1 �= 0 and kb2 = 0, i.e., the driving
signal applied to the input coupling region is unipolar while the signal applied at the output
coupling region is bipolar. In our scheme illustrated in Fig. 3(a), kb1 �= 0 means a unipolar CLK
signal and kb2 = 0 implies a bipolar NRZ signal with constant amplitude. Following Eq. (7),
the unipolar CLK signal will mix with the bipolar NRZ signal in the optical domain, which
yields an optical signal with the waveform the same as that of the CLK signal and the phase
alternating as the NRZ signal. In other words, the obtained optical signal is an optical RZ-
PSK signal, as illustrated in Fig. 3(b). Second, kb1 = 0 and kb2 �= 0, which suggests the CLK
signal is bipolar and the NRZ signal is unipolar. Similarly, the mixing of the bipolar CLK
and the unipolar NRZ in the optical domain will produce an optical CSRZ signal in Fig. 3(c).
Third, if kb1 �= 0 and kb2 �= 0, both NRZ and CLK signals are unipolar, and pure RZ intensity
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Fig. 3. (a) Signal application schemes for the proposed modulator. (b)-(d) Illustration of
the advanced phase-shift of the CLK signal for (b) RZ-PSK, (c) CSRZ, and (d) pure RZ
intensity modulations.

modulation in Fig. 3(d) can be implemented when (1/τl) � (vg/2L)(k2
b1
+ k2

b2
) is satisfied.

Again, (1/τl)� (vg/2L)(k2
b1
+k2

b2
) implies that the unloaded Q-factor of the modulator should

satisfy the condition that Q0 � 1/[(2/ω0)(vg/2L)(k2
b1
+ k2

b2
)], which can be deduced from the

relation 1/Q0 = 2/(ω0τl) [10]. For example, if kb1 = 0.162, kb2 = 0 , λ0 = 1551nm, L= 420μm,
the modulator should have an unloaded Q-factor of Q0 � 4× 105. As indicated in Fig. 3(b)-
(d), the signal applied to the input coupling region needs to be shifted with a phase-shift φ1 in
advance.

In summary, multiple optical chirp-free RZ modulation formats can be implemented by ap-
plying a CLK signal to the input coupling region and an NRZ signal to the output coupling
region. Note that a phase-shift in advance is necessary for the signal applied to the input cou-
pling region.

3. Simulation

Our proposed modulation scheme is essentially independent on the material platform that it
can be built on. In particular, silicon-on-insulator (SOI) can be used due to its potential mono-
lithic integration of photonic and electronic devices [11]. On the other hand, polymer materials,
which have a much larger electro-optic coefficient and thus a lower driving voltage, can also
be employed [12]. In our simulation, we assume the ring perimeter is 420 μm, and the length
of the MZI arm is 200 μm. The ring waveguide propagation loss is α = 21 dB/cm, and the
waveguide effective refractive index is ne ≈ 2.5. Here we assume the refractive index change
is linearly proportional to driving voltage after the diode is turned on (Vth = 0.7V ) and the ef-
fective index will have a change of 0.006 per volt according to the free carrier dispersion effect
mentioned in [13]. We assume that the power of the input CW light is 0 dBm. The electrical
NRZ signal is generated using a 27 − 1 pseudo-random binary sequence (PRBS), and filtered
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by a low-pass Butterworth filter to obtain a rising/falling time of 15 ps. To mimic the light wave
propagation, we perform the simulation using the finite-difference method [14].

Fig. 4. (a) 10 GHz CLK driving signal and (b) 10 Gb/s NRZ driving signal for the RZ-PSK
modulation. (c) Optical output signal when the CLK signal is phase-shifted in advance. (d)
Optical output signal when there is no phase shift for the CLK signal. Insets in (c) and (d)
show the output optical signal eye diagrams.

Figure 4 shows the performance for 10-Gb/s RZ-PSK modulation. The refractive index mod-
ulation Δn1 and Δn2 on the MZI couplers are shown in Fig. 4(a) and 4(b). The Δn1 and Δn2

modulation amplitudes (defined as the peak-to-peak value) are 4× 10−4 and 1.4× 10−3, re-
spectively. In this case, the microring operates at the over-coupling region. The phase-shift for
the CLK signal is 0.25π . The driving voltages for the refractive index modulations are also
indicated in the Fig. 4(a) and 4(b). Figure 4(c) shows the modulated optical signal with a power
contrast ratio (CR) of larger than 17 dB and the phase of the output signal, which confirms the
modulation is almost chirp-free. Our dynamic analysis in Section 2 shows that the CLK signal
applied to the input coupling region suffers from a low-pass filtering effect. To suppress such
an effect, we increase the amplitude of the NRZ signal to increase the output cross-coupling
coefficient, and thus the Q-factor of the resonator is decreased. As visualized in Fig. 5, the CR
of the output signal has a significant improvement from 7 dB to 23 dB when Δn2 increases
from 2× 10−4 to 1.8× 10−3. Moreover, Fig. 4(d) shows the modulation performance in the
scenario where the CLK signal isn’t phase-shifted in advance. Figure 4(d) shows that there is
misalignment between the output power waveform and the output phase waveform, which will
increase the bit error rate at the receiver. This is consistent with the prediction by our analytical
results in Subsection 2.2.

Figure 6 shows the result for the CSRZ modulation at 10-Gb/s, where the amplitude of Δn1

is 8× 10−4 and that of Δn2 is 4× 10−4. The phase-shift for the CLK signal is 0.2π . In this
case, the microring operates at the under-coupling region. Figure 6 illustrates that the resulting
optical CSRZ signal has a large extinction ratio. We also find the optical CSRZ signal is nearly
chirp-free except for a thorn-like phase peak at each 0-π transition. Such thorn-like phase peaks
appear due to the fact that the propagation loss on each arm of the push-pull MZI couplers
is slightly different. Fortunately, the thorn-like phase peaks correspond to a very low optical
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Fig. 5. Output power and CR change as a function of Δn2 when the NRZ signal amplitude
is varied.
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Fig. 6. Output optical signal power and phase for the CSRZ modulation at 10-Gb/s. Inset
shows the optical signal eye diagram.

signal, and thus have a negligible effect.
Pure RZ intensity modulation can also be generated by applying a unipolar CLK signal and

a unipolar NRZ signal to the input and output couplers, respectively. Figure 7(a) shows the
modulated optical signals when the amplitudes of Δn1 and Δn2 are both 4×10−4, and the CLK
signal has a phase-shift of 0.35π . In this case, the microring operates at the under-coupling
region. The resulting optical signal suffers from a little distortion. To reduce the distortion, we
increase to 45 dB/cm to degrade the unloaded Q-factor of the modulator, while keeping the driv-
ing NRZ and CLK signals unchanged. Note that a more practical way to decrease the unloaded
Q-factor is to introduce another waveguide to couple with the microring. Figure 7(b) shows the
improved signal quality, which is consistent with our analysis. Note that the improvement in
signal quality is at the expense of lower output signal power.

In practice, it is hard for the input wavelength to exactly match the resonance wavelength.
Therefore, we investigate the impact of the wavelength deviation on the modulation perfor-
mance of the proposed RZ modulator. The deteriorated modulation performances when a 0.01
nm wavelength deviation is introduced are shown in Fig. 8. It suggests that the modulated sig-
nals only incur a small chirp if the deviation is not very large.

4. Conclusion

We proposed an optical chirp-free RZ modulator based on a double coupled microring res-
onator. The static analysis suggests the output optical signal is resulted from the multiplication
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Fig. 7. Output optical signal power and phase for the RZ-intensity modulation at 10-Gb/s
with the ring waveguide losses of (a) α = 21 dB/cm and (b) α = 45 dB/cm. Insets show
the optical signal eye diagrams.

Fig. 8. Output modulated signals when input wavelength deviates from resonance by 0.01
nm for (a) RZ-PSK, (b) CSRZ, and (c) RZ-intensity modulations. Insets show the corre-
sponding eye-diagrams of the modulated signals.

of two electrical signals (CLK and NRZ signals) applied to the input and output coupling re-
gions. The time-domain CMT based dynamic analysis further reveals the modulation mecha-
nism and the criteria for achieving RZ modulation are deduced. Due to the modulation band-
width limitation at the input coupler, the CLK signal can only be applied to the input coupler
and the NRZ signal to the output coupler. Multiple RZ modulation formats, such as RZ-PSK,
CSRZ, and RZ intensity modulation, can be achieved by using different polarities of the applied
electrical signals. We also did numerical simulations to confirm the feasibility of our modulator
in realizing the various RZ modulation formats. The simulation results at 10 Gbit/s verify the
feasibility of our proposed modulator for RZ-PSK, CSRZ, and RZ intensity modulations.
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