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Experimental and theoretical analyses of RSOA-based
colorless-ONUs with 4PAM signal in the up-link
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A scheme that utilizes the 4-level pulse-amplitude-modulated (4PAM) signal as the re-modulated signal
of colorless optical network units (ONUs) based on reflection semiconductor optical amplifiers (RSOAs) is
proposed. The system with 10-Gb/s non-return-to-zero (NRZ) downstream and 5-Gb/s 4PAM upstream
signals is theoretically analyzed and experimentally verified. Simulation and experimental results reveal
that the 4PAM re-modulated signal yields better performance than the NRZ signal in the upstream. A
receiver power penalty of 1.6 dB is also improved by the 4PAM signal at back-to-back (BtB) transmission,
whereas another receiver power penalty of 1.5 dB improved after 30-km single mode fiber transmission,
where 4PAM signals are used as upstream signal.
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The demand for high-bandwidth services has fueled the
deployment of fiber access networks around the world.
Likewise, wavelength-division-multiplexing passive opti-
cal network (WDM-PON) with colorless optical network
units (ONUs) has attracted considerable attention[1−7].
Recently, various re-modulation schemes for colorless-
ONUs based on reflection semiconductor optical am-
plifiers (RSOAs) have been reported[8−20]. However,
these approaches[9−13] have several disadvantages, such
as limited RSOA bandwidth and the severe impact of
fiber dispersion. Multilevel modulation with higher spec-
tral efficiency is one way of extending the reach of
multimode fiber at a high bit rate, although complex-
ity is critical in data communication links. Meanwhile,
the 4-level pulse-amplitude-modulated (4PAM) signal
offers the lowest implementation complexity in the mul-
tilevel modulation format with spectral efficiency of 2
bit/s/Hz[14]. The multilevel signal has been used in the
re-modulated signal, which has higher dispersion toler-
ance than the non-return-to-zero (NRZ) signal; however,
the light of the injected signal in RSOA is continuous
wave (CW) light[15].

In this letter, we propose a novel wavelength re-
modulation scheme for the WDM-PON systems using 10-
Gb/s NRZ and 5-Gb/s 4PAM signals in the downstream
and upstream, respectively. The feasibility of the pro-
posal is evaluated by experiments and simulations. Sim-
ulation and experimental results show that the proposed
system with the 4PAM signal has better performance,
because it supports higher bit rate and longer distance
transmission.

The optical spectra of multilevel signals are typically
compressed against the NRZ signal; thus, they have a
lower dispersion tolerance than multilevel signals. Figure
1 shows the comparison of the optical spectra between the
4PAM and NRZ signals at 5 Gb/s, wherein the optical
spectra of the former comprise half of the optical spectra
of the latter. The modulated bandwidth of RSOA is an
important limiting factor in the high-rate transmission

system.
The rate equations for carriers (N) and total photon

density (S) of the RSOA are respectively given by[21,22]

dN

dt
=

J

eV
− [(Arad + Anrad)N + (Brad + Bnrad)N2

+ CaugN
3] − Γνgg(N, S)S, (1)

dS

dt
=

Pinη

hvV
+βΓ (Brad + Bnrad)N2

+ μΓνgg(N, S)S − αintνgS, (2)

where S = S+ASE + S−ASE + S+
i + S−

i , S±ASE, and S±
i

are the spontaneously amplified emitted photon density
and input photon density of the right and left facets
of RSOA, respectively; J is the injection current of the
RSOA; Arad, Anrad, Brad, Bnrad, and Caug are the recom-
bination coefficients of the RSOA, which are constant;
Γ is the optical confinement factor; νg is the group ve-
locity; β is the spontaneous emission factor; αint is the
internal waveguide loss; e is the elementary charge of
the electron; V is the active region volume. Expressing
the carrier density N as the sum of a steady state term N

Fig. 1. (Color online) Optical spectra of the NRZ and 4PAM
signals.
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and a perturbation term δN(t) (which follows the formal-
ism N = N +δN(t), S = S+δS(t), and J = J +δJ(t)) is
useful in converting the RSOA nonlinear equations into
a linear equation system, facilitating its treatment in the
frequency domain. We set the expressions into Eqs. (1)
and (2). The new carrier and photon rate equations
transferred by the Fourier transfer function are expressed
as

(jω)δN(ω) =
δJ(ω)
eV

− [(Arad + Anrad) + 2(Brad + Bnrad)

· N + 3CaugN
2

+ Γνgg(N, S)S]δN(ω)

− Γνgg(N, S)δS(ω), (3)

(jω)δS(ω)= [2βΓ (Brad+Bnrad)N+Γμνgg(N, S)S]δN(ω)

+ [μΓνgg(N, S) − αintνg]δS(ω). (4)

We then deducted the expression of the small signal
response function of the RSOA from Eqs. (3) and (4):

G(ω) =
XZ(UY − V X)√

(ω2 + V X − UY )2 + ω2(Y + U)2
. (5)

Moreover, the 3-dB bandwidth of the RSOA was
defined as the half of peak value of the small signal re-
sponse. Thus, we obtain the expression of the 3-dB band-
width as

Δf3dB =
1
2π

√√
12(UY − V X)(Y + U)2 − 3(Y + U)4 − (Y + U)2 + 2(UY − V X)

2
, (6)
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1
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·
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2
, (7)

where X = 2βΓ (Brad + Bnrad)N + Γμνgg(N, S)S, Z =
1

eV , Y = μΓνgg(N, S) − αintνg, V = −Γνgg(N, S),

U = (Arad + Anrad) + 2(Brad + Bnrad)N + 3CaugN
2

+
Γνgg(N, S)S, m = Γνgg(N, S), a = 2βΓ (Brad +
Bnrad)N, b = αintνg, and c = (Arad +Anrad)+2(Brad+
Bnrad)N + 3CaugN

2
. The 3-dB bandwidth are related

to the state carrier density N , the state photons den-
sity S, and the injection current J of the RSOA. We
then set the expressions of X, U, Y, V into Eq. (6) to
obtain the relationship between S and the 3-dB band-
width of RSOA given in Eq. (7). The 3-dB bandwidth of
RSOA becomes proportional to the photon density using
Eq. (7). Assuming that the input binary sequence con-
sists of ideal NRZ pulses with height H and period T ,
the power spectral density of the 4PAM signal is given
by P (f) = 9H2T

4 sin c2(3fT )[23]. Thus, the photon den-
sity of the 4PAM signal is higher than that of the NRZ
signal at the same input power. Accordingly, the 3-dB
bandwidth of the RSOA becomes larger at a higher pho-
ton density when the input power and bit rate are the
same between the 4PAM and NRZ signals.

Based on the above analysis, we used the 4PAM signal
as the re-modulated signal of the RSOA-based colorless-
ONU system due to its high photon density and spectra
compression. The aim is to increase the operating speed
of the WDM-PON system and the limit bandwidth of
RSOA. The 3-dB bandwidth of commercial RSOA is ap-
proximately 2.2 GHz. The curve of frequency response is
shown in Fig. 2, wherein the input optical power is −5
dBm, and the bias current is 65 mA at 1 550 nm.

The encoding method of the 4PAM signal used in our
scheme has already been reported[14]. The original data
sequence {bk} is pre-coded into the binary sequence {dk},
in accordance with

dk = bk ⊕ dk−1 ⊕ dk−2. (8)

The data sequence {pk} of the 4PAM signal is encoded
by

pk = dk + dk−1 + dk−2. (9)

The proposed WDM-PON architecture is illustrated in
Fig. 3. Several distributed feedback (DFB) lasers with
different wavelengths were modulated by Mach-Zehnder
modulator (MZM) using 10-Gb/s pseudo-random binary
sequence (PRBS); these generated the NRZ signal with
a downstream signal. The generated downstream signals
were then sent to a multiplexer (MUX) and transmit-
ted over a single-mode fiber (SMF). Unlike the down-
stream signal, which arrived at the ONUs through a de-
multiplexer (DEMUX), different wavelength lights were
sent to different ONUs. A part of the downstream signal
at the ONU was fed into the down-link receiver, while
another part was injected into the RSOA as upstream
signal and was re-modulated as a 5-Gb/s pre-coding
NRZ or 4PAM signal. A circulator separated the down-
stream and upstream signals after fiber transmission
at the optical line terminal (OLT). The re-modulated
NRZ or 4PAM signal was sent to a DEMUX along SMF
and then de-multiplexed. The up-link signals were then

Fig. 2. Frequency response of RSOA.
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Fig. 3. Architecture of the proposed WDM-PON system. PD:
photodiode. BER: bit error rate.

received by the upstream receiver and immediately pro-
cessed offline.

Figure 4 shows the simulation setup of the proposed
WDM-PON system. The NRZ signal for the down-
stream system was generated by modulating the CW
light at λ=1 552.5 nm in a LiNbO3 modulator with 10-
Gb/s PRBS. The average power of the CW light was
7 dBm. The NRZ and 4PAM signals for the up-link
were generated by re-modulating the down-link signal in
RSOA with 5-Gb/s PRBS after pre-coding. The 4PAM
optical signal was obtained by applying a 4-level electri-
cal signal to the RSOA. The modulated bandwidth of
a 4PAM signal was scaled by 1/2 of the binary signal,
which operated at the same bit rate. The average power
of the NRZ signal injected into RSOA was −11.4 dBm.
The key parameters of the RSOA are listed in Table 1.

Table 1. Parameters of RSOA

Physical Parameters Value

Device Section Length (m) 500×10−6

Confinement Factor 0.3

Right Facet Reflectivity 0.99

Left Facet Reflectivity 1×10−5

Linear Recombination (s−1) 1.0×108

Initial Carrier Density (m−3) 2.0×1024

Group Effective Index 3.7

Gain Coefficient Linear 30×10−21

The BER of these two schemes are shown in Fig. 5,
with the following fiber transmission distances back-to-
back (BtB), 20 km, and 40 km between NRZ-NRZ and
NRZ-4PAM systems. The method of calculated error
was programmed with binary patterns that correspond
to each level. This pattern was then used to calculate
the aggregate symbol error rate (SER) and bit error rate
(BER) to measure the SER on each level[14]. The optical
spectra of the 4PAM signal was half of the NRZ signal
spectra and required a smaller re-modulated bandwidth
in the RSOA-based colorless ONU. Thus, the received
power penalty of about 1.70 dB was improved at a BER
of 10−6 after 20-km transmission between NRZ-NRZ
system and NRZ-4PAM system. Figure 5 shows the
comparison between the BER of the system when the
downstream light is un-modulated, and that of a 10-
Gb/s NRZ when the downstream light is shown.

Figure 6(a) shows BER at different bit rates ranging
from 1 to 8 Gb/s after fiber transmission of 20 km. The
performance of the NRZ signal is better than that of
the 4PAM signal at bit rates lower than 3 Gb/s. How-
ever, the NRZ signal performs poorly compared with the
4PAM signal at bit rates higher than 3 Gb/s. A compar-
ison between BER and the received power of upstream
signals at 2.5 and 5 Gb/s is shown in Fig. 6(b). Appar-
ently, the NRZ signal yields better performance at low
bit rates, whereas it yields worse performance at high bit
rates.

Another way to characterize the quality of digital sig-
nals degraded by deterministic distortions is to determine
the eye opening penalty (EOP). EOP is defined as the
ratio of the eye opening (EO) of the non-distorted ref-
erence eye (EOref) and the EO of the distorted eye[13].
The reference eye diagram in our simulation scheme was
obtained when the upstream signal transmission was 20-
km SMF fiber. The dispersion coefficient of the fiber
was 16×10−6 s/m2, the dispersion was 0.32 s/m, and the
EOP was set at 0 dB. We also changed the dispersion
coefficient of the fiber. A comparison of the EOP and
the dispersion with different 5 Gb/s upstream signals are
shown in Fig. 7. As can be seen, the EOP is approxi-
mately equal to the received NRZ and 4PAM signals at
OLT when the dispersion is less than 0.78 s/m; however,
the EOP of the NRZ signal exceeds that of the 4PAM
signal when the dispersion is larger than 0.78 s/m.

An analysis of the influence of the signal formats and
the extinction ratio (ER) on the performance of the
proposed system was also conducted. The performance
curve of downstream signal at different ERs is described

Fig. 4. Simulation setup. LPF: low-pass fiber.

Fig. 5. BER of upstream signals in the NRZ-NRZ system,
NRZ-4PAM system, and CW-4PAM system with different
fiber distances.
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Fig. 6. BER of upstream signals in the NRZ-NRZ system and
NRZ-4PAM system with different bit rates. (a) BER versus
different bit rates; (b) performances of the NRZ and 4PAM
signals at 2.5 and 5 Gb/s, respectively.

Fig. 7. EOP of the received upstream signals at different dis-
persions.

in Fig. 8(a). A comparison of the received BER and
the ERs of the upstream signals at different bit rates are
shown in Fig. 8(b). When the bit rate is lower than 2.5
Gb/s, the performance of the NRZ signal is better than
that of the 4PAM signal with increasing ER. However,
the 4PAM signal shows better performance when the
bit rate reaches 5 Gb/s, because the multilevels require
narrower modulation bandwidth than the NRZ signal.

The experiment setup is shown in Fig. 9. In the OLT,
a CW light at 1 549.8 nm was introduced into a MZM
where a 10-Gb/s NRZ downstream signal was generated
by MP1800A of Anritsu. An erbium-doped fiber am-
plifier (EDFA) compensated for the losses of the MZM
at the OLT. The downstream signal was then separated
by a coupler after the downstream fiber transmission.
One part of the signal was received by the downstream
receiver, while the other was injected into RSOA as

upstream light. The average power of the NRZ signal in-
jected into the RSOA was set at −8.7 dBm. In the ONU,
the 5-Gb/s 4PAM signal was generated by an AWG2021
of Tektronix by considering 7% forward-error-correction
(FEC) overhead for the signal. A code rate of 4.67 Gb/s
was used, equivalent to the bit rate of the 64B/66B en-
coding.

Figure 9(a) shows the waveform of the 4PAM signal.
Here, the upstream signal was introduced through a bias-
T and a resistor capacitor filter circuit, wherein the 3-dB
bandwidth of RSOA became 2.2-dB when biased with
75-mA direct current (DC) and modulated with a current
of 2 mA. In the upstream receiver, a photo-receiver used
at the OLT was also an avalanche photodiode (APD).
The low-pass filter (LPF) with a bandwidth of 0.2 nm
was placed after the PD. An electronic equalization was
then used after the LPF at the OLT, which consisted of
a five-stage feed forward equalization (FFE), clock/data
recovery, and a two-stage decision feedback (DFE) with
adjustable tap coefficients [DFE(5,2)][18]. The received
signal was converted from analog-to-digital (AD) signal.
Then, the pre-decision receiving signal was pre-checked
to adjust the original signal, the de-coder, and BER mea-
surement. Figures 9(b) and (c) show the received 4PAM
signal and the processed 4PAM signal at the OLT, re-
spectively.

The BER of the upstream signal measured in the ex-
periments is shown in Fig. 10. In our experiments,
1×106 symbols were used for our BER calculation. A re-
ceived penalty of 1.6 dB was obtained after the NRZ and
4PAM signals were used as upstream signal BtB trans-
mission, with the receiver sensitivities of −12 and −13.6
dBm, respectively. The experiments were conducted

Fig. 8. BER curves at different ERs of the upstream and
downstream signals. (a) Performances of downstream signal
at different ERs, and (b) received BER versus ER of upstream
signal at different bit rates.
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Fig. 9. Experimental setup of the proposed RSOA-based col-
orless ONU.

Fig. 10. BER performance of the upstream signal in experi-
ments.

at a BER of 1.0×10−3 (i.e., the error-free condition of
BER<10−9 for Reed-Solomon (255,223) coded). A 2.5-
dB power penalty is obtained between the NRZ-4PAM
and CW-4PAM systems with BtB experiment. Receiver
sensitivity is higher when the upstream is 4PAM signal.
However, its receiver sensitivity is degraded as the fiber
length increases, and the penalty is at 1.5 dB when we
increased the transmission distance to 30 km at BER of
10−4. The experiment result coincides with the above
simulation and theoretical analysis.

In conclusion, we propose, simulate, and demonstrate
a novel RSOA-based colorless-ONU that utilizes a 10-
Gb/s NRZ signal and a 5-Gb/s 4PAM signal in the
downstream and upstream, respectively. Simulation and
experimental results show that the 4PAM signal has bet-
ter performance as the re-modulation signal of the RSOA
compared with the NRZ signal. Receiver penalty of 1.5
dB is improved after 30-km SMF transmission using the
4PAM signal as the upstream signal. Our scheme is a
practical solution for meeting the high data rate and
cost-efficient requirements of the optical links in next
generation access networks.
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