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Abstract: We experimentally investigated and demonstrated an ultralow noise hybrid amplifier
that combines second-order distributed Raman amplifier (DRA) and first-order lumped Raman
amplifier (LRA) in a cascaded approach. This approach allows for the reutilization of pump light
from the LRA as the seed light in the second-order DRA, and simultaneous full-band dispersion
compensation is realized by using dispersion compensation fiber in the LRA. This approach also
supports broadband gain flattening based on the separated DRA and LRA configuration. The
transmission application of the proposed amplifier was investigated using a set of 10 external
cavity lasers (ECLs) in the C-band and 8 ECLs in the L-band. Ranging from 1531.12 nm to
1595.49 nm across C+L band, the proposed hybrid amplifier gives a maximum on-off gain of
27.2 dB and an average gain of 23.4 dB, with an extremely low effective noise figure (NF) of
lower than -2.9 dB. Intensity modulation direct detection (IMDD) signal transmission is carried
out at two different data rates across these 18 wavelengths in the C+L band: (1) 56 Gbps/λ
PAM-4 signal; (2) 112 Gbps/λ PAM-4 signal. The results show that the error free transmissions
are demonstrated over 101.6 km EX2000 fiber using both signals with 7% HD-FEC and 20%
SD-FEC, respectively.
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1. Introduction

The relentless pursuit of larger capacity and longer transmission distances is always the key
driving force for the development of optical fiber communications [1]. To enlarge the capacity
of optical fiber communication systems, fully utilizing the low-loss transmission window of
single-mode fibers presents a cost advantage over space-division multiplexing (SDM) techniques
due to its ability to leverage the already deployed infrastructure [2,3]. In order to enable optical
transmission through the untapped fiber windows, it is necessary to design and develop optical
amplifiers that support optical amplification in these spectral bands [4,5]. Moreover, achieving
longer unrepeatered transmission distances imposes higher requirements on the noise figure and
gain capability of optical amplifiers [6].

A plethora of experiments have demonstrated the use of various technological approaches for
ultra-wideband optical amplifiers [7–16]. For instance, by employing different types of doped
fibers as the amplification medium, rare-earth-doped fiber amplifiers can achieve broadband
amplification that covers different wavelength ranges [7–9]. Semiconductor optical amplifiers
(SOA) also serve as an attractive solution for UWB amplification, as evidenced by experiments
showcasing amplification bandwidths exceeding 100 nm [10,11]. In addition, experiments
utilizing cascaded lumped Raman amplifiers (LRA) for UWB optical transmission have shown

#501063 https://doi.org/10.1364/OE.501063
Journal © 2023 Received 25 Jul 2023; revised 13 Sep 2023; accepted 25 Sep 2023; published 10 Oct 2023

https://orcid.org/0000-0002-6333-824X
https://orcid.org/0000-0002-0822-8160
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.501063&amp;domain=pdf&amp;date_stamp=2023-10-11


Research Article Vol. 31, No. 22 / 23 Oct 2023 / Optics Express 35778

that by employing multi-pump configurations, amplification bandwidths over 200 nm can be
achieved [12–15]. Notably, UWB coherent transmissions, covering the O-, E-, S-, C-, and L-
bands has been successfully demonstrated with 195 nm amplification bandwidth [15].

The realization of ultralow noise amplification, which effectively suppresses the degradation
of the optical signal-to-noise ratio (OSNR) during transmission, is commonly achieved through
the utilization of distributed Raman amplifiers (DRA) [6]. However, it is necessary to combine
them with other amplifiers when the transmission link experiences significant loss. In certain
experiments, the combination of DRA with remote optically-pumped amplifiers (ROPA) or
SOA has enabled the extension of unrepeatered transmission distances to over 400 km [16–18].
Therefore, with the consideration of UWB amplification, combined amplification configuration
is highly necessary and issues including low-noise, high gain and power consumption still need
investigation.

In this study, we propose a hybrid Raman amplifier (HRA), which is composed of cascaded
second-order DRA and LRA. The effective noise figure (NF) of cascaded optical amplifiers
primarily depends on the first-stage optical amplifier [19]. By incorporating the LRA in cascade
after the DRA, the dual-stage HRA achieves an effective NF that approximates that of the DRA.
Furthermore, this cascaded structure enables the injection of residual pump power from the LRA
into the transmission fiber, serving as lower-order pump seed for higher-order distributed Raman
amplification. This enhances the energy utilization efficiency of the pump. The studies mentioned
in [20,21] indicate that higher-order DRA exhibits lower NF and higher gains due to their more
pronounced distributed amplification characteristics. In addition, all pumps of the dual-stage
HRA are employed in the backward pumping configuration, minimizing the impact of relative
intensity noise (RIN). The experimental results indicate a maximum on-off gain of 27.2 dB and
an average gain of 23.4 dB for the proposed HRA. It is worth noting that the effective NF of this
dual-stage HRA is below -2.9 dB, which is close to the effective NF of the second-order DRA
that is below -4.4 dB. By utilizing a proper distance of dispersion compensating fiber (DCF) as
the gain medium in the LRA, this amplifier can be employed to compensate for the accumulated
dispersion of optical signals through transmission link. Employing the dual-stage HRA without
the need for additional dispersion compensation measures, we realized WDM transmission of 56
Gbps/λ PAM-4 signals below the 7% overhead hard-decision forward error correction (HD-FEC)
bit error rate (BER) threshold, and 112 Gbps/λ PAM-4 under the 20% overhead soft-decision
forward error correction (SD-FEC) BER threshold, across these 18 wavelengths in the C+L
band.

2. Dual-stage hybrid Raman amplification

The dual-stage HRA is characterized using an experimental setup as shown in Fig. 1. The input
optical signals were generated by 10 ECLs in the C-band and 8 ECLs in the L-band. They were
coupled into the single mode fiber (SMF) EX2000 together through an arrayed waveguide grating
(AWG). The frequency range of the C-band ECLs starts at 192.2 THz (1559.79 nm) with a channel
spacing of 400 GHz and ends at 195.8 THz (1531.12 nm). The L-band ECLs have a frequency
range starting at 187.9 THz (1595.49 nm) with a channel spacing of 300 GHz and ending at
190.0 THz (1577.86 nm). We conducted experimental tests using a total signal power of 15.5
dBm and 23.2 dBm (equivalent to approximately 3 dBm and 11 dBm per channel, respectively).
The total power of 15.5 dBm was used to test the gain and (effective) NF of the DRA and LRA.
The total power of 23.2 dBm was used to test the gain saturation of the dual-stage LRA and
observe the power transfer from shorter-wavelength signals to longer-wavelength signals caused
by inter-channel stimulated Raman scattering (ISRS). An optical isolator (ISO) was implemented
to prevent the backscattered portion of Rayleigh scattering (RS) of the optical signals from
entering the ECLs. The lengths of the EX2000 and the dispersion compensating fiber (DCF) are
101.6 km and 15.7 km, respectively. The three wavelength division multiplexers (WDMs) were



Research Article Vol. 31, No. 22 / 23 Oct 2023 / Optics Express 35779

utilized in the dual-stage HRA. WDM1 coupled the pumps of the DRA into the EX2000, while
WDM3 coupled the pumps of the LRA into the DCF. WDM2 coupled the residual pump power
from the LRA into the EX2000, serving as the first-order pump for the second-order DRA. Two
optical spectrum analyzers (OSAs) were used for the experiment, with OSA1 primarily utilized
for testing DRA, while OSA2 was primarily employed for testing LRA and dual-stage HRA. A
total of 5 pumps at wavelengths of 1360, 1425, 1465, 1480 and 1500 nm, with pump power values
of 2180, 421, 237, 56 and 327 mW respectively, were used for C+L band signal amplification.

Fig. 1. Schematic of the dual-stage HRA.

The unamplified optical spectrum at the output of DCF, and the optical spectrum amplified by
the dual-stage HRA at the output of DCF are shown in Fig. 2(a) and 2(b). From Fig. 2(b), it can
be observed that the amplified spontaneous emission (ASE) power in the C-band is higher than
that in the L-band. This is due to the smaller frequency distance between the pumps and the
C-band optical signals, resulting in a stronger stimulated Raman scattering (SRS) thermal noise
and therefore generating higher ASE power compared to the L-band [12]. Besides, the optical
spectrum at the output of DCF with dual-stage HRA exhibits approximately 6 dB of fluctuation
in optical power across these 18 wavelengths in the C+L band. This is due to the limitations
imposed by the maximum power and fixed wavelength of our pumps, resulting in non-uniform
gain provided by the dual-stage HRA. By employing additional pumps and machine learning
based inverse optimization methods for pump power configuration, it is possible to achieve a gain
from the dual-stage HRA that better aligns with our requirements [22].

Fig. 2. The optical spectrum of a) output from DCF without amplification b) output from
DCF with amplification by dual-stage HRA.

The total loss of the transmission link (including EX2000, ISO, DCF, and all WDM) and the
on-off gain of the dual-stage HRA at different total signal power levels are shown in Fig. 3(a)
and (b). From Fig. 3(a), it can be observed that the total loss of the transmission link ranges
from 32.5 dB to 31.3 dB. Moreover, we can observe that there is a power transfer from shorter
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wavelengths to longer wavelengths caused by the impact of ISRS. Compared to the low-power
input scenario, at high power levels, the loss at shorter wavelengths increased by 0.5 dB, while the
loss at longer wavelengths decreased by 0.3 dB. Indeed, this implies the ISRS contribution varies
by approximately 0.8 dB between the ends of the spectrum we investigated. From Fig. 3(b), it
can be observed that at a total signal power of 15.5 dBm, the highest on-off gain of the dual-stage
HRA is 27.2 dB, the lowest on-off gain is 21.3 dB, and the average on-off gain is 23.4 dB. When
the total signal power increases to 23.2 dBm, the highest on-off gain of the dual-stage HRA is
24.3 dB, the lowest on-off gain is 17.8 dB, and the average on-off gain is 19.8 dB. Consequently,
it is evident that our dual-stage HRA experiences a decrease of approximately 3 dB in on-off
gain at a high input power of 23.2 dBm but still maintains a relatively high on-off gain close to
20 dB. At the shorter wavelength end of the on-off gain spectrum, the on-off gain reaches its peak,
indicating that our dual-stage HRA possesses a notable capability to amplify optical signals of
even shorter wavelengths.

Fig. 3. a) The total loss of the transmission link at different total signal power levels. b)
The on-off gain of the dual-stage HRA at different total signal power levels.

The on-off gain and effective NF of DRA, the on-off gain and NF of LRA, the effective NF of
dual-stage HRA, as well as the effective NF of dual-stage HRA calculated from the equation of
cascaded amplifier total NF, and the OSNR at the output of SMF and DCF, at the total signal
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Fig. 4. a) The on-off gain and effective NF of DRA. b) The on-off gain and NF of LRA.
c) The effective NF of dual-stage HRA, as well as the effective NF of dual-stage HRA
calculated from the equation of cascaded amplifier total NF. d) Output OSNR of SMF and
DCF.

power of 15.5 dBm are shown in Fig. 4(a)–(d). The NF and effective NF are defined as [19]:

NF =
1
G

(︃
1 +

PASE

EphB0

)︃
(1)

where Eph is the signal photon energy, and PASE is the ASE noise power measured in a bandwidth
B0. For DRA, G represents the on-off gain. For LRA, G represents the net gain. And for
dual-stage HRA, G represents the product of the on-off gain of DRA and the net gain of LRA.
The effective NF of dual-stage HRA can also be calculated based the effective NF of DRA and
the NF of LRA, by using the equation for the total NF of cascaded amplifiers given in [6]:

NFtotal = NF1 +
NF2 − 1

G1
(2)

Where NF1 is the NF of the first-stage amplifier, NF2 is the NF of the second-stage amplifier,
and G1 is the gain of the first-stage amplifier. For our dual-stage HRA the first-stage amplifier
is the DRA and the second-stage amplifier is the LRA. From Fig. 4(a), it can be observed that
the effective NF of DRA is higher at shorter wavelengths compared to longer wavelengths. In
Fig. 4(b), LRA exhibits higher gain in the C-band than L-band, which helps to balance the
stronger amplification capability of DRA in the L-band of than C-band. From Fig. 4(c), it can be
observed that the effective NF of dual-stage HRA obtained through two different methods are
very close and exhibit higher values in the C-band, which aligns with the conclusion drawn from
Fig. 2(b) that the ASE power is higher in the C-band. The reason behind this phenomenon, as
mentioned earlier, is attributed to the fact that the pumps is closer to the C-band optical signal in
the frequency domain. This will generate stronger thermal noise, resulting in a higher ASE noise.
Furthermore, power transfer resulting from SRS causes pump-to-pump interactions, leading to
shorter-wavelength pump light being unable to penetrate deep into the fiber, resulting in higher
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effective NF in the C-band. Using more higher-order pumps can compensate for the energy loss
of shorter- wavelength pumps, allowing them to penetrate deeper into the fiber and reducing the
effective NF in the C-band. This is due to the more uniform distribution of Raman gain within
the optical fiber, resulting in smaller fluctuations in optical power of the optical signal and hence,
yielding a lower NF. Figure 4(c) demonstrates that the effective NF of the dual-stage HRA is
close to that of the DRA. This indicates that our cascaded structure effectively mitigates the
impact of the high NF associated with the lumped LRA. The OSNR results shown in Fig. 4(d)
confirm this observation, as the degradation in OSNR caused by the LRA is kept under control at
approximately 1∼2 dB.

3. WDM IMDD transmission with dual-stage hybrid Raman amplifier

Since the receiver in the IMDD transmission system can only captures the intensity component
of the optical signal, digital signal processing-based electronic dispersion compensation methods
are not suitable for IMDD transmission systems. The dispersion compensation characteristics
of our amplifier hold greater value in IMDD transmission systems, which is why we opted for
the IMDD system for validating the transmission performance. IMDD transmission was carried
out using the setup illustrated in Fig. 5. The ECLs were individually extracted from the shortest
to the longest wavelengths for transmission quality testing. Apart from the tested ECL, the
remaining 17 ECLs were coupled into SMF through the AWG to simulate optical interactions
between WDM channels in the role of WDM Grid. We adjusted the power of the tested ECL
and compensated for the insertion loss (IL) of the modulator to ensure that the optical power
of all ECLs entering the SMF was approximately equal, around 3 dBm. The slightly higher
launch power is aimed at aligning the total launch power with that of dense wavelength-division
multiplexing systems. This may result in our single-channel launch power being higher than the
optimal launch power. The Keysight M8192A was employed as a digital-to-analog converter
(DAC) to generate electrical signals, which were then applied to the modulator. The sampling
rate used was 64 GSa/s. The optical tunable filter (OTF) Santec OTF-970 was utilized to
select the desired wavelength of the optical signals. An erbium-doped fiber amplifier (EDFA)
capable of operating in the C+L band was employed to compensate for the IL of the OTF. The
optical signals were received using a photodetector (PD) with a bandwidth of 50 GHz and a
real-time oscilloscope (Keysight, DSOZ592A) with a sampling rate of 80 GSa/s (33 GHz analog
bandwidth). The pump configuration remains the same as in the amplification experiment. Offline
digital signal processing (DSP) techniques were also applied to estimate the BER, following the
flowchart illustrated in Fig. 5.

Fig. 5. The schematic of the transmission experiment with dual-stage HRA amplification.
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In order to obtain more general experimental results, we transmitted PAM-4 signals at both
56 Gbps and 112 Gbps data rate for each wavelength. Additionally, a comparison was made
between the transmission results under back-to-back (B2B) conditions and those for 101.6 km
transmission with dual-stage HRA amplification. The WDM channels were numbered from 1 to
18 according to their wavelengths, starting from the shortest wavelength and proceeding to the
longest wavelength.

The experimental results for the data rate of 56 Gbps are shown in Fig. 6. It can be observed
that compared to the B2B scenario, the transmission over 101.6 km exhibits a higher BER.
However, it remains below the 7% HD-FEC BER threshold (3.8× 10−3) with the dual-stage HRA
amplification. The experimental results for the transmission rate of 112 Gbps are depicted in
the Fig. 7. Under B2B conditions, the BER is below the 7% HD-FEC BER threshold. With
the transmission over 101.6 km, there is an increase in the BER, but it remains below the 20%
SD-FEC BER threshold (2.4 × 10−2) with the dual-stage HRA amplification. The results of our
experiments demonstrate that our dual-stage HRA can compensate for accumulated dispersion
during the optical signal transmission process by appropriately selecting the length of the DCF.
It achieves this without the need for any other dispersion compensation measures, including
electronic dispersion compensation (EDC). Additionally, we can observe that the BER in the
L-band is slightly lower than the BER in the C-band. This can be reasonably explained by the fact
that the lower effective NF of the dual-stage HRA in the L-band results in a higher OSNR. By
splitting the second-order DRA into two stages, it is possible to suppress power transfer between
pumps and improve these results [23].

Fig. 6. a) The BER of 18 channels at a data rate of 56 Gps/λ. b) The eye diagrams for
channel 3, channel 9, and channel 15 at a data rate of 56 Gps/λ.

Fig. 7. a) The BER of 18 channels at a data rate of 112 Gps/λ. b) The eye diagrams for
channel 3, channel 9, and channel 15 at a data rate of 112 Gps/λ.
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4. Conclusions

We experimentally demonstrated the gain and noise performance of the proposed dual-stage
HRA, as well as conducted Wavelength-division multiplexing IMDD transmission experiments
with the dual-stage HRA amplification. The dual-stage HRA achieves a maximum on-off gain
of 27.2 dB and an average gain of 23.4 dB. Moreover, its effective NF is close to that of the
second-order DRA, being lower than -2.9 dB. This indicates that the dual-stage HRA can enhance
the gain capability of the DRA while retaining its ultralow noise characteristics. The employing
of higher-order DRA also allows for the utilization of residual pump power from the LRA,
thereby improving the energy efficiency of the Raman pumping process. The transmission
experiments were conducted using PAM-4 modulation format, achieving a data rate of 112
Gbps/λ. This demonstrates that the dual-stage HRA can compensate for optical power loss during
the transmission process. Besides, the conclusion that the use DCF as the gain medium in the
LRA effectively compensates for signal dispersion can be derived from the experimental results.
For coherent transmission systems employing electronic dispersion compensation techniques, it
is possible to replace the DCF with high nonlinearity fiber to achieve higher gain. Based on our
experiments, the dual-stage HRA can be deployed to provide broadband, high-gain, and ultralow
noise amplification to compensate for link losses in wideband ultralong-haul transmissions.
Finally, higher-order pumps and additional pumps can further enhance the performance of the
dual-stage HRA, offering even better amplification capabilities.
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