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Abstract: We report for the first time an ultra-wideband coherent (UWB) WDM transmission
over a 70 km standard single mode fibre (SSMF) solely using a multistage discrete Raman
amplifier (DRA) over the E-, S-, C- and L-bands of the optical window. The amplifier is based on
a split-combine approach of spectral bands enabling signal amplification from 1410-1605 nm over
an optical bandwidth of 195 nm (25.8 THz). The proposed amplifier was characterized with 143
channelized amplified spontaneous emission (ASE) dummy channels in the S-, C- and L-bands
and 4 laser sources in the E-band (1410–1605 nm). The amplification results show an average
gain of 14 dB and a maximum noise figure (NF) of 7.5 dB over the entire bandwidth. Coherent
transmission with the proposed amplifier was performed using a 30 Gbaud PM-16-QAM channel
coupled with the ASE channels over a 70 km SMF. The ultra-wideband transmission using the
tailored multistage DRA shows transmission bandwidth of 195 nm with a maximum Q2 penalty
of ∼4 dB in E- and S-band, and ∼2 dB in C- and L-band.
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Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

The ever-increasing demand on data [1,2] with each passing year has inspired the scientific
community to consider new technologies for high data throughput optical fibre communication
systems. Novel approaches such as signal transmission in the spatial domain [3,4] are powerful
tools to meet such demands. However, establishment of such a network requires expensive
capital expenditure (CAPEX) and complex system integration when targeted towards a large scale
deployment [5]. An alternative approach can be a full scale exploitation of the optical windows
in a single mode fibre (SMF), also known as multiband transmission (MBT) [6]. A combination
of MBT with higher order modulation formats can be a cost-effective network solution enabling
full utilization of an already existing fibre infrastructure.

However, deployment of a MBT architecture requires upgrade at both the node and operator
level in the existing network for high data throughput. Moving from the conventional C-band
towards a MBT architecture necessitates the design and development of new amplifiers capable
of signal amplification in the unused spectral bands [7], as the existing erbium doped fibre
amplifier (EDFA) in the fibre network can support only in the C- and L-bands [8]. Amplification
with rare-earth materials such as Bismuth, Thulium and Praseodymium can be a good choice
for signal amplification in for O-, E- and S-band with numerous experimental demonstrations
showing the use of such amplifiers in a transmission system [9–12]. Another interesting amplifier
enabling multiband (MB) signal amplification is the semiconductor optical amplifier (SOA) with
experimental demonstrations showing ultra-wideband (UWB) amplification of ∼100 nm [13]
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covering the C- and L-band. Net throughputs of 178.08 Tb/s [14] and 244.3 Tb/s [15] have been
achieved with transmission experiments in the S-, C- and L-band, using hybrid combinations
of doped fibre amplifiers and distributed Raman amplifiers, and together with launch power
optimization, a net data throughput of 150.3 Tb/s has also been reported [16]. In addition to the
above mentioned amplifiers, a separate category of amplifier with high potential for UWB signal
amplification is the discrete Raman amplifier (DRA), with recent experimental demonstration
showing an amplification bandwidth of ∼150 nm over the S-, C- and L-bands, with a net gain of
15 dB and a maximum noise figure (NF) of ∼8 dB, using a dual stage DRA [17]. In terms of
maximum achievable gain, a record gain of 27 dB with an average NF of 5.8 dB using dual-stage
DRA has also been reported [18]. In our previous works, we reported 10G NRZ transmission
with a multistage DRA over a bandwidth of 210 nm and 30 Gbaud PM-16-QAM coherent
transmission over a bandwidth of 195 nm with a hybrid BDFA–DRA [19,20]. In this paper, we
extend our multistage DRA over a coherent WDM system with PM-16QAM modulating signals
over the E- (1410-1457 nm), S- (1470-1520nm), FC- (1530-1565 nm) and L- (1570-1605nm)
bands. The multistage DRA was characterized with a fully loaded 143× 100 GHz amplified
spontaneous emission (ASE) dummy channels in the S-, C- and L-band coupled together with 4
sources in the E-band. Our experimental results show an average gain of 14 dB with a maximum
NF of ∼7.5 dB across the full optical bandwidth of 195 nm. WDM transmission was performed
using a 30 Gbaud PM-16-QAM signal coupled with the dummy channels over a transmission
distance of 70 km with standard single mode fibre (SSMF). Our results show a transmission
bandwidth of 195 nm (25.8 THz) over a 70km SMF span with a maximum Q2 penalty of ∼4 dB
over E- and S-band, and ∼2 dB Q2 penalty over C- and L-band.

2. Multistage discrete Raman amplifier characterization

The developed multistage DRA was characterized using the experimental setup shown in Fig. 1(a).
The setup comprises a 143× 100 GHz (50 GHz bandwidth) S-, C- and L-band WDM grid and
3 laser diodes at 1411, 1431 and 1451 nm combined with a 30 Gbaud PM-16-QAM signal at
1457nm to encapsulate a target bandwidth ∼195 nm (25.83 THz). Altogether, the spectrum
comprised 147 WDM slots (1 data channel at 1457 nm, 3 narrow linewidth lasers, and 143 ASE
dummy signals) extending from 1410-1605 nm. The S-band channels were generated using
a supercontinuum source and a commercial waveshaper followed a thulium- doped amplifier
(TDFA) with an operation range of 1470-1520 nm. Guard bands of +/- 2nm in the proximity
of 1485 nm and +/- 3nm at 1508 nm were inserted to prevent signal overlap with the 1485 and
1508 nm pumps in the DRA, as previously explained [21]. The S-band signals were coupled
with flat channelized C- and L-band ASE signals extending from 1530-1605 nm generated using
two C- and L-band EDFAs and two equalizers. The generated S-, C- and L- grid was coupled
with the four E-band sources to form an E-, S- C- and L-band WDM grid (Fig. 2(a)). In the
E-band we used 4 dummy channels due to the unavailability of ASE source and commercially
available WSS for channel shaping and equalization. Nevertheless, we managed to insert our
signals at the extreme ends of our target bandwidth to measure the performance of our proposed
amplifier. The generated signals were then transmitted through 70 km of SSMF before being
amplified in the DRA, resulting in the output spectrum shown in Fig. 2(c). This was done for
a standalone transmission and to test our amplifier in a more realistic UWB scenario where
the effects of inter-channel stimulated Raman scattering (ISRS) power transfer and wavelength
dependent attenuation cause signal degradation [22]. The total input power to the fibre was 19.6
dBm with a power per channel of ∼ -2 dBm, and the total SSMF loss was ∼14.8 dB across the
entire bandwidth.

At the input to the DRA (Fig. 1(a)), a filtered wavelength division multiplexer (FWDM) with
passband from (1260-1457 nm) and reflection band from (1464-1620 nm) was used to split the
optical signal into two bands, comprising of 1410-1457 nm and 1470-1605 nm, respectively.
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Fig. 1. a) Schematic of the multistage DRA b) Raman gain coefficient of IDF and CRF.
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Fig. 2. WDM optical spectrum of the ASE grid a) input to SSMF b) output from SSMF c)
amplified output spectrum from the multistage DRA; Rayleigh backscattered spectrum of d)
1485 and e) 1508 nm pumps.

The separated bands were then sent to the multistage DRA for signal amplification of the target
bands. Signals from 1410-1457 nm were amplified using 8.25km of a newly developed fibre
known as Corning Raman Fibre (CRF) [23,24], backward-pumped using 1325, 1345 and 1365
nm pumps (pump power values of 435, 276 and 168 mW). Correspondingly, 1470-1605 nm
signals were amplified using a backward pumped dual-stage DRA, with 7.5 km inverse dispersion
fibre (IDF) in each stage. The dual-stage architecture was specifically chosen to minimize the
effect of pump-to-signal overlap and pump-to-pump ISRS power transfer [21,25]. A total of 8
pumps at wavelengths of 1365, 1385, 1405, 1425, 1445, 1465, 1485 and 1508 nm, with pump
power values of 432, 297, 103, 289, 304, 269, 67 and 172 mW respectively, were used for S-, C-
and L-band signal amplification. The experimentally measured Raman gain coefficients of the
two different Raman gain fibres (CRF and IDF) are shown in Fig. 1(b) with CRF and IDF having
peak Raman gain coefficients (gr) of ∼1.95 W−1km−1 and ∼1.2 W−1km, respectively.

The spectra at the input of SSMF, SSMF output, and the amplified spectrum are shown in
Fig. 2(a)–2(c). It can be observed that the signals from 1470-1520 nm (S-band) have a higher
noise floor. This is due to the high noise figure (NF) of the TDFA used in the grid generation, as
well as a slight tilt of +/-1 dB in the S-band input spectrum (Fig. 2(a)) due to the wavelength
dependent loss of the passives used for signal combination. The peaks observed in the vicinity
of S-band (Fig. 2(c)) are the Rayleigh backscattered spectra of the 1465, 1485 and 1508 nm
pumps, and the zoomed-in spectra of these pumps are shown in Fig. 2(d)–2(e). Appropriate
guard bands, as mentioned above, were adopted to prevent overlap between signals and pumps.
The non-uniformity in the amplified output optical spectrum (Fig. 2(c)), particularly in S-band is
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partially due to pump power limitation and the limited availability of the commercial pumps,
which are only supplied at specific wavelengths. This could be rectified with the improved
availability of customized high power pumps at specific wavelength and improved pump power
optimization for target gains using established genetic and machine leaning models [26].

Figure 3(a) and 3(b) shows the Gain/ NF and the output optical signal-to-noise ratio (OSNR) of
the signals after the multistage Raman amplifier, where the NF was calculated with the calibrated
optical spectrum analyser (OSA) power using a standard technique [27]. The net gain profile
shown in Fig. 3(a) (red lines with circle markers) has an average gain of 14 dB across the entire
bandwidth. The emphasis in this work was to compensate the SSMF span loss for the UWB
signals, rather than to obtain a flat gain across the bandwidth. This resulted in a tilted gain profile
due to the tilted input power profile (Fig. 2(b)) at the input stage of the DRA. In the S-band region
due to the higher SSMF loss and ISRS power transfer in the first stage of the the dual stage DRA, a
higher gain of ∼16 dB was required to obtain channel powers that were nearly equivalent to those
in the C- and L-band, where an average gain of only ∼13 dB was required. The corresponding
NF for the multistage Raman has an approximate tilt of 1.5 dB with a maximum value of ∼7.5
dB across the entire bandwidth. The NF for the four E-band channels has an average value of ∼7
dB. However, a slight increase in the NF is expected in the presence of a fully loaded channelized
E-band spectrum due to an increased power spectral density. The overall shape of the NF in the
S-, C- and L-bands is due to the dual stage architecture adopted here. Athough the gain and NF
were measured at interval of 10 nm for the 1470-1605 nm signals, the values obtained are due to
the fully loaded channels in the S-, C- and L-bands as shown in Fig. 2(a)–2(c). A higher NF was
observed in the S-band, due to the higher S-band attenuation, and the absence of Raman gain at
these wavelengths in the second stage of DRA, resulting in S-band attenuation in second stage of
the DRA. A slightly lower value of NF can be seen with a value of ∼ 6 dB across 1530- 1605
nm signals, due to the ISRS power transfer from the S-band signals to these wavelengths and
the lower loss at these wavelengths, resulting in a better input OSNR in the second stage of the
DRA. Note, the NF in the E- and S-band could be reduced by replacing CRF and IDF with high
Raman gain coefficient (gr) fibres, ideally with lower E-, S-band loss, and by employing two
stage amplification for E- and S-band [25], with appropriate pump wavelengths and powers.
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Fig. 3. Multistage Raman amplifier wavelength vs a) Gain/ Noise figure b) Output OSNR

The output OSNR shown in Fig. 3(b) corresponds to the OSNR measured at the output stage
of the multistage DRA. The measurements were performed by loading 30 Gbaud PM-16-QAM
signals at intervals of 10 nm. In the S-, C- and L-band regions two side channels adjacent to the
channel under test (CUT) were turned off and the corresponding OSNR was measured using
the 3–point method at a noise bandwidth of 0.1 nm [28]. For the E-band signals there was no
requirement for channels to be turned off due to the absence of adjacent channels. Note, for the
OSNR measured in a noise bandwidth of 0.1 nm, the equivalent frequency bandwidth of 12.5
GHz is (strictly speaking) valid only at a wavelength of 1548.5 nm (193.6 THz), and should be
corrected in a UWB scenario in accordance to [29,30], i.e. the noise spectral density varies as
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∆B = C
λ2 ∗∆λ where, c is the speed of light, ∆λ is the optical spectrum analyzer (OSA) resolution

bandwidth which is 0.1 nm and λ is the wavelength of CUT. Our OSNR measurement shows
lower output OSNR in the E- and S-band channels with minimum values of ∼21 dB at 1410 and
1470 nm. The lower output OSNR of the S-band is partly due to the low input OSNR of the
S-band signals due to the high NF of the TDFA and high insertion loss of the WSS used in the
ASE grid generation, as seen in the input spectrum of Fig. 2(a). For the 1530-1605 nm signals
(C- and L-band), the OSNR varied from 27-31 dB, an improvement attributable to the low NF of
the DRA, ISRS power transfer from S- and E-band signals, and the low noise floor of the input
ASE grid (Fig. 2(a)).

3. Coherent transmission with multistage Raman amplifier

To evaluate the performance penalty due to our proposed amplifier, coherent transmission was
performed over 70 km of SSMF using the DRA inline to compensate for the fibre loss, as
illustrated in Fig. 4. The spectrum shown in Fig. 2(a) also corresponds to that used for the
coherent transmission. A 30 Gbaud PM-16-QAM signal was generated using a 120 GSa/s digital
to analog converter (DAC) and a standard C-band LiNBO3 DP-IQ modulator. Two external
cavity laser sources, extending from 1410 -1480 nm and 1480-1620 nm, were required in the
transmitter (Tx) section to emulate the WDM carrier from 1410-1605 nm. The modulated signal
was then amplified using Tx amplifiers for different wavelength regions, including two EDFAs
for C- and L-band (1530-1605 nm), a TDFA for S-band (1470-1520 nm), and an in-house BDFA
for E-band (1410-1460 nm) [10]. The modulated signal was then equalized using a variable
optical attenuator (VOA) and coupled with the WDM grid using a 90/10 coupler. The total input
power to the fibre was 19.6 dBm with a power per channel of ∼ -2 dBm. The WDM signals were
then passed through 70km of SSMF and the FWDMs with an average loss of ∼14.8 dB. The
attenuated signals were then amplified using the multistage DRA and passed through a 99/1 tap
whose 1% arm was used for the OSNR measurement and spectral monitoring while the remaining
99% arm was passed to the receiver section for data extraction.

Fig. 4. Experimental setup for E-, S-, C-, L-band coherent WDM transmission.

The receiver (Rx) section comprised an optical band-pass filter (OBPF) for selection of the
modulated signal and the corresponding Rx amplifier to provide constant output power for optimal
operation of the coherent Rx. The modulated signal was mixed with an external local oscillator
and the corresponding traces were captured using an 80 GSa/s (36 GHz analog bandwidth)
real time oscilloscope. The detection procedure was followed by standard offline DSP for data
recovery on the captured traces. The recorded symbols together with the transmitted symbols
were used to estimate the Q2 factor from the hard decision bit error rate (BER) [31,32].
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4. Results and discussion

Figure 5 show the constellation diagrams of back-to-back (B2B) and received signals after 70
km transmission at 1430, 1500, 1550 and 1605 nm. The constellations for B2B and after 70
km transmission shown below have the best footprint for the 1550 nm signal with minimum
noise levels whereas, these larger noise levels were seen for the other bands with a maximum at
1430 nm. The higher noise levels in the B2B constellation plots for 1430, 1500 and 1605 nm
signals versus the 1550 nm signals, indicate the performance limitation due to the combined
effect of different amplifiers (Tx amplifier, Rx amplifier) and the impact of other standard C-band
transceiver components when operated in the E-, S- and L-band. Similarly, for the constellation
after 70 km the additional noise level is due to the multistage DRA used for the SSMF loss
compensation.

Fig. 5. Constellation diagram for B2B and 70 km transmission for 1430, 1500, 1550 and
1605 nm channels.

The UWB transmission with the multistage stage DRA inline to compensate the fibre loss can
be seen below in Figs. 6(a)–6(c). Our transmission results (Q2 Factor) show degrading B2B
performance (blue line with circle marker) for E-band (1410-1457 nm) in comparison to C- and
L-band (1470-1605 nm) with a 2.5 dB roll-off. This reduction is primarily due to the use of the
standard C-band transceiver components in particular, the I/Q and the polarization imbalance
of the C-band transceiver [30]. As for the S-band (1470-1520 nm) a variation of ∼ 2 dB was
observed with a lowest value of 16 dB at 1470 nm. This performance reduction, specifically
towards the shorter wavelengths in the S-band is due to the high NF of the Tx/Rx TDFA, in
addition to the I/Q and polarization imbalance. A steady performance of ∼ 18 dB can be seen in
the C-band (1530-1570 nm) which then degrades down to 16.5 dB at 1605 nm in the L-band, due
to the low NF of the C- and L band EDFAs.

The Q2 factor after 70 km transmission illustrated in Fig. 6(a) (orange line with diamond
marker) follows the same trend as the B2B curve for the entire bandwidth. The Q2 penalty shown
in Fig. 6(b) has a maximum of ∼2 dB for the C- and L-bands. A higher penalty was observed for
the S- and E-band signals, with a maximum of ∼4 dB at 1410 and 1470 nm. The average Q2

penalty in the E- and S-band was ∼ 3 dB whereas, for C- and L-band it was ∼1.5 dB. The trend
in the Q2 penalty can be largely correlated to the NF and output OSNR of the spectral bands
shown in Fig. 2(a)–2(b), where the maximum NF of the DRA was in the E- and S-band region,
with an output OSNR <28 dB. Similarly, in the C- and L-band the NF was lower with an OSNR
of ∼30 dB for all the wavelengths, except 1605 nm. The improved performance in C- and L-band
can also be attributed to the ISRS power transfer from the S-band channels in the first DRA stage,
subsequently degrading the performance of the S-band signals.
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Fig. 6. PM-16-QAM 30 Gbaud transmission; wavelength vs a) Q2 Factor b) Q2 Penalty c)
XY Q2 Penalty

As discussed above, an UWB transmission is subject to performance degradation due to I/Q
and polarization imbalance, arising from the use of standard C-band modulator and optical hybrid
for E-, S- and L-band. To analyze the effects of polarization penalty, we measured XY Q2 penalty
(Fig. 6(c)) which is the difference in the Q2 factor for X and Y polarization. This penalty was
observed to be< 0.6dB for wavelengths> 1480 nm, where a linear increase in this penalty was
observed for signals< 1470 nm, with a maximum of 1.5 dB at 1410 nm. In addition to the high
NF and low OSNR of the E-band signals, the large polarization imbalance for E-band signals is a
major factor in the increase of Q2 penalty in this spectral region. The overall performance of E-
and S-band can be improved by both optimized design of the DRA (design methods mentioned
in section 2) and the replacement of C-band components with low loss optical components
specifically targeting these bands.

5. Conclusion

We experimentally demonstrated E-, S-, C- and L-band coherent WDM transmission over a 70
km SSMF using an inline multistage DRA to compensate for the fibre loss. The multistage DRA
has an average gain of 14 dB with a maximum NF of 7.5 dB over an amplification bandwidth
of 195 nm. Moreover, WDM transmission with 30 Gbaud PM-16-QAM shows error-free
transmission over 70km of SSMF, despite the gain and NF variations of the multistage DRA,
with a maximum Q2 penalty of ∼ 2 dB for C-, L-band, and ∼4 dB penalty for E-, S-band signals.
To the best of our knowledge this is the broadest coherent transmission bandwidth 195 nm
(25.8 THz) demonstrated experimentally solely using a DRA. Based on our experimental results,
the discrete Raman amplifier is a potential candidate for signal amplification in MBT systems.
Additionally, enhancement in the MBT performance using a multistage DRA can be achieved by
proper optimization of pump powers and wavelengths, coupled together with techniques such as
split-combine approach of spectral bands.
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