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We report the transmission of five 30-GBaud dual polariza-
tion 16-QAM signals over 160 km of standard single-mode
fiber in the E-band (1410–1460 nm). The transmission line
consists of two 80-km spans and three independent bismuth-
doped fiber amplifiers. The developed amplifiers feature a
maximum gain of 27.3 dB, 33.8 dB, and 28.3 dB with a
minimum noise figure of 4.8 dB, 4.7 dB, and 5.3 dB, respec-
tively. The maximum signal Q2 factor penalty is 4.5 dB,
and the overall performance of the system is above the
pre-forward-error-correction (FEC) threshold for a 10−15

post-FEC bit error rate. To the best of our knowledge, this is
the record experimentally demonstrated transmission length
for a coherent detection signal in the E-band.
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Introduction. The ever growing demand for higher data traf-
fic [1] is leading to novel research approaches to increase
the capacity of dense wavelength division-multiplexed opti-
cal communication systems. The conventional optical networks
exploit only 10 THz allowed by commercially available Er-
doped fiber amplifiers in the C- and L-optical bands (1530–1620
nm). There are three main approaches to increase the capac-
ity of fiber-optical transmission systems by the development
of: higher-order modulation formats; spatial division multiplex-
ing (SDM); and multi-band transmission (MBT) [2]. The most
practical technique is arguably MBT capable to utilize the huge
and still available spectral bandwidth of the existing fiber base.
Unlike SDM, MBT does not require a new fiber deployment.
Moreover, the capacity of MBT scales linearly with a spectral
bandwidth comparable to that of the higher-order modulation
formats scaling logarithmically with the signal-to-noise ratio
(SNR) [3]. Thus, the MBT maximizes the return-on-investment
in the existing infrastructures [2] by the transmission in the
so-called O, E, S, and U optical bands. The critical challenge
for MBT implementation is the availability of efficient optical
amplifiers beyond the currently used C-band to extend operation
of optical networks to the O-, E-, S-, and U-bands.

There have been recent significant advances in the develop-
ment of various doped-fiber amplifiers [4,5], Raman amplifiers

[6], fiber optical parametric amplifiers [7], and semiconductor
optical amplifiers [8] operating in different telecommunication
bands from the O- to U-bands. One of the promising approaches
that allows signal amplification in the O-, E-, S-, and U-bands
of the optical window is with the bismuth-doped fiber amplifier
(BDFA) [4,9–11]. Such spectral flexibility of the BDFA is pro-
vided by different co-dopants that can be used to form different
Bi-related active centers in the core of the fiber. Phosphosilicate
glass shifts the gain to the O-band [4,10], silicate glass with
low concentration of germanium features gain in the E- and S-
bands [9], and germanosilicate fibers make it possible to achieve
amplification in the U-band [11]. Despite these advances, there
have been yet few demonstrations of coherent transmission using
BDFAs [12]. Moreover, previously reported transmission exper-
iments in the E-band were realized with relatively short fiber
lengths [12,13].

Here we report a transmission of five widely spaced 30-GBaud
dual polarization (DP) 16-QAM signals (including 4 “dummy”
channels and 1 signal carrier) over a record transmission distance
of 160 km using standard single-mode fiber (SSMF) in the E-
band fully supported by three BDFAs. The amplifiers feature a
maximum gain of 27.3 dB, 33.8 dB, and 28.3 dB, and a minimal
noise figure (NF) of 4.8 dB, 4.7 dB, and 5.3 dB, respectively.
The transmission performance is characterized in terms of the
Q2 factor [14] in the spectral range of 1410–1460 nm. The main
factors influencing the performance of the setup are addressed
and discussed.

Experimental setup. The experimental setup for the five
channel DP 30-Gbaud 16-QAM transmission through a 160-km
SSMF is presented in Fig. 1(a). The coarse wavelength division
multiplexer (WDM) grid consists of 4 “dummy” channels at
1411 nm, 1431 nm, 1451 nm, and 1470 nm. (Note: the num-
ber of channels was limited by component availability rather
than the fundamental BFDA design, i.e., there is no wavelength
selective switch for channelization of a wideband source in the
E-band, and there is a very limited selection of CW lasers in
the E-band that can further increase the number of transmitted
channels.) The data carrier signal is generated using a tuneable
laser (TL) operating from 1410 to 1460 nm, which is modu-
lated by a dual-polarization IQ modulator (DP IQ Mod) driven
by a digital-to-analog converter (DAC) to achieve DP 30-GBaud
16-QAM modulation. The signal after the modulator is amplified
by the booster amplifier. For power equalization of the data chan-
nel with the “dummy” channels, a variable optical attenuator
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Fig. 1. (a) Experimental setup for five-channel DP 30-Gbaud 16-QAM transmission through a 160-km SSMF in the E-band; spectra of
the channels (b) at the input to the transmission line, (c) after the 80-km-long SSMF, (d) after the in-line amplifier, (e) at the output of the
transmission line.

(VOA) is used ahead of a 90/10 coupler. In the case of back-to-
back (B2B) transmission, the signal then is directed to an optical
bandpass filter (OBPF), where the data carrier is filtered. When
the 160-km transmission is performed, the signal is directed
into another VOA that is used to control total input power to
the transmission line. Then the signal is transmitted through
a 80-km-long SSMF, then amplified by the developed in-line
BDFA, and transmitted through another 80-km-long SSMF. In
both cases, after the data carrier is filtered by an OBPF, and it is
amplified by the receive amplifier. The input power to the coher-
ent receiver is controlled by another VOA, and an external TL
operating at 1410–1460 nm is used as a local oscillator (LO) for
the coherent detection system. Channel reception is completed
by a standard set of 80-GSa/s, 36-GHz analog-to-digital con-
verters (ADCs). The digital signal processing (DSP) chain used
for analysis of the received signal has been described previously
[15].

The spectra of the channels at different parts of the trans-
mission line are presented in Figs. 1(b)–1(e). Figure 1(b) shows
signals at the input to the transmission line. All channels have
equal power per channel even though the signal at 1440 nm is
a data carrier and it has a lower power spectral density due to
the higher bandwidth. Figure 1(c) shows the signal after trans-
mission through an 80-km-long SSMF. The passive loss of the
SSMF is higher at lower wavelengths, which leads to the devel-
opment of a tilt in the spectrum. The amplified signal after the
in-line BDFA is presented in Fig. 1(d). The amplified signal
is transmitted through another 80-km-long SSMF and the sig-
nal spectrum at the output of the transmission line is shown in
Fig. 1,e.

The schematic depiction of the developed amplifiers is pre-
sented in Fig. 2. All of the amplifiers were optimized in terms of
the best performance of the gain and NF using different pump
diode wavelengths. Eachamplifier consists of an active Bi-doped
fiber, two isolators for unidirectional propagation of the sig-
nal, and two thin-film-filter wavelength division multiplexers
(TFF-WDMs) for multiplexing signal and pump radiation. A
set of pump diodes is used for each amplifier to allow the best

Fig. 2. Schematic of (a) booster BDFA, (c) in-line BDFA, and (e)
receive BDFA; gain and NF dependencies on the wavelength of (b)
booster BDFA, (d) in-line BDFA, and (f) receive BDFA.

performance in terms of gain and NF. The booster BDFA is
presented in Fig. 2(a). It is based on a 153-m-long piece of
germanosilicate Bi-doped fiber with the following characteris-
tics: 6-µm fiber core diameter and a cutoff wavelength at 1̃ µm.
The 1260-nm (forward) and 1330-nm pump (backward) enable
a 4.8-dB NF, 27.3-dB gain, and 46-nm 3-dB bandwidth in the
setup. The maximum total pump power is 900 mW for all three
amplifiers. The gain and NF of the booster BDFA are presented
in Fig. 2(b).

The in-line amplifier has the same schematic as the booster
amplifier, however, it is based on 1310-nm (forward) and
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Fig. 3. Dependencies of the Q2 factor of the transmitted signal on the input power per channel at: (a) 1410 nm; (b) 1420 nm; (c) 1430 nm;
(d) 1440 nm; (e) 1450 nm; and (f) 1460 nm.

1330-nm (backward) pump diodes with total 900-mW pump
power. These diodes allow bi-directional pumping of the fiber.
The Bi-doped fiber is manufactured to have the same geometric
characteristics as the fiber of the booster; however, it is made of
a different preform with a higher bismuth concentration and has
a length of 173 m. This amplifier has a maximum gain of 33.8
dB and decreased NF of 4.7 dB in comparison to the booster
BDFA. The wavelength dependencies of the gain and NF for
in-line BDFA are presented in Fig. 2(d). Moreover, the 3-dB
bandwidth of the amplifier is 50 nm.

The schematic of the receive amplifier is presented in Fig. 2(e).
The 300-m-long fiber of this amplifier was presented in [9]
and has the following characteristics: the fiber core is 9 µm,
and the cutoff wavelength is approximately 1.2 µm. The 1260-
nm pump diode is used for forward pumping and the 1310-nm
pump diode is used for backward pumping. The amplifier has a
maximum gain of 28.3 dB, minimal NF of 5.3 dB, and 42-nm
3-dB bandwidth. The wavelength dependence of both gain and
NF are presented in Fig. 2(f).

Results. To perform the measurements across the selected
spectral interval, the operation wavelength of the input TL and
the external LO TL are appropriately controlled. In this work,
we experimentally characterize six wavelengths: 1410; 1420;
1430; 1440; 1450; and 1460 nm. After the wavelength is tuned,
as the first step, B2B performance is recorded. The dependence
of the Q2 factor on wavelength for the B2B case is presented in
Fig. 4(a) (blue line with circles). After measurements of the B2B
performance, the transmission line is assembled. The power at
the input to the transmission line is changed with a VOA to allow
study of the performance at different per channel input powers.
The dependence of the Q2 factor on the input power per channel
for all six wavelengths under test are shown in Fig. 3.

Generally, the change of the Q2 factor with the input power per
channel follows the following pattern: the Q2 factor grows with
an increase of input power per channel until an optimal point
(the input power per channel with the highest Q2 factor); after the
optimal point, the Q2 factor decreases with the increase of the
input power per channel due to the nonlinear effects that lead to
nonlinear signal distortions. Due to the power limitations, the Q2

factor dependence on the input power per channel at 1410 nm is

only recorded within the linear regime before an optimal point.
All measurements (except one at 1410 nm) are performed in a
way to determine an optimal input power per channel. The power
per channel is calculated from the recorded spectra and power
meter measurement at the input to the transmission line. Spectra
are used to calculate a portion of the input power dedicated to
the data carrier channel. It is approximately −4 dBm for 1420
nm, then it decreases up to −6 dBm for 1430 nm, then it goes
up to −5 dBm, −4 dBm, and 0 dBm for 1440 nm, 1450 nm, and
1460 nm. Such a substantial variation of the optimal input power
per channel for all the wavelengths can be due to several factors:
non flat gain of the amplifiers, NF variations in the amplification
spectra, increased loss, and decreased nonlinearity of the SSMF
on the left-hand side of the spectra.

As the next step, the B2B performance of the setup to trans-
mission are compared. The dependence of the Q2 factor for the
optimal input power per channel on the wavelength is presented
in Fig. 4(a) (orange line with squares). The difference between
the B2B and transmission performance is presented as a Q2

factor penalty in Fig. 4(b). Both B2B and transmission perfor-
mance rise with the increase of wavelength of the signal. This
can be mostly explained by the fact that a C−L optical transceiver
and receiver have been used in this work. The problem of perfor-
mance degradation of C+L equipment in the S-band and beyond
has been addressed in the following work [16]. Mostly, such
degradation can be explained by the I/Q imbalance of the opti-
cal transceiver and polarization imbalance of the optical hybrid
used in the experiment. The polarization imbalance (difference
between average X and Y Q2 factor values at each wavelength)
was recorded in terms of the Q2 factor penalty between X and Y
components and is presented in Fig. 4(c). There is a significant
increase of the impairment at the 1410-nm signal wavelength.
This can be explained by limitations of the used optical hybrid
optimized for operation in C+L bands. Generally, measurement
of the pre-forward-error-correction (FEC) bit error rate (BER)
is enough to predict the post-FEC BER. The 2.7 × 10−2 BER
corresponding to a 5.7-dB Q2 factor is achieved for all powers
and wavelengths in the experiment. This BER has been shown
to be corrected to 10−15 and below using soft-decision FEC with
20% overhead [17].
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Fig. 4. (a) Spectral dependence of the Q2 factor for the B2B case (blue line with circles) and transmitted signal (orange line with squares);
(b) spectral variation of the Q2 factor penalty between the B2B and transmitted signal cases; (c) dependence of the polarization Q2 factor
penalty on wavelength.

Finally, it is important to discuss the results of the Q2 fac-
tor penalty in the E-band. The maximum penalty is 4.5 dB at
1460 nm and the lowest penalty is 3.2 dB at 1420 nm. There is
no clear tendency of the Q2 factor penalty dependence on wave-
length in the E-band due to complexity of the system and number
of factors that impact the performance of the setup. However,
it is insightful to address the impacts of various factors at dif-
ferent wavelengths. First of all, the shorter wavelength region
features high optical loss, relatively low gain, high NF, and the
increased polarization or I/Q imbalance. Longer wavelengths
suffer from both increased dispersion and low gain. However,
transmission in this region benefit from lower loss and NF, and
lower transceiver–receiver-induced penalties. However, the non-
linearity can be the dominating factor at wavelengths 1430–1440
nm due to increased gain in this region. The use of a gain-
flattening filters can potentially improve the performance of the
transmission line by significantly decreasing the nonlinearity in
the 1430–1440-nm range. However, the BDFAs should poten-
tially be improved more in terms of NF at the lower wavelengths
(<1430 nm).

Conclusion. To conclude, we have demonstrated the transmis-
sion of five 30-GBaud DP 16-QAM signals (coarsely spaced)
over 160-km in the spectral E-band (1410–1460 nm). This is,
to the best our knowledge, the record transmission length for
this spectral band. The experimental setup was based on C+L
compatible receiver and transmitter components and in-house
BDFAs for booster, in-line, and receive amplification. The sys-
tem penalties were analyzed and the main factors leading to them
were highlighted. The performance of the system was well above
the pre-FEC soft decision threshold for 10−15 post-FEC BER.
The achieved performance indicate that the BDFA is a promis-
ing solution for expanding current optical telecommunication
bandwidth beyond C+L bands toward the E-band.
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