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Abstract: Optical frequency comb lines with poor carrier to noise ratio (CNR) are 

significantly improved by Brillouin amplification using its extreme narrow bandwidth gain to 

suppress out of band noise, enabling higher quality signal modulation. Its application to 

spectral lines of narrow 10 GHz pitch and poor CNR is shown to suppress the otherwise 

strong phase distortion caused by poor CNR after encoding with 96 Gb/s DP-64-QAM signals 

and restore the bit error rate (BER) to below the limit for standard forward error correction 

(FEC). This is also achieved with the required frequency shifted optical pump for 

amplification obtained by seeding it from the comb itself, sparing the need for lasers and 

frequency locking. Simultaneous CNR improvement for 38 comb lines is also achieved with 

BER restored to below the FEC limit, enabled by a multi-line pump that is pre-dispersed to 

suppress its spectral distortion from the Kerr effect in the gain medium. Carrier performance 

at minimum BER shows minimal noise impact from the Brillouin amplifier itself. The results 

highlight the unique advantage of Brillouin gain for phase sensitive communications in 

transforming otherwise noisy spectral lines into useful high quality signal carriers. 

© 2017 Optical Society of America 
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1. Introduction 

Optical frequency combs are a candidate for future high data capacity optical communications 

as a compact and energy efficient source for large scale wavelength multiplexed signal 

channels, replacing many discrete single frequency laser modules [1]. Systems evolving to 

higher bit rate data encoding formats also depend on improved lower noise carriers than 

conventional semiconductor DFB lasers. In the case of phase sensitive 64-level quadrature 

amplitude modulation (64-QAM), lasers with over an order of magnitude narrower linewidth 

than a conventional DFB are needed [2]. While this is achievable with the advanced external 

cavity laser (ECL), the added cost and size for many channels may make using low noise 

frequency combs more viable [3]. Frequency combs can also help address the nonlinear 

Shannon limit on transmission capacity by removing relative channel frequency drift, making 

nonlinear signal distortion from the Kerr effect more predictable, for easier compensation [4]. 

Generating low noise frequency combs suited as 64-QAM carriers with frequency spacing 

of 10-100 GHz (for typical channel separation) is a challenge. The conventional broadband 

sources have used electro-optic modulation [5], or parametric spectral broadening by 

nonlinear propagation in highly nonlinear optical fiber (HNLF) [6–8], or micro-ring 

resonators [9], seeded by either CW or pulsed lasers. Generally, the noise limit on maximum 

carrier to noise power ratio (CNR) impacts signal distortion for 64-QAM encoding. 

Improvement has required added sophistication by use of nonlinear optical loop mirrors as a 

pulse shape optimizer and pedestal remover [8], or optical injection locking of CW lasers [6] 

to minimize phase noise of the spectral line seed. Of these, the loop mirror has been effective 

for 64-QAM, after meticulous optimization of pulse propagation parameters [8]. 

In this paper, the CNR of optical frequency combs is improved by a Brillouin amplifier 

for enabling low distortion 64-QAM application, using its extreme narrow gain bandwidth 

(30 MHz) to suppress out of band noise around the carrier. Applying it to frequency comb 

lines of narrow 10 GHz frequency spacing and poor CNR is shown to greatly reduce phase 

distortion after carrier modulation with 96 Gb/s DP-64-QAM signals, and achieve improved 

bit error rate (BER) to below the threshold limit of 4.5 × 103 for hard decision forward error 

correction (FEC). The minimum BER is shown to nearly match the performance of a narrow 

linewidth ECL carrier, with little impact from Brillouin amplifier noise. This is achieved with 

the required pump spectral lines for Brillouin amplification seeded from the noisy comb lines 

with suitable frequency shift, sparing the need for dedicated pump lasers and frequency 

locking circuits. Multi-line operation is also shown achievable, for simultaneously restoring 

38 comb lines with improved BER to below the FEC limit, enabled by a multi-line pump with 

applied pre-dispersion to suppress unwanted self-phase modulation from the Kerr effect 

during propagation in the gain medium. The minimum gain requirements and limits on low 

noise amplification in terms of input power, and pump frequency are quantified. These results 

confirm the effectiveness of Brillouin amplification in transforming otherwise unusable 

frequency combs into low noise spectral line carriers of phase sensitive signals. 

While Brillouin amplification has previously been applied to frequency combs for spectral 

line extraction [10–15], and pulse shaping [16], no previous report prior to our initial [17–19] 

has, to the best of our knowledge, identified the use of Brillouin gain for reducing signal 

distortion after carrier modulation by boosting its CNR, (as opposed to simply amplifying its 

power to improve the optical to signal to noise ratio (OSNR) at the receiver after data 

modulation), nor that otherwise unusable frequency comb lines can be transformed into low 

noise carriers suited for phase sensitive signals. Furthermore, it was not assured a 30 MHz 
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gain bandwidth would be sufficiently narrow to be of benefit, considering formats such as 64-

QAM ordinarily need a laser linewidth < 100 kHz [2]. Also, while Brillouin amplification can 

be noisy [20–23], our results at minimum BER show this to be minor compared to comb 

noise and measurements for 64-QAM nearly match performance of using a narrow linewidth 

ECL. 

2. Concept & approach 

Just as a laser carrier with broader linewidth translates to greater phase noise after data 

modulation [2], improving the CNR reduces phase noise distortion. The signal benefit from 

improved CNR by a Brillouin amplifier is illustrated in Fig. 1, showing the use of narrowband 

gain to selectively amplify comb lines so that out of band noise is relatively suppressed. The 

benefit for 64-QAM signal carriers relies on the unique narrow gain bandwidth (typically 

around 30 MHz) suppressing a dominant proportion of noise; a feature challenging to 

replicate by any narrow bandwidth optics including cascaded etalons [24], or micro-ring 

resonator waveguides [25]. Aligning such narrow passband with respect to the natural laser 

frequency drift (typically on the order of 100 MHz) is also a universal challenge that is 

uniquely avoided here with a Brillouin amplifier by seeding the pump from the comb itself. 

 

Fig. 1. Schematic of frequency comb noise suppression by narrowband Brillouin amplification 
to boost carrier to noise ratio before carrier modulation for enabling low distortion signal 

generation. The Brillouin amplifier is backward-pumped in the gain medium by spectral lines 

seeded from the comb, after up-shifting its frequency by fB via electro-optic modulation. 

Brillouin gain is obtained from the backward propagation of the optical pump in a gain 

medium, with sufficient power spectral density for transferring its energy to the forward 

propagating comb line via Stimulated Brillouin scattering (SBS) [26]. Peak gain is delivered 

at lower frequency from the pump by fB, corresponding to the Doppler effect from the 

refractive index grating induced along the waveguide via electrostriction from the pump, 

moving at the acoustic wave velocity, according to 

 2   / B Af nV   (1) 

where n is the waveguide refractive index, VA is the acoustic velocity, and λ the vacuum 

wavelength of the pump. For SBS in standard single mode fiber (SSMF), fB is 11 GHz at 
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1550 nm, and the gain spectrum has a near Lorentzian or Gaussian profile [27], [28], with 

25-35 MHz bandwidth. 

The optical pump for Brillouin amplification is seeded from the noisy comb line as 

depicted in Fig. 1, after applying the required fB shift, sparing the need for dedicated pump 

lasers and frequency locking circuits. The implementation taps off a portion of input power 

that is shifted by fB via electro-optic modulation before launching into the output end of the 

Brillouin gain medium, similar to single frequency pump probe experiments using a low noise 

laser [27], [29]. While Brillouin amplifiers have ordinarily used low noise laser sources to 

mitigate the potential impact of pump noise degrading gain [30], this paper confirms self-

seeding the pump from the comb itself has minimal performance impact for 96 Gb/s DP-64-

QAM. Importantly, for the frequency comb in this experiment, the relative low spectral power 

density of noise to the spectral line remains sufficiently weak so as not to pump SBS itself 

and corrupt the gain. 

2.1 CNR improvement 

The noise suppression benefit from narrowband gain is illustrated in Fig. 1 for the idealized 

case of a rectangular gain function of bandwidth, B, and gain factor G, applied to a spectral 

line given by a Dirac delta function of power, PC. Here, the noise accompanying the 

frequency comb spectral line is considered white of spectral power density Nc, centered at the 

carrier frequency, fc, and extending to a bandwidth, S, corresponding to the full spectrum 

range occupied by the signal after data modulation. Also, the noise power from Brillouin 

amplification is approximated as 
ase SBSP N G  

B
, in terms of spectral noise power density, 

NSBS, within the bandwidth B, centered at fc (at peak gain), and G being the unsaturated, 

on/off gain, with negligible loss. It follows the input CNR of the spectral line given by 

 /C c SP N  is therefore altered by narrowband gain to 

   /    C c SBS c SP G N N N        B B
, with an output to input ratio, CNR, of 

1

S

SBS S

c

CNR
N

N G
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It follows for overall relative noise power suppression to the carrier, i.e. CNR > 1, requires, 
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and the limit on highest possible CNR in Eq. (2) for G   is, 

lim  

1

S

lim

SBS

c

CNR CNR
N

N


 





 
 






B

G  
(4) 

This corresponds to out of band noise being negligible compared to the in-band noise power. 

Importantly, when 
S 

B
, as in the experiments of this paper, then large CNR is still 

achievable, even for non negligible NSBS relative to 
cN . In the case of noise originating 

mostly from the comb source itself, i.e. c SBSN N , as is in the experiments of this paper, 
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then Eqs. (2) and 4 reduce simply to 
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respectively. Also, CNR>1 requires only G > 1 and for   SG 
B , then CNR G. 

For parameters relevant to experiments of B = 30 MHz and S = 9.6 GHz, Eq. (4) with 

c SBSN N  gives CNRlim = 25.0 dB. It follows that increasing B by an order of 

magnitude would reduce CNRlim proportionally, highlighting the importance of extreme 

narrow bandwidth for this application. The ceiling limit CNRlim determines the minimum 

allowable input CNR such that the addition of CNRlim reaches the target minimum CNR 

needed by the particular data modulation format for ensuring small signal distortion and low 

BER. For the frequency comb in this paper, CNR >20 dB is needed for 64-QAM, making it 

critically reliant on narrow B. While NSBS similarly impacts CNRlim (reducing it by factor 

of 2 for 
SBS cN N ) to also limit the minimum allowable input CNR for reaching the target 

output CNR, the impact is small for the typical 
SBS cN N  since 

SBSN  is confined to narrow 

B. 

In case of applying G = 25 dB to noisy spectral lines, then Eq. (2) with 
c SBSN N  gives 

CNR = 22.0 dB, meaning CNR is only 3 dB off the ceiling CNRlim, and applying 

higher G » 25 dB can only marginally improve CNR closer to CNRlim. The reason 

follows from the ratio of in-band noise power,  c SBSN N G  
B , to the total noise, 

    c SBS c SN N G N      
B B  given by 

 

 

1

 
1
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N B

c SBS

c
R

N N G
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B

B

, and in the 

limit G  , then RNB  1, meaning out of band noise power is negligible to the point its 

relative power suppression is inconsequential. For the above example parameters, and 

, c SBSN N  RNB = 0.5, meaning around half of the total output carrier noise after the 

Brillouin amplifier is constituted by unsuppressed in band noise within the small fraction 

(0.31%) of the total optical spectrum occupied by the signal after carrier modulation. 

The above analysis is modified by the inclusion of bandwidth bandpass optical filter 

(BPF) for comb line extraction before data modulation, as in the experiments of this paper. 

For a BPF approximated as a lossless rectangular function of bandwidth O, with B <O 

<S and complete rejection of out of band power, the modified CNR and RNB become 

1  

S

SBS

c

O

CNR
N

N G




  


 

 
   
     

B

B
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1

 
1
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N B

c SBS
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N N G

  







 
     



 

B

B

, respectively. 

Notably, however, CNRlim (for G  ) is unchanged. 

3. Experiment 

3.1 Frequency comb source 

The set-up of the frequency comb source shown in Fig. 2(a) used a modelocked laser (MLL) 

as a pulse seed for parametric broadening in HNLF [7]. The MLL (ERGO XG-10G) was 

synchronized to a 10 GHz RF clock, and stabilized to emit a 10 GHz train of 2 ps pulses with 

2 mW average power, and center wavelength of 1547 nm. The typical narrow linewidth 

spectral lines from this particular MLL [7] assists in minimizing noise build up during 

parametric broadening. The pulse spectrum was broadened to span the C-band as shown in 
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Fig. 2. (a) Experimental set-up of frequency comb source and Brillouin comb amplifier using 
self-seeded pump with fB frequency shift by single sideband (SSB) modulator. (b) Optical 

spectrum from modelocked laser (MLL), and frequency comb after parametric broadening in 

highly nonlinear fiber (HNLF), and zoom of comb lines at 1563nm on a high resolution OSA. 

Figure 2(b) after propagation in a 300 m HNLF having nonlinearity coefficient of 30 

W1km1, and dispersion of 0.7 ps/nm.km at 1550 nm, using an average input power of 200 

mW, set by an erbium-doped fiber amplifier (EDFA) followed by a BPF for removing 

amplified spontaneous emission noise. The comb broadening was enhanced by optimizing the 

input pulse width with a short pre-dispersion compensation fiber (DCF) to cancel 25 m of 

SSMF. 

The frequency comb spectrum with 10 GHz line spacing is shown in Fig. 2(b) as captured 

on an optical spectrum analyzer (OSA) with resolution bandwidth (RBW) of 0.03 nm, 

indicated a poor CNR of 13-17 dB across the C-band, that prevented any spectral line being 

used as a low distortion carrier of 64-QAM signals. The higher resolution OSA measurement 

in Fig. 2(b), with RBW of 5 MHz, revealed the white noise like characteristic around each 

spectral line. For improving the CNR by the following Brillouin amplifier, a band of comb 

lines was extracted by a wavelength tunable BPF of 5 nm bandwidth. The power of individual 

comb lines after the BPF varied from 7 dBm at 1552.6 nm, to ‒9 dBm at 1535 nm, and 11 

dBm at 1560 nm. 

3.2 Brillouin comb amplifier 

The optical pump for the Brillouin amplifier was seeded from the incoming frequency comb 

lines by tapping off half of the power via a coupler, then upshifting the frequency of the 

spectral lines by fB via electro-optic modulation so that the Brillouin gain peak aligned to its 

parent frequency. The desired number of pump spectral lines was controlled by a LCOS type 

bandwidth tunable BPF of programmable bandwidth >10 GHz, and a following EDFA set its 

launch power for backward propagation in the gain medium to control the Brillouin gain. 

As Brillouin gain depends strongly on the relative state of polarization between the pump 

and forward propagating comb line, a polarization controller (PC) was included in the pump 

path for its optimization to maximize gain. After initial setting, only small polarization drift 

was observed. Another PC preceded electro-optic modulation to optimize its input state of 

polarization for lowest loss. The required frequency shift of the pump spectral lines by fB 

was applied by a single-sideband (SSB) modulator [31], instead of a phase modulator, as in 

first experiments [17], in order to directly suppress unwanted spectral components, including 

the carrier. This was particularly essential for the narrow 10 GHz comb line spacing being 

comparable to fB, to eliminate requiring complex, and narrow multi-passband filtering. 
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The SSB modulator was a LiNbO3 IQ modulator (IQ-mod.) with its two RF ports 

connected to outputs of a 90° hybrid 3 dB coupler. This was electrically driven by a 17 dBm 

synthesiser outputting a sinewave at frequency fB to produce the sideband at frequency fc + 

fB from the carrier at fc, where maximum gain is targeted. The typical SSB modulation 

operation is shown in Fig. 3(a) for ECL input at 1552 nm wavelength, and the RF source set 

to fB = 10.846 GHz. The modulator bias voltages were set to maximize the SSB power at fc 

+ fB, while suppressing the carrier, typically by 15-20 dB in power as shown. 

 

Fig. 3. Brillouin amplifier characterization. (a) Single-sideband (SSB) generation at fB offset 
for ECL source input at 1552.6 nm, using IQ-modulator biased for optimum carrier 

suppression. (b) Critical power for Stimulated Brillouin scattering in 4.46 km of SSMF with 

ECL source input. (c) Brillouin gain spectra for 4.46 km SSMF with increasing pump power in 

case of a CW pump, and a frequency swept CW probe of power 10 dBm. 

The gain medium for Brillouin amplification was a 4.46 km SSMF. Measurements 

showed it to have a critical power for SBS of 14 dBm (25 mW), as plotted in Fig. 3(b), with 

fB = 10.846 GHz at 1552.6 nm, in the case of propagating a CW external cavity laser (ECL) 

of <100 kHz linewidth. This was by the common 1% definition as the input power level 

where the back reflected Stokes power is 20 dB lower. Measurements of the Brillouin gain 

profile in Fig. 3(c) for CW pump and probe of powers similar to frequency comb experiments 

showed the gain shape varied from near Lorentzian at low gain, to super-Gaussian at higher 

gain, with a 3 dB bandwidth varying from 26 to 34, 33 and 28 MHz at peak gain around 15, 

20, 25, and 30 dB, respectively. 

For Brillouin amplification, the on/off gain was measured as the change in output spectral 

line power on an OSA at the 99:1 coupler after the SSMF and circulator, for the pump EDFA 

switched on and off. In case of a single line pump set by the LCOS BPF, and frequency comb 

input, a power of 30 mW from the EDFA for the pump delivered 24 dB gain to the target 

comb line at 1552.6 nm. For amplification of more spectral lines, the LCOS BPF bandwidth 

was broadened to pass the desired number of pump lines, and the pump power scaled to reach 

the target gain. In case of a 40 line pump, an average gain exceeding 20 dB per line was 

obtained with the EDFA outputting 1.1 Watt. 

3.3 Signal modulation & detection 

The carrier modulation and detection of 96 Gb/s DP-64-QAM signals used the set-up shown 

in Fig. 4. For all results using the frequency comb or Brillouin amplifier, the output spectral 

line intended for data modulation was post-filtered by a BPF of 5 GHz bandwidth and 8 dB 

insertion loss, before launching into a polarization beam splitter (PBS) that preceded a 

polarization maintaining EDFA and LiNbO3 IQ-modulator for data modulation. The PC 

before the PBS was optimized in all cases to simply minimize the power on the orthogonal 

state of polarization output port so that optimally linear state of polarization was launched to 

the following polarization maintaining EDFA and IQ modulator for data modulation. 
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Fig. 4. Experiment set-up of source encoding of spectral line carrier with 96 Gb/s DP-64-QAM 
signal before coherent detection and offline digital signal processing (DSP), in case of 

frequency comb or ECL carrier source input, and with and without Brillouin amplifier (BA). 

The data IQ modulator was driven by an arbitrary waveform generator (AWG) that 

outputted uncorrelated 64 QAM PRBS of 211-1 length for the I and Q ports at 8 Gbaud, and 

shaped the optical signal spectrum to a raised cosine of roll-off factor α = 0.2 giving S = (1 

+ α) × 8 Gbaud = 9.6 GHz. A polarization multiplexing (Pol.-mux) emulator then combined 
two replicas of the signal on dual orthogonal polarization (DP) states to obtain 96 Gb/s DP-64-

QAM output. The emulation used a coupler and polarization beam combiner to multiplex two 

copies of the signal with orthogonal polarization state after adjusting the relative amplitude, 

polarization and delay by a variable optical attenuator, polarization controller, and delay line, 

respectively.

At the receiver, the signal was boosted by a low noise EDFA and filtered by a 0.5 nm 

bandwidth BPF before detection by a polarization diversity coherent receiver using an ECL of 

<100 kHz linewidth (Teraxion PS-TNL) as the local oscillator. The four detected signal 

channels were then captured by an oscilloscope before offline digital signal processing (DSP) 

[32–34], for signal demodulation, then BER counting from the expected PRBS. The Q2-factor 

was calculated from the constellation point mean and variance values for the separate in-

phase and quadrature components before merging. Each BER was obtained from averaging 

results for both polarization channels, x and y, as well as from multiple DSP computations for 

2-5 different oscilloscope recordings, each capturing 2 × 106 sampling points, with 20 
GSamples/s at 2.5 samples per symbol, corresponding to a 100 μs time window.

Signal OSNR was measured at the receiver in Fig. 4 by an OSA with RBW = 0.5 nm. A 

high OSNR indicates that the output comb line power is sufficiently high to ensure amplified 

spontaneous emission noise from any following EDFAs is kept low. Notably, OSNR is 

independent of comb line CNR, especially with such a narrow BPF used for line extraction. 

For reference performance comparison of the frequency comb, the BER performance was 

also measured for an ECL carrier without Brillouin amplification, connected directly to the 

data modulator input. The ECL (Teraxion PS-TNL) had a narrow linewidth <100 kHz, 11 

dBm output power, and tuneable wavelength across the C-band. 

4. Results

4.1 Pump dispersion for multi-comb line amplification 

Applying the Brillouin amplifier to many spectral lines of the comb source having narrow 10 

GHz spacing relies on avoiding excessive self-phase modulation (SPM) of the pump during 

propagation in the gain medium from the Kerr effect [26] causing spectral distortion. This 

arises from a broad pump spectrum translating to short pulses in the time domain with high 

peak power that enhance spectral broadening via SPM. This is further complicated by its 

interplay with chromatic dispersion in the gain medium changing the peak power evolution. 

The impact of pump SPM is highlighted for the case of a 20-line pump, obtained by 

setting the pump BPF to pass 20 lines from the SSB modulator. The optical spectrum 

measurements in Fig. 5(a) shows the strong pump spectral distortion after its backward 

propagation in the SSMF, for the pump EDFA power set to 580 mW. In this case, a pump 

spectrum of ideal rectangular envelope of bandwidth B0 = 200 GHz corresponds to temporal 

sinc shape pulses [35], of short duration between its zero crossings equal to 2/B0 = 10 ps. The 
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impact of pump SPM is clear from the spectral distortion being mirrored in the output 

amplified spectrum of the forward propagating comb lines in Fig. 5(a), as observed at the 

SSMF output after the 99:1 coupler. 

 

Fig. 5. Pump pre-dispersion impact on Brillouin comb amplifier. Optical spectra of (a) 

frequency comb source and self-seeded 20-line pump before and after propagation through 
4.46 km SSMF, without pump pre-dispersion, giving mirrored distortion from pump to comb. 

(b) Frequency comb after Brillouin amplifier with 40-line pump for with and without pump 

pre-dispersion in 3 km SSMF to achieve higher gain. 

Doubling the pump line count to 40 with the BPF, and increasing the EDFA power to 1.1 

Watt (for comparable power per line) produced an even poorer comb line amplification 

profile shown in Fig. 5(b). This is expected from the mirrored spectral distortion from the 

pump being worse due to enhanced SPM for the shorter pulse. This was resolved by adding 3 

km of SSMF before the Brillouin amplifier to disperse the pulses to lower its peak power. In 

this case, the SSMF applies 0.4 ps/GHz group velocity dispersion at 1550 nm wavelength, 

giving 160 ps of group delay (GD) for the 400 GHz pump bandwidth. From numerical 

calculation [26], the corresponding sinc shaped pulse broadens by a factor of 65 (from 2.2 to 

143 ps full width at half maximum power), and drops in peak power by a factor of 44.5. 

The suppressed SPM enabled the vastly improved amplified comb spectrum in Fig. 5(c) 

with higher and more uniform gain, of average >20 dB per line for 40 lines, as shown in Fig. 

6(a), centered at 1552 nm, obtained with fB = 10.846 GHz; the optimum for the near 

center comb line. A zoom of the comb line at 1552.6 nm shown in Fig. 6(b), plotted with 

normalized amplitude and frequency highlights the average 23 dB noise suppression 

achieved over a wide frequency range, with the pump switched on. It also highlights the white 

noise like characteristic, assumed in Section 2. The log frequency plot of the upper frequency 

sideband in the inset also shows consistent noise suppression to as low as 20 MHz, before 

converging to the un-suppressed case, due to the limited gain bandwidth. 
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Fig. 6. High resolution optical spectrum from Brillouin comb amplifier for 40-line pump on 

and off, of (a) all amplified lines, with corresponding gain (circle points), and (b) zoom of 

comb line at 1552.6 nm with upper frequency sideband on log frequency scale in the inset. 

4.2 64-QAM signal performance 

The benefit of Brillouin amplification for enabling the use of optical frequency comb lines as 

low noise carriers of 96 Gb/s dual polarization (DP)-64-QAM signals was evaluated with the 

Fig. 4 set-up. Without the Brillouin comb amplifier, the poor CNR of all comb lines across 

the C-band prevented their use as signal carriers, after extraction by the 5 GHz BPF, due to 

phase noise error at the receiver after coherent detection being too large for the offline DSP 

algorithms to effectively track and correct for signal demodulation. A reliable BER below 

10─2 was not attainable, let alone even close to the threshold limit of 4.5 × 103 for hard 

decision FEC with 7% overhead [36]. This was despite a high OSNR at the receiver of 

between 36 and 39 dB/0.1 nm, which from receiver noise loading measurements presented 

later in this section, is 12-15 dB above the minimum needed to reach a BER below the FEC 

limit, in the case of a reference ECL carrier of <100 kHz. At the extreme wavelengths, the 

constellations were unrecoverable, with the phase noise at the receiver after coherent 

detection, being too large for signal demodulation by DSP. One of the typical best 

constellations for a central wavelength spectral line shown in Fig. 7(a), had a Q2-factor of 5.8 

dB. This compared to 10.8 dB for the reference case of an ECL carrier connected directly to 

the data modulator, as shown in Fig. 7(b). 

With the 40-line Brillouin amplifier inserted, the BER for modulated comb lines (after 

extraction by the same 5 GHz BPF) was improved to <4.5 × 103 for each of the 38 carriers at 

1552 nm, as shown in Fig. 7(c). For the near center comb-lines, the BER was close to the 

reference case of using an ECL carrier of the same wavelength, connected directly to the data 

modulator. The Q2-factor for the constellations in Fig. 7(d) indicated a small difference of 

around 0.3 - 1.8 dB from the ECL case across the 38 lines. The worsening BER for comb 

lines further off center was observed in the constellations to be from amplitude noise, evident 

from the outer constellation points furthest from the Cartesian plane origin, distorting to a 

diagonal ellipsoid shape, from a symmetric circle. Notably, the OSNR at the receiver 

remained high at between 39.9 to 43.9 dB/0.1nm (for comb lines at 193261 and 192901 GHz, 

respectively), which as shown by receiver noise loading measurements presented below, 

translates to little impact on BER. The origin of the BER variation is explored in Section 5. 

The BER of the center comb line was evaluated for varying OSNR from noise loading the 

receiver, by combining the incoming signal with amplified spontaneous emission from an 

EDFA as in the Fig. 4 set-up. Comparing the BER curve to the reference ECL case indicated 

a small penalty of 1.7 dB at the FEC limit BER, as shown in Fig. 8. The penalty for the 

frequency comb carrier was also unchanged when setting the Brillouin amplifier for single 
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line amplification at 1552.6 nm (193082 GHz), with the EDFA power for the single line 

pump lowered to maintain similar gain of 23 dB. This confirmed the Brillouin comb amplifier 

wasn’t impacted by the propagation of the high power pump comb. The origin of the penalty 

as either from Brillouin amplification or the frequency comb noise is evaluated in Section 5. 

 

Fig. 7. 64-QAM modulation of frequency comb lines restored by Brillouin comb amplification 

(BA) with 40-line pump. (a) Signal constellations for frequency comb line source without 
Brillouin amplifier, compared to (b) reference ECL source direct to data modulator, (c) BER 

and (d) constellations of frequency comb lines with BA, versus reference ECL case. 

 

Fig. 8. Performance comparison of frequency comb and ECL carrier sources. BER of spectral 

line at 1552.6 nm modulated with 96 Gb/s DP-64-QAM, after Brillouin amplification (BA) of 
frequency comb with 40-line pump versus single line pump (giving 23 dB gain), and ECL 

input giving 20 and 24 dB gain, compared to reference ECL direct to data modulator. 

The benefit of Brillouin amplification for comb lines across the C-band spectrum in Fig. 

2(b), was also shown by applying Brillouin gain of between 20 and 28 dB, and using a single 
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line pump at optimum fB. With the Brillouin amplifier inserted, the BER of modulated 

comb lines fell well below the FEC limit, as shown in Fig. 9(a) and approached the reference 

case of an ECL carrier connected directly to the data modulator, confirming wavelength 

agnostic performance. Comparing the constellations in Fig. 9(b) for with and without the 

Brillouin amplifier showed the Q2-factor improvement was as large as nearly 5 dB. Original 

experiments with a different comb source of larger 40 GHz spacing showed similar 

improvement [17], highlighting its universal applicability. 

 

Fig. 9. Wavelength dependence of (a) BER, and (b) signal constellations after modulation with 
96 Gb/s DP-64-QAM of spectral line from C-band optical frequency comb in Fig. 2(b), with 

and without including Brillouin amplifier (BA) by single line pump at optimum fB, 

compared to the reference case of wavelength tunable ECL connected direct to data modulator. 

5. Performance limits 

The origin of noise for the 40-line Brillouin comb amplifier was explored by comparing 

Brillouin amplification of an ECL carrier in place of the comb. In this case, a variable optical 

attenuator (VOA) and power monitor was inserted before the Brillouin gain fiber to set the 

ECL input power (Pin) to 10 dBm, so as to approximately match the 7 dBm power of the 

comb line at 1552.6 nm after the 5 nm BPF. The same optimum fB of 10.846 GHz was also 

used to achieve peak gain at the same 1552.6 nm carrier wavelength. 

5.1 Gain requirements (improved CNR) 

The BER dependence on Brillouin amplification of the frequency comb was evaluated for 7-

29 dB gain, obtained by raising the EDFA power for the single line pump from 7 to 124 mW. 

At 15 dB gain, the BER of the modulated comb line improved to reach the FEC limit as 

shown in Fig. 10(a). The distortion visible in the constellation in Fig. 10(b) was from phase 

distortion, evident by rotation of outer points, indicating insufficient CNR. This reduced with 

higher gain. Notably, as gain rose from 13 to 29 dB, the receiver OSNR remained high, rising 

from 38.5 to 44.9 dB/0.1nm, which from receiver noise loading data in Fig. 8, translates to 

only a small change in BER confirming BER improvement was from higher CNR, not OSNR. 

The BER was observed to saturate for increasing gain > 20 dB, reaching a minimum 

slightly worse than for the ECL input case, as shown in Fig. 10(a). The ECL performance 

over similar gain range remained close to the reference case of connecting the ECL directly to 

the data modulator, and maintained a clear constellation, as shown in Fig. 10(c). This was for 

gain swept from 10 to 30 dB by increasing the EDFA power for the pump from 5 to 83 mW 

(slightly lower than for the comb). The result indicates the 1.7 dB OSNR penalty for 40-line 

SBS was not gain limited, and consistent with CNR being near the ceiling CNRlim, due to 

insufficiently narrow B, and higher gain only marginally improves the CNR. 
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5.2 ECL source comparison 

The noise from Brillouin amplification was evaluated for ECL input (after the 3 km SSMF in 

Fig. 2(a) to isolate noise to the amplifier only. Repeating the noise loaded receiver 

measurement for 64-QAM signals at peak gain settings of 20 and 24 dB gave closely 

matching BER curves to the reference ECL as shown in Fig. 8, with a negligibly small OSNR 

penalty of 0.3 dB at the FEC limit BER. The Q2-factor was also almost indistinguishable 

over the same OSNR range. This confirmed Brillouin amplifier noise as not the limiting 

factor on the 1.7 dB OSNR penalty for the comb, and is consistent with reports of Brillouin 

amplifiers being capable of matching low noise EDFAs [13], [37]. 

 

Fig. 10. Brillouin amplifier (BA) gain impact on (a) BER, and (b) signal constellations, for 
frequency comb line versus ECL input, after output modulation with 96 Gb/s DP-64-QAM, for 

carrier at 1552.6 nm wavelength, and single line pump at optimum fB. 

5.3 Brillouin amplifier noise 

The above results indicate the performance limit for frequency comb carriers at optimum 

BER is from comb source noise, rather than noise added by the Brillouin amplifier. The 

relative significance is deduced by noting the expected noise contributions as follows. 

Thermal noise within the Brillouin gain bandwidth, B is calculated [38] as 
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   , where h, k and T are Planck’s constant, Boltzmann’s 

constant, and gain medium temperature, respectively. For G = 25 dB and B = 30 MHz, Pase 

= 26 dBm, at 1.93 THz carrier frequency and 298 K. In comparison, the frequency comb 

noise power contained within 
B

 is determined from the optical spectrum in Fig. 2(b) with 

CNR of 14.6 dB/0.03 nm at 1552 nm, corresponding to 36 dB/30 MHz. For the input comb 

line power to the gain medium of 10 dBm, the in-band noise power is therefore 46 dBm. 

After gain of G = 25 dB, the output in-band noise power grows to 21 dBm, giving an 

approximate total comb noise power (from Section 2.1 for RNB = 0.66 with O = 5 GHz, 

and excluding Nsbs contribution) of 19 dBm. This is around five times larger than amplifier 

thermal noise; upholding, as expected, performance at minimum BER is limited by comb 

noise, rather than Brillouin amplifier noise, which was quantified as the weaker contribution. 

5.4 Input power dependence 

The impact of carrier input power to the Brillouin amplifier was also evaluated for the ECL 

by sweeping its power to the SSMF (Pin). The EDFA was kept at a fixed power for applied 

gain of 24 dB at Pin = 0.08 mW, to approximately match the frequency comb input 

conditions. For increasing Pin from 0.8 μW to 2.4 mW (31 to 3.8 dBm), gain decreased from 

43 to 11 dB, while the power at the SSMF output increased from 3 to 15 mW, as plotted in 

Fig. 11(a). Also, the BER improved to a saturated minimum for Pin > 8 μW (21 dBm), as 

plotted in Fig. 11(b). The constellations in Fig. 11(c) revealed amplitude noise at low Pin, 
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evident by the outer points distorting to diagonal ellipsoids from symmetric circles. The 

growing noise is consistent with theory [38], and intensity noise of low frequency has been 

shown to originate from a double scattering process involving the stimulated and thermally 

excited phonon induced gratings [20], [21], and potentially, phase to amplitude noise 

conversion [22], [23]. From this result, the relatively high input power for the comb of 7 

dBm (200 μW) after the BPF, equating to a Pin » 8 μW confirmed it was also not a limiting 

factor for the OSNR penalty in Fig. 8. 

 

Fig. 11. Brillouin amplifier (BA) input power impact on (a) on/off gain and output power, in 

case of low noise ECL carrier source, with single line pump at optimum fB, and (b) BER, 

and (c) signal constellations after modulation with 96 Gb/s DP-64-QAM. 

The 1.7 dB OSNR penalty for the comb was therefore concluded likely from un-

suppressed noise within the limited gain bandwidth, consistent with the CNR improvement 

being near the ceiling limit CNRlim. That is considering pump spectral noise having too 

weak power density to impact Brillouin gain itself. Improvement would therefore require 

even narrower gain bandwidth. An order of magnitude reduction is feasible in principle, by 

adding extra pump lines to superimpose a pair of SBS loss profiles with the gain [39], and 

also using the polarization pulling effect of the pump [40]. 

The independence of BER results to longer oscilloscope recording length was confirmed 

by increasing the number of captured sampling points from 2 × 106 to 16 × 106, to extend the 

data capture window to 0.8 ms. Doing so had no impact on the BER curve in 7(b) for varying 

input power to the Brillouin amplifier, averaged for multiple DSP output for 2-5 different 

recordings, confirming its insensitivity over the entire input power range. 

5.5 Pump frequency dependence 

While the Brillouin amplifier shows negligible noise at optimum fB, the noise grows 

sharply for amplifying carriers at frequency detuned from the gain peak [38]. This was tested 

for both frequency comb and ECL input by tuning the frequency of electro-optic modulation 

around the optimized fB, in the case of a peak on/off gain of 23~24 dB for a single line 

pump. The comparison after 64-QAM modulation in Fig. 12(a) shows similar sharp 

degradation in BER for both, with frequency detuning from 11 to 10 MHz from fB, to the 

point where gain has dropped by 1.5 dB from its peak in Fig. 12(b). With further detuning, 

the BER was unmeasurable. The constellations for both the input comb line and ECL carriers 
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in Fig. 12(c) reveal similar amplitude noise as described above. The growing noise for 

frequency detuning is predicted by theory [38]. 

 

Fig. 12. Impact of Brillouin amplifier pump frequency detuning from optimum fB for peak 

gain on (a) BER, (b) gain, and (c) signal constellations after output modulation with 96 Gb/s 
DP-64-QAM, for frequency comb line or ECL input at 1552.6 nm wavelength, and similar 

gain of 23-24 dB from single line pump. 

Pump frequency detuning explains the BER degradation in Fig. 7(c) for outer frequency 

comb lines with the 40 line pump. This follows from the pump frequency shift being fixed at 

10.846 GHz for all comb lines, as optimum fB for the near center comb line at 1552.6 nm 

(193081 GHz). However, fB varies linearly with wavelength according to Eq. (1), and for 

the 4.46 km SSMF, fB was measured to increase linearly from 10.759 GHz at 1535.1 nm, to 

11.008 GHz at 1564.9 nm, giving a change rate with respect to carrier frequency of 0.05712 

MHz/GHz. This equates to an offset detuning error of 11.4 MHz from fB for the edge 

comb lines at 200 GHz offset, which is consistent with the observed frequency detuning range 

in Fig. 12(a). The BER degradation due to pump frequency skew from fB sets the 

bandwidth limit for low noise Brillouin amplification in this case to <3 nm for frequency 

shifting with a single modulator. Amplifying more comb lines over a larger bandwidth would 

therefore require modifications such as multiplexing with multiple modulators. 

7. Summary 

In summary, the benefit of Brillouin gain for improving the carrier to noise ratio of optical 

frequency comb lines to produce higher quality carriers suitable for 64-QAM signals was 

shown, enabled by the extreme narrow bandwidth suppressing out of band noise. 

Measurements confirmed largely reduced signal distortion with improved bit error rate to 

below the FEC limit after modulation with 96 Gb/s DP-64-QAM for spectral line carriers 

from a C-band spanning frequency comb, enabled by >20 dB gain of 30 MHz bandwidth. 

This was achieved with the optical pump for amplification seeded from the noisy comb line 

itself, greatly simplifying the set-up, without compromising performance. Optimum 

performance showed small OSNR penalty of 1.7 dB at the FEC limit BER compared to using 

a high quality ECL carrier, with minor noise impact from Brillouin amplification. The noise 

tolerance to wide ranging input power for spectral lines from a C-band spanning comb was 

shown. Simultaneous amplification of multiple comb lines was also demonstrated, improving 

the BER to below the FEC limit for 38 lines, enabled by a multi-line pump with pre-

dispersion to suppress unwanted spectral distortion. The results demonstrate the advantage of 
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Brillouin amplification for phase sensitive communications in improving optical frequency 

comb sources to produce higher quality carriers suited for advanced data formats. 
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