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Abstract Recent research progress on GAWBS noise in single- and multi-core fibers is presented 
including an analysis of the phase noise spectrum in various optical fibers, the influence of noise on 
digital coherent transmission, and the noise correlation between cores in four-core fiber. ©2022 The 
Author(s) 

Introduction 
Digital coherent optical transmission with high 
QAM multiplicity is expected to realize a large 
transmission capacity with a high spectral 
efficiency. As the multiplicity increases, the 
requirements as regards the allowable phase 
noise become more severe, and therefore, their 
precise compensation becomes critical. Recently, 
guided acoustic wave Brillouin scattering 
(GAWBS) [1-2] has received attention as a new 
mechanism of signal impairment in digital 
coherent transmissions [3-13]. 

This paper presents recent research progress 
on GAWBS noise in digital coherent transmission. 
By using three types of single-core fibers (SCFs), 
it is shown that the GAWBS noise depends 
strongly on the effective core area Aeff. The 
difference between the GAWBS noise spectra of 
a multi-core fiber (MCF) and an SCF is also 
presented in detail including the noise correlation 
between cores. 

GAWBS phase noise in SCF 
It is well-known that the GAWBS generated in an 
SCF has two types of resonance modes, i.e., R0,m 
modes vibrating only in the radial direction and 
TRn,m modes vibrating in both the radial and 
torsional directions. Here, the subscripts n and m 
represent the order of oscillation in the torsional 
and radial directions, respectively. The R0,m 
modes change the refractive index and cause 
phase noise in the optical signal, while the TRn,m 
modes change the refractive index along the 
azimuthal direction and cause not only phase 
noise but also depolarization due to birefringence. 
We have evaluated the influence of GAWBS-
induced phase noise and depolarization noise on 
QAM transmission and clarified that the influence 
of the former is greater than that of the latter [8, 
9]. Therefore, we focus on the GAWBS phase 
noise here.  

The GAWBS phase shift n,m is obtained by 
employing the overlap integral between the 
refractive index change nn,m(r,) induced by the 
R0,m or TRn,m mode and the optical mode field 
profile E(r,) [1], which is given by 
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Here, k is a propagation constant, l is the fiber 
length, a is the fiber radius, and E is approximated 
as a Gaussian profile with a mode field diameter 
𝑤 ൌ ඥAୣ 𝜋⁄ . In ref. [8], we calculated the 
GAWBS phase noise in three types of SCFs, 
namely, ULAF, SSMF, and DSF with Aeff values 
of 153, 80, and 45 µm2, respectively. 

Figure 1 shows the mode profile of the optical 
fields E(r) (blue curve) of ULAF and DSF, and the 
refractive index change n0,m(r) (red curve) 
induced by the R0,5, and R0,7 modes. These 
figures show that a high-order R0,m mode 
provides a better match with the optical field of a 
smaller Aeff fiber. 

 
Fig. 1: Comparison of optical field distributions (ULAF and 
DSF) and refractive index change distributions of R0,5, and 
R0,7 modes. 

 
Figure 2 shows the GAWBS phase noise 

spectra that we measured in 160 km ULAF, 160 
km SSMF, and 150 km DSF transmission lines. 
Here, the calculated results for the R0,m modes 
are also plotted [8]. The frequency and power of 
the measured GAWBS noise, which corresponds 
to each R0m mode, agree well with the calculated 
results. The ratios of the integrated power of the 
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phase noise components of each fiber were 
ULAF:SSMF:DSF = 1:1.64:2.30. These results 
indicate that a smaller Aeff results in more efficient 
GAWBS generation. Therefore, using a large Aeff 
fiber is effective in reducing the GAWBS noise in 
a digital coherent transmission. 

 
Fig. 2: GAWBS phase noise spectra in SCF. (a) 160 km ULAF, 
(b) 160 km SSMF, and (c) 150 km DSF. The calculated results 
for the R0,m modes are also plotted. 

GAWBS phase noise in MCF 
The GAWBS noise in an MCF with off-center 
cores has a feature that is quite different from 
those in SCF since the noise power strongly 
depends on the optical mode field profile as 
shown in eq. (1). Figures 3(a)-(e) show the 
profiles of the refractive index changes caused by 
the R0,1, TR1,2, TR2,3, TR3,4, and TR4,4 modes, 
respectively. The blue and red circles indicate the 
core positions in SCF and 4CF, respectively.  

In SCF, since the mode field is located in the 
center of the fiber and has a symmetric profile, 
the overlap integral with n0,m (R0,m mode) or n2,m 
(TR2,m mode), which is symmetric with a peak at 
the center, has a large value as shown in Fig. 2. 
The overlap integral between E(r) and n1,m or 
n3,m becomes zero as the TR modes with odd 
orders have anti-symmetric profiles. In addition, a 
refractive index change induced by even-ordered 
TR modes with n  4 becomes zero at r = 0.  

In 4CF, in contrast, the mode field is located 
off-center as shown by the red circles in Fig. 3. 
This asymmetry reduces the overlap integrals 
with n0,m and n2,m. On the other hand, the 
overlap integral between E(r) and the odd TR 
modes, such as n1,m or n3,m, is no longer zero, 
and the phase shift caused by the odd modes 
cannot be ignored. In addition, TR modes higher 
than 4th order also induce a phase shift in MCF. 

 
Fig. 3:  Refractive-index changes induced by (a) R0,1, (b) TR1,2, 

(c) TR2,3, (d) TR3,4, and (e) TR4,4 modes. 
 

Figure 4 shows the GAWBS phase noise 
spectrum measured in a 36 km 4CF [10], where 
the calculated results for the R0,m to TR8,m modes 
are also plotted. It is clearly seen that a larger 
number of GAWBS components caused by high 
order TRn,m modes are newly generated in 4CF, 
resulting in a continuous spectrum. We found that 
the total phase noise magnitude, which can be 
obtained by integrating the power spectrum, was 
almost the same as that in SSMF [10]. This result 
indicates that the influence of GAWBS in 4CF is 
comparable to that in SSMF. 

 
Fig. 4: GAWBS phase noise spectrum in a 36 km 4CF. The 
calculated results for the R0,m to TR8,m modes are also plotted. 

GAWBS limitation in QAM transmission 
Here, we describe the influence of the GAWBS 
phase noise on BER performance in a multi-level 
coherent QAM transmission with the 4CF. With 
SCF, we have already shown that the GAWBS 
phase noise GAWBS has a Gaussian distribution 
with the form [8] 
 ( , ) ( ) ( ).GAWBS G rz t z f t    (2)

Here, fr(t) is a random variable following a 
Gaussian distribution with a zero mean and a 
variance of 1, and G(z) is the fluctuation of the 
GAWBS phase noise as a function of the 
transmission distance. According to ref. [8], 

G(z) 
can be expressed by S x z, where the slope S is 
8.8 x 10-7 for SSMF. Since the phase noise 
fluctuation in MCF seems to be similar to that in 

-90

-85

-80

-75

-70

-65

-60

0 200 400 600 800 1000

P
o

w
e

r 
[d

B
m

]

Offset frequency [MHz]

-90

-85

-80

-75

-70

-65

-60

0 200 400 600 800 1000

P
o

w
e

r 
[d

B
m

]

Offset frequency [MHz]

-90

-85

-80

-75

-70

-65

-60

0 200 400 600 800 1000

P
o

w
e

r 
[d

B
m

]

Offset frequency [MHz]

(a) (b)

(c)

Measurement Result R0,m
TR1,m TR2,m
TR3,m TR4,m
TR5,m TR6,m
TR7,m TR8,m

Frequency [MHz]

P
o

w
er

  [
d

B
m

]

0 100 200 300 400 500 600 700 800

-70

-75

-80

-85

-90

-95

-100

We1C.1 European Conference on Optical Communication (ECOC) 2022 © 
Optica Publishing Group 2022

Disclaimer: Preliminary paper, subject to publisher revision



SSMF because the noise power level is the same, 
the noise influence was calculated by using the S 
value in SSMF. Figure 5 shows the BERs of 64, 
256, and 1024 QAM signals impaired by the 
GAWBS phase noise GAWBS, where the error 
was counted for a random data sequence with 
108 symbols in eq. (2). The maximum 
transmission distance with a BER of 1 x 10-2 was 
limited to 9000, 2600, and 720 km, respectively, 
for 64, 256, and 1024 QAM transmissions. This 
result indicates the apparent difficulty of realizing 
a transoceanic-class QAM transmission with a 
QAM multiplicity of higher than 64 even without 
other impairments. 

 
Fig. 5: Numerical analysis of the influence of GAWBS phase 
noise on BER performance in a multi-level QAM transmission 
with 4CF. 

GAWBS phase noise correlation in MCF 
Finally, we describe the GAWBS phase noise 

correlation between cores in the 4CF [14]. When 
the correlation is strong, the GAWBS phase noise 
information, which is detected through one core, 
may be applied to the phase noise compensation 
of other cores. For an R0,m mode, such as the R0,1 
mode as shown in Fig. 3(a), the refractive-index 
changes of all the cores have the same sign 
because there are no torsional resonance modes. 
As a result, there is an in-phase correlation 
between all the cores. However, the profile of the 
TRn,m mode has a torsional dependence given by 
cos(nθ) and sin(nθ) [1, 2]. For an odd-numbered 
order n, such as the TR1,2 and TR3,4 modes 
shown in Figs. 3(b) and 3(d), respectively, there 
is no correlation between adjacent cores, while 
there is an out-of-phase correlation between 
crossed cores because the signs of the refractive 
index change are opposite. For an even-
numbered order n except for a multiple of 4, such 
as the TR2,3 mode shown in Fig. 3(c), there is an 
out-of-phase correlation between adjacent cores, 
but there is an in-phase correlation between 
crossed cores. When n is a multiple of 4, such as 
the TR4,4 mode shown in Fig. 3(e), there is an in-
phase correlation between all the cores. As a 
result, 4CF has various degrees of correlation 
depending on the order n. 

We calculated the GAWBS phase noise for 

each core by using eq. (1) and evaluated the 
correlation C between them by using the following 
equation. 

22
 .i j i jC                        (3) 

Here, i and j are GAWBS phase noises in 
cores #i and #j, respectively. Figure 6(a) shows 
the calculated correlation coefficients between 
adjacent cores, where the order n dependence of 
the correlation can be clearly seen. The 
measured GAWBS phase noise correlation 
between adjacent cores is shown in Fig. 6(b). We 
employed heterodyne detection to evaluate the 
correlation of the GAWBS phase noise generated 
in different cores [14]. The black horizontal line 
shows the -3 dB level, which corresponds to the 
power level obtained when uncorrelated noises 
are added incoherently in the heterodyne 
detection. The regions higher and lower than this 
black horizontal line correspond to the in-phase 
and out-of-phase correlations, respectively. We 
see that the calculated and measured results are 
in good agreement. The same results are 
obtained for the correlation between crossed 
cores [14]. These results indicate that the 
correlation between cores strongly depends on 
the order n and the core position. Namely, the 
GAWBS phase noise induced in one core differs 
greatly from that induced in another core. 
Therefore, it is necessary to detect the GAWBS 
phase noise with a pilot tone in each core 
independently when employing a reverse phase 
modulation technique for GAWBS phase noise 
compensation [3] 

 
Fig. 6: GAWBS phase noise correlation between adjacent 
cores in 4CF. (a) Calculated and (b) measured results. 

Conclusions 
We presented recent research progress on the 
GAWBS noise in SCF and MCF. GAWBS noise 
compensation will play an important role in 
transoceanic-class digital coherent transmission 
when the signal multiplicity exceeds 64 QAM. 
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