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Abstract - We investigate the impact of optical
carrier frequency jitter on digital signal process-
ing algorithms for coherent optical systems with
high-order modulation formats. The jitter signal
is modeled as a sinusoidal waveform and added
to the optical carrier signal phase. Performance
curves for QPSK, 16QAM and 64QAM are pre-
sented and OSNR penalties for a Pre-FEC limit of
BER=2.4×10−2 are obtained.
Keywords: Carrier frequency jitter, Coherent op-
tical systems, Digital signal processing algorithms.

1 Introduction

Coherent detection enabled important benefits to
high-speed optical communication systems. First,
the implementation of high-order modulation for-
mats strongly improves spectral efficiency. Second,
the compensation of linear effects such as chro-
matic dispersion (CD) and polarization mode dis-
persion (PMD) simplifies the system operation and
reduces capital and operational expenditures. The
removal of CD compensating modules reduces the
link insertion loss and improves the optical signal
to noise ratio (OSNR) at the receiver side.

The performance of coherent optical systems
may be severely impaired by transceiver imperfec-
tions, which have to be compensated by digital sig-
nal processing (DSP). Carrier phase and frequency
effects are the most representative of these impair-
ments. Carrier phase noise appears because of the
non-monochromatic nature of the employed lasers,
and carrier frequency offset is generated by differ-
ences in the operating frequencies of transmitter
and local oscillator lasers. This frequency offset
varies over time, as a result of inevitable mechani-
cal vibrations that modify the laser oscillation fre-
quency, a phenomenon known as carrier frequency
jitter (CFJ). CFJ can significantly degrade the sys-
tem performance, as demonstrated in [1].

CFJ has been evaluated in several previous pub-
lications [1–5], however, its impact on certain high-
order modulation formats, e.g. 64 quadrature am-
plitude modulation (64QAM), has not been deter-

mined. Although the problem of carrier frequency
recovery can be modeled analytically in certain
conditions, its performance in practical systems
depends strongly on the deployed signal process-
ing algorithms. Therefore, this paper evaluates the
impact of CFJ on system performance considering
typical frequency and phase recovery algorithms.
In particular, we investigate the following oper-
ating conditions: QPSK at 32 GBd (100 Gb/s),
16QAM at 32 GBd (200 Gb/s), 64QAM at 43 GBd
(400 Gb/s) and 64 GBd (600 Gb/s). The system
performance is assessed in terms of the optical sig-
nal to noise ratio (OSNR) required to achieve a
BER=2.4×10−2.

2 System Setup

In an intradyne coherent receiver, a frequency off-
set ∆f is generated as a consequence of the dif-
ference between the operating frequencies of the
transmitter and local oscillator lasers. This phe-
nomenon needs to be properly controlled, since it
is another source of perturbation on the received
symbol phases [6, 7].

The phase deviation caused by a frequency off-
set changes slowly over time, being almost constant
between adjacent symbols. Thus, the received sig-
nal in presence of phase noise and frequency offset
is given by:

rk = ske
j(θk+k∆Φ) + wk, (1)

where sk is the transmitted signal, θk is the phase
noise and wk is the additive white Gaussian noise
(AWGN) generated in optical amplifiers. ∆Φ is
the phase offset induced by the frequency offset
∆f , between instants k and k + 1:

∆Φ = 2π∆fTsa, (2)

in which Tsa is the time between samples.
In practice, ∆f varies over time. References [8,

9] present a complete characterization of different
types of digital jitter. In this work, ∆f is modeled



as sinusoidal process [10]:

∆f (t) = ∆F1 +
∆A

2
sin(2πft), (3)

where ∆F1 is the average frequency offset between
the two lasers and ∆A and f the peak-to-peak
amplitude and the frequency variation of the
sinusoidal jitter, respectively [5]. Frequency
offsets are usually compensated by digital carrier
recovery using non-data-aided techniques, such as
the Mth-power algorithm [11].

In addition to CFJ, the non-monochromatic na-
ture of lasers generates phase noise, rotating the
received constellations. Phase noise can be mod-
eled as a Wiener process, where the phase differ-
ence between consecutive symbols is a Gaussian
random variable [12]. In this way, the phase shift
θk experienced by the kth symbol is given by [13]:

θk = θk−1 + ∆k =
k−1∑
m=0

∆m, (4)

where ∆k and ∆m are zero mean Gaussian-
distributed random variables. Their variance σ2

∆

is given by:
σ2

∆ = 2π∆νTsa, (5)

where ∆ν is the sum of the transmitter laser and
local oscillator laser linewidths, and Tsa is the
time between samples. Carrier phase recovery
for higher-order QAM signals is commonly car-
ried out by the Blind Phase Search (BPS) algo-
rithm [13–15].

3 Simulation Setup

We investigated the four representative operating
conditions depicted in Table 1. Additive and phase
noise have been considered in all simulations.

Table 1 – Investigated Scenarios

Modulation Format Symbol Rate
(GBd)

Frequency Recovery
Algorithm

Phase Recovery
Algorithm

QPSK 32
Mth-power in

frequency domain

BPS
With
N=100
I=30

16QAM 32

64QAM 43
64

Transmitter and local oscillator carrier signals
have been simulated according to:

Stxk = Aej{[2π(
∆A
2
sin(2πfAkTsa))]kTsa+θtxk }, (6)

SLOk = Aej{[2π(∆F1+
∆A
2
sin(2πfAkTsa+φ))]kTsa+θLO

k },
(7)

where θk is the Wiener-distributed phase noise cor-
responding to a linewidth of 100 kHz, ∆F1 is the
frequency offset, set to 1 GHz, and φ is the phase
shift between transmitter and local oscillator jit-
ters, set to π as a worst-case condition. Parameters
∆A and fA are the CFJ amplitude and frequency.
Both values were configured in agreement with Ta-
ble 2, which contains representative values used by
component manufacturers.

Table 2 – Parameter setup for CFJ

Index Peak-to-
Peak [MHz]

Frequency
[kHz]

1 70,71 0,00001
2 40 0,01
3 22,36 10
4 22,36 100
5 22,36 35
6 100 35
7 70,71 35
8 70,71 23
9 70,71 12
10 70,71 70
11 200 35

4 Results

Fig. 1 shows the performance achieved by the four
simulated operating conditions. There are twelve
curves in each figure: the black solid curve indi-
cates the theoretical performance, while the others
correspond to the CFJ scenarios presented in Ta-
ble 2. The brown vertical dashed line indicates the
theoretical OSNR required for the Pre-FEC BER
limit of 2.4 ·10−2, while the purple one corresponds
to the maximum acceptable required OSNR sug-
gested by manufacturers [16]. OSNR penalty val-
ues are calculated with respect to the Pre-FEC
BER of 2.4·10−2 subtracting the theoretical OSNR
to the simulated OSNR at this point for each curve.

Fig. 1(a) shows the results for QPSK modu-
lation at 32 GBd. Three of the eleven cases ex-
hibit OSNR penalties exceeding the OSNR limit
threshold. These cases correspond to CFJ con-
figurations with a large peak-to-peak amplitude,
a high oscillation frequency, and both conditions.
It is interesting to observe that a low frequency
can compensate a large peak-to-peak amplitude.
This is the case of a CFJ with 100 MHz ampli-
tude and 35-kHz frequency. Unlike, a high CFJ
frequency cannot be easily compensated by a low
amplitude, as evidenced in the curve of 22.36-MHz
amplitude and 100-kHz frequency. The simulated
performance was very similar for the remaining
eight cases, with penalties ranging between 0.48
and 0.73 dB.
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(a) QPSK at 32 GBd
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(b) 16QAM at 32 GBd

OSNR [dB]

21 22 23 24 25 26 27 28 29 30

B
E

R

10-6

10-5

10-4

10-3

10-2

10-1

100

FEC Limit @ 2.4e-2

Theoretical

[70,711-MHz pp; 1e-5 kHz]

[40-MHz pp; 1e-2 kHz]

[22,361-MHz pp; 10 kHz]

[22,361-MHz pp; 100 kHz]

[22,361-MHz pp; 35 kHz]

[100-MHz pp; 35 kHz]

[70,711-MHz pp; 35 kHz]

[70,711-MHz pp; 23 kHz]

[70,711-MHz pp; 12 kHz]

[70,711-MHz pp; 70 kHz]

[200-MHz pp; 35 kHz]

(c) 64QAM at 43 GBd
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(d) 64QAM at 64 GBd

Figure 1 – System performance with noise loading for the four simulated scenarios

A similar behavior was observed for 16QAM
modulation at 32 GBd, and the minimum required
performance was not achieved for the same three
cases. For the other eight cases, although the
performance degraded with respect to QPSK, the
curves still attained the Pre-FEC limit in the al-
lowed region, with penalties in the range between
0.54 to 2.24 dB.

Increasing the symbol rate and the modulation
order severely degraded the system performance,
as it can be observed in Figs. 1(c) and 1(d). Al-
though an increase in symbol rate alleviates phase
distortions because of shorter sampling times, rais-
ing the order of the modulation format degrades
the system performance due to a small Euclidean
distance between constellation points. For 64QAM
at 43 GBd, only four of the eleven simulated sce-
narios achieved the recommended OSNRs. As ex-
pected, 64QAM at 64 GBd is less susceptible to

CFJ, and eight cases exhibited satisfactory perfor-
mance.

Table 3 summarizes the OSNR penalties ob-
tained for each case. The hyphen indicates sce-
narios for which the BER limit was not achieved,
while the cells in red indicate the cases where the
OSNR penalties remained outside the region de-
termined by the vertical bars.

As expected, the CFJ impact is more prominent
for high-order modulation formats, which inher-
ently have a smaller phase noise tolerance due to
the lower spacing between adjacent constellation
points. On the other hand, for the same mod-
ulation format, the higher symbol rate improved
the system robustness against phase noise, due to
the proportional relation between phase offset and
symbol period. It is interesting to observe that
cases 4 and 10, which exhibit the highest CFJ fre-
quency (100 and 70 kHz, respectively), could not
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Table 3 – OSNR penalties

CFJ PENALTY [dB] AT BER=2.4e-2

Index QPSK 16QAM 64QAM
at 43GBd

64QAM
at 64GBd

1 0,4834 0,5628 1,4369 2,8190
2 0,4936 0,5425 2,0158 2,4080
3 0,4841 0,5766 1,8852 2,4840
4 - - - 4,1230
5 0,4967 0,6721 1,9538 2,5760
6 0,7682 2,2471 - -
7 0,6771 1,5594 - 6,4320
8 0,6627 1,5180 - 4,3710
9 0,7357 1,9536 4,1816 2,8110
10 - - - 4,0240
11 - - - -

be recovered with a QPSK constellation at 32 GBd,
but were recovered with a 64QAM constellation at
64 GBd. However, case 6, which has the high-
est CFJ amplitude (100 MHz), was recovered for
QPSK at 32 GBd, but not for 64QAM at 64 GBd.
This indicates an improved robustness against CFJ
frequency in higher rates and modulation orders,
but some susceptibility to the CFJ amplitude.

Conclusions

In this paper we investigated the system im-
pact of CFJ modeled as a sinusoidal perturba-
tion. We evaluated OSNR penalties with respect
to a pre-FEC BER=2.4×10−2 for four represen-
tative transmission transmission operating condi-
tions and eleven CFJ levels. Increasing the bit rate
of optical transceivers can be accomplished by rais-
ing the symbol rate, or the order of the modulation
format. While raising the symbol rate strongly im-
proves robustness against the CFJ frequency rate,
increasing the order of the modulation format can
lead to a higher vulnerability to CFJ amplitude
variation.
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