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Abstract: The optical signal propagation used in satellite uplinks and downlinks is influenced by
absorption, scattering, and changes in the atmospheric refractive index or turbulence, causing optical
signal attenuation. A free space optics (FSO) communications system using coherent communication
can improve the link sensitivity and reach higher distances. This article proposes a new architecture
for the phase detector in an all-digital optical phase-locked loop (OPLL) for coherent optical detection.
Firstly, the performance of the proposed phase detector is evaluated under Gaussian noise, where
the best operation point is found for the OPLL working with two sample rates: 625 MSa/s and
10 GSa/s. The system analyses also take a non-negligible delay into account. Then, it will be
evaluated and compared with an OPLL using an analog phase detector in the presence of atmospheric
turbulence. Finally, in three different atmospheric turbulence conditions, the effect of wind speed on
communication quality is investigated through the obtained bit error rate (BER) from the recovered
data for a bit rate of 20 Gbps. The results show that the proposed digital phase detector can track a
signal under longer feedback loop delays and fading signals.

Keywords: atmospheric turbulence; coherent detection; optical digital phase-locked loop

1. Introduction

Due to the enormous increase in data traffic, multimedia service demands, and radio-
frequency (RF) spectrum congestion, FSO has recently emerged as a promising communica-
tions technology [1]. As a result, switching to optical carriers has appeared as a solution to
comply with the current and future demands. Furthermore, FSO has numerous advantages
over RF communications, including large modulation bandwidth, narrow beam divergence,
high security, high directivity, and no licensing requirement. However, optical signal prop-
agation is impacted by absorption, scattering, and changes in the atmospheric refractive
index or turbulence, which causes optical signal attenuation and degrades link quality [2].

Coherent optical communication is advantageous for long-distance FSO, such as
satellite-to-ground links, as shown in Figure 1. It can achieve higher-order modulation
formats, and better signal sensitivity [3]. Although coherent detection is widely used
in fiber-optic networks, its use in satellite links is still in the research stage. For FSO
communication, the two techniques used to recover the data in a coherent optical system
are optical phase-locked loop (OPLL) and digital signal processing (DSP). OPLL is typically
used in inter-satellite communication, while satellite-to-ground links can use adaptive
optics (AO) in combination with DSP techniques [4].
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Figure 1. Power level diagram for the FSO downlink. Gt and Gg are the transmitter and receiver
telescope gains, respectively, and EIRP stands for Effective Isotropic Radiated Power. The aggy is the
attenuation caused by atmospheric turbulence.

For example, an FSO using BPSK modulation was demonstrated over a range of
10.45 km to emulate the atmospheric channel conditions for a geostationary feeder link
and achieved a bit rate of 30 Gbps [5]. A digital synchronization system was evaluated
inside a DSP, where a digital PLL and two open-loop techniques were analyzed [6]. Both
systems were evaluated considering the effects of atmospheric turbulence and using the
AO correction system.

Regarding the OPLL technique for FSO, an optical injection phase-locked loop (OIPLL)
was demonstrated where a pilot carrier was transmitted to synchronize with the local
oscillator [7]. The OIPLL was evaluated over the fiber optic transmission channel, and
the atmospheric turbulence effects were not considered. For an inter-satellite link, an
OPLL for a bit rate of 1 Gbps was demonstrated where a sensitivity of —59.2 dBm was
achieved for a BER below 1 x 1073 [8]. The analog OPLLs’ structure is fixed to a specific
modulation format due to the phase detector. Hence, the complexity of the OPLL phase
detector increases with the modulation order. In addition, the loop time constants are fixed
due to the components used, such as resistors and capacitors.

Therefore, the use of DSP and OPLLs appears in different scenarios and applications,
each with advantages and disadvantages. As a result, using OPLL and DSP techniques
such as real-time data recovery and parameter reconfiguration flexibility, a fully digital
OPLL to demodulate a digitally modulated optical signal is proposed. In this way, an
all-digital OPLL will be evaluated using the DSP technique for the phase detector to handle
a fading signal. This signal results from the effects of atmospheric turbulence of an optical
signal propagating a low Earth orbit (LEO) slant path shown in Figure 1. The system will
be evaluated under three scenarios of atmospheric turbulence and several wind speed
values, aided by simulations using VPIphotonics in a co-simulation technique. Hence, we
extended our previous work, explaining the project decisions from OPLL behavior, the
proposed hybrid approach, and the modification in the phase estimator used in DSPs [9].
Additionally, the OPLL is now analyzed using two sample rates: 625 MSa/s and 10 GSa/s.

2. Coherent Optical Receiver
2.1. LEO Slant Path

A general overview of the implemented system is shown in Figure 1. It shows a
satellite downlink and its power level diagram considering the propagation of an optical
signal digitally modulated with quadrature phase-shift keying (QPSK) and a bit rate of
20 Gbps. In addition, an optical band-pass filter (OBPF) filters the unwanted side lobes of
the modulated optical signal, thereby reducing the transmitted bandwidth. The filtered
optical signal is then amplified by an erbium-doped fiber amplifier (EDFA) to reach an



Photonics 2023, 10, 1312

30f16

optical power of 30 dBm. Finally, the amplified pass through a telescope with a diameter
D7 = 12.5 cm having a gain of approximately Gt = 108 dB and optics efficiency y1 = 0.7.
Subsequently, the optical signal propagating through a slanted path of an LEO satellite,
with a minimum elevation of 20° and an altitude of 700 km, is considered.

The transmitted optical signal is recovered in the optical ground station (OGS), where
the telescope has a diameter of Dg = 100 cm, having a gain of approximately Gg = 126 dB,
and an optics efficiency of #g = 0.65. The received optical power after the propagation
through the slant path, the telescope gains, and the transmission loss can be found in the
link budget calculation [4,10,11]. Considering additional losses of 9 dB, such as coupling
loss, the recovered optical signal has an optical power of approximately —16 dBm. The
optical signal will be more attenuated according to the effects of the atmospheric turbulence
agcintl, indicated in the power level diagram.

The OGS employs a coherent optical detector to retrieve the transmitted data. The
coherent detector has a photodetector with a responsivity of R = 0.04 A/W, which gives a
margin of 4 dB over the required input power. Consequently, the signal-to-noise ratio SNR
can be determined by the following expression [12]:

RP;

SNR =
qRs

M

where R is the photodetector responsivity, P; is the received optical power, g is the electron
charge (1.602 x 10719 C), and Ry is the symbol rate. For QPSK modulation, the symbol-error
rate (SER) is approximately denoted as [13]:

1 /SNR
SER = Eerfc ( 2) ()

The above equation is approximately equal to the BER when the transmitted symbols
are encoded with Gray code. Therefore, the modulation schemes used in this study will
be encoded with the Gray code, where the above relations will be used to determine the
theoretical BER curve.

2.2. Turbulence Model

The Earth’s atmosphere affects the performance of an optical communication link
between an LEO satellite and an OGS. The three main processes that affect optical signal
propagation are absorption, scattering, and fluctuations in the atmospheric refractive index
or turbulence [2]. Absorption and scattering are caused by the molecules and particles that
make up the atmosphere, which attenuates the optical signal. In the case of absorption, it
occurs when a photon interacts with molecules in the atmosphere where it is absorbed.

Atmospheric turbulence is a phenomenon that originates in the thermodynamic
exchanges between gases of different temperatures that compose the atmosphere. These
thermodynamic exchanges generate movements of air masses, producing eddies of different
refractive indices that move randomly, thus influencing the propagation of the optical signal.
Due to the non-linear turbulence characteristics, the refractive index structure C2 is the most
important parameter in characterizing the effects of atmospheric turbulence. Furthermore,
this refractive index depends on the geographical location, altitude, atmospheric conditions,
and time of day. Due to these various dynamic parameters of the atmosphere, several
models have been formulated to describe the C2 profile. Among these models, the best
known and most used in the literature is the Hufnagel-Valley model, whose profile is
given by [2]:

Ca(h) = 8.148x107260%,,;h'0exp /1000 1 2 710~ oexp /1500 4 Cpexp /100 m~2/3 €)

where £ is the height above ground level (m), Cp is the nominal value of C2 at ground
level (m_z/ 3), and 0,5 is the wind speed along the vertical path (m/s). In the simulations,
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the nominal value of C2(0) at ground level will be considered with three different values
of 1 x 1073 m=2/3,5 x 107¥ m~2/3,and 1 x 107> m~2/3, corresponding, respectively,
to strong, moderate and weak turbulence. The International Telecommunication Union
ITU-RP.1621-1 recommendation is used to calculate the corresponding ground wind speed
through the Bufton wind model from the expression:

s = \/z% + 33110, + 360.31 €Y

where v, is the ground wind speed. The simulated wind speeds v, correspond to ground
wind speeds ranging from zero to 43 m/s (zero to 154.8 km/h). By selecting this range of
wind speeds, it is possible to simulate the optical link under various weather conditions
(zero m/s during a calm summer day, 154 km/h during a storm). For different wind speed
values, the C2(h) profile is modified only for an altitude between 5000 m and 20,000 m
according to the Bufton model as shown in Figure 2. It's important to note that weak and
strong turbulence exhibit the same behavior.

Moderate turbulence
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Figure 2. C2 profile according to altitude for moderate turbulence and several wind speed values.
The same behavior is obtained for weak and strong turbulence, changing only the C%(O) value.

The fluctuations in the refractive index in the atmosphere result in light scattering
and variations in irradiance within the beam cross-section. Consequently, the optical
wave will experience random power fading, resulting in a loss of signal-to-noise ratio.
The scintillation index ¢? defines the variations in the received optical power due to the
scintillation. It is described as the normalized irradiance, or the received power, of the
optical signal as:

(P =1
I

o Ty
where I (W/m?) denotes the irradiance of the optical signal. In other words, scintillation
can cause power losses at the receiver and, eventually, fade the received signal, increasing
the system’s BER. Therefore, a mathematical description of the probability density func-
tion (PDF) of a randomly fading intensity signal can be used to determine the reliability
of the FSO system in such an environment [2,14]. Therefore, several statistical models

Q)
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for simulating the PDF of received power fluctuations have been proposed for different
turbulent regimes.

This study will use the Log-Normal and Gamma-Gamma distributions among the
various models to determine the PDF of the irradiance. The Log-Normal distribution model
is valid only for weak and moderate turbulence regimes and is given by [2]:

I\  1,\?
1 (o(3) 2)

p(I) =

= , I>0 (6)
2
I 27“71

where Iy is the irradiance in the absence of turbulence. For strong turbulent regimes,
the Log-Normal PDF deviates from the experimental data. Thus, the Gamma-Gamma
distribution is used for moderate to strong turbulence regimes. Therefore, the PDF of the
optical signal scattered by the atmospheric turbulence can be represented as:

2B)(@+B)/2
pity = 28BN D st o), (1> 0) %

where Kj, is the modified Bessel function of the second kind and order b. The « and B are
the effective turbulence parameters related to the large-scale and small-scale scintillation of
the optical wave. The expressions defining each parameter and their relation according to
the FSO satellite link can be found in [2] (Chapter 12).

Thus, based on the previous definitions regarding scintillation, the modulated op-
tical signal is calculated according to the realization of random fluctuations with PDF
defined by the Gamma-Gamma function or Log-Normal distribution of the VPIphotonics
turbulence model.

2.3. All-Digital OPLL Description

Figure 3 illustrates the block diagram of the implemented coherent optical receiver
used in the OGS of Figure 1. In the coherent receiver, the trans-impedance amplifier (TIA)
is used for loss compensation. In addition, a different approach is used to implement
the local oscillator LO, known as an optical voltage-controlled oscillator (OVCO), for fine-
tuning the optical signal [15]. It consists of a system formed by the laser, the dual-parallel
Mach-Zehnder modulator (DPMZM), the 90° RF hybrid, and the electrical VCO. Due to
the RF signals in quadrature, generating a single-side sub-carrier modulation is possible,
thereby removing a stronger sub-carrier. The interface between a continuous-time system
and a discrete-time is provided by an analog-to-digital converter (ADC), and the reverse
conversion is performed by a digital-to-analog converter (DAC). The first-order active filter
transfer function is a basis for the OPLL loop filter (LF). The combination with the VCO
transfer function, an integrator, results in a second-order system. The LF transfer function
is given by:

K

F(z) =K
(2) H—l—z*l

®)

where Kj, and K; are the loop filter gains, and z~! is a symbol for a one-sample time
delay in the z-domain. They can be found using the bilinear transformation, or Tustin’s
Rule, in the discrete-time system theory [16]. A signal-to-noise ratio (SNR) estimator
was also implemented to determine noise variations on the demodulated signal and
the OPLL. The second and fourth-order moments estimator, M2M4, is the basis of the
SNR algorithm [17].
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Figure 3. Block diagram of the implemented all-digital OPLL. The laser, the dual-parallel Mach-
Zehnder modulator (DPMZM), the RF hybrid, and the VCO form an optical voltage-controlled
oscillator (OVCO) shown inside the blue dashed block. The proposed digital discriminator is shown
inside the green dashed block.

The phase detector’s block diagram is shown in Figure 3, inside the green dashed block.
It provides information on phase error from a tracked carrier signal. However, as digital
modulation suppresses the carrier, it has no carrier to be tracked. Therefore, based on the
modulation scheme, a circuit removes the signal’s modulation, resulting in an unmodulated
carrier to track when using an analog phase detector. For the modulation format used in
this study, a circuit multiplied by four should be used to generate an error signal. The block
diagram of this type of circuit used in QPSK modulation is shown in Figure 4.

I(t) :@
7Y
QW é v (1)

Figure 4. QPSK phase discriminator used in analog phase detector. The output error is proportional
to Kp sin 46, where Kp is the phase detector gain and 6 is the error signal [18].

The resulting error signal from the scheme shown in Figure 4 can be written as:

ve(t) = [(1()+Q(D) - (1) = Q(1)] - (1() - Q(1))
CriaR'PEPLo ©

= Kpsin (49,(t)), where Kp = 1

where Gr1y4 is the trans-impedance gain, R is the responsivity, Ps is the modulated signal
power, and P is the power of the LO. These I(t) and Q(f) signals are the output of an
optical coherent detector using a trans-impedance amplifier [18].

In the case of a discrete system, taking the imaginary part (Jm) of the fourth power
(QPSK) of the sample I/Q signals removes the modulation and recovers the phase-error
signal. This operation results in the same gain as a circuit multiplication, where:

Jm|(I(k) +iQ(k)M]
M

Jm[X(k)M] = = Kp sin(M8) (10)



Photonics 2023, 10, 1312

7 of 16

where X(k) = (I(k) +iQ(k)) are the sampled I/Q signals written in a complex notation.
For example, for QPSK, M = 20 — 4, where M represents the modulation order, and b is the
number of bits/symbols. This technique was proposed for a discrete-time decision-directed
loop for OPLL synchronism [19]. Previously, an all-digital OPLL was demonstrated using
a lookup table to implement the fourth power [20]. However, the projected control loop
changes for a system subject to a fading signal since the gain K, is related to the input signal
level Ps. Consequently, the control loop behavior will change, making the OPLL unstable.
Additionally, the phase error signal uses the approximation of sin(f) ~ 6, for small 6.
Therefore, to use the phase error value without approximation, in this study, we propose
a modification of a technique used in DSP systems. Figure 5a shows a block diagram for
phase estimation used in the DSP technique. This method is based on the Viterbi—Viterbi
algorithm, which is commonly used in DSPs for coherent optical systems [21,22].

1/M
© 2 > O
()] = A~
£ g Y, £8 O(k)
X35 g C g § el e
=z 3 =g
)

Filter length L Filter length L

() (b)

Figure 5. Block diagrams of phase estimation used in the DSP and the OPLL. (a) Block diagram of
a phase compensation algorithm in DSP [18], (b) Block diagram of the proposed phase estimation
process used in the OPLL.

Therefore, the input data X (k) are complex multiplied by the estimated phase, where
the resulting corrected signal will be Y (k) = X (k) - exp[—i®(k)], where © is the estimated
phase. Thus, to obtain the estimated phase error value without approximation, a moving
averaging filter (MAF) followed by the four-quadrant arc-tangent function is applied to the
power moment of the sampled signals. Then, the estimated phase error can be expressed as:

®<k>—§4arg{ )y [X(n)]M} a1

In DSP, the described procedure is realized for blocks of data. However, this study is
interested in carrier tracking, where the block diagram is modified and shown in Figure 5b.
Thus, the estimated phase directly drives the loop filter input instead of having a multipli-
cation for exp[—i@(k)]. In this way, the phase is corrected sample by sample according to
the sample rate of the digital PLL.

Regarding the MAF, the drawback of the power moment is the presence of harmonics
at high frequencies in its output, which increases the OPLL phase error variance. For this
reason, the MAF is employed to filter out the harmonics. Note that the MAF is a particular
case of the finite impulse response (FIR) filter with all coefficients equal to 1/L, where L is
the average number of samples [23].

3. System Implementation and Analysis
3.1. OPLL

A co-simulation technique was used to develop and analyze the OPLL. The OPLL
algorithm and SNR estimation were developed in Python, whereas the photonics circuit
was implemented in VPIphotonics Design Suite. The parameters of the coherent detector
are based on a commercial component with a responsivity of R = 0.04 A/W, and the G4
gain was set to 9 k() to achieve an eightfold increase in shot noise power over the thermal
noise power for a Prp of 1 dBm [24]. Furthermore, Ps changed as a result of the turbulence
effects. The Tx and Rx lasers have a linewidth of 1 kHz for all analyses (based on the
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availability of 1 kHz linewidth lasers—NKT Koheras BOOSTIK), and the VCO has a gain
of 500 MHz/V with a center frequency of 20 GHz.

The propagation delay was also addressed, given that it may affect the OPLL, making
it unstable. The MAF in the control loop represents a delay, where L taps introduce
a delay of L samples. Furthermore, based on the commercial components, a delay of
12 ns was considered for the ADCs, and DAC [25]. For the atan2, based on the hardware
implementation techniques, a delay of 15 ns was considered [26]. The OPLL sampling
rate will consider two sample times to compare the behavior in the tracked signal. Firstly,
the OPLL will be considered to work at a sample rate (SR) of 10 GSa/s motivated by the
availability of ADCs, DACs, and even DSPs that can operate at 10 GHz, allowing the OPLL
to collaborate with the DSP in a correction system. As the MAF will have 10 taps, it will
introduce a delay of 1 ns.

The second scenario considers a relatively slow sample rate, or 625 MSa/s, where the
key idea is to simulate an undersampling situation. In this case, the output data signal
from the coherent detector is sampled with a frequency below the Nyquist criteria [27].
Consequently, the system could be operated with low sample rate ADCs and DACs. This
scenario has already been demonstrated for OPLLs regarding optical communications [28]
and free-space optical communication [20] where the atmospheric turbulence was not
considered. Furthermore, the MAF will have five taps, thereby introducing a delay of 8 ns.

System simulations used an SR of 80 GSa/s, where the PLL working at the desired
sample rate was implemented using the multi-rate sample processing technique [27]. For
example, for 10 GSa/s, the SR is divided by eight by removing 8 bits from the sequence of
bits. In the case of 625 MSa/s, the system follows the same procedure in which the SR is
now divided by 128.

Traditionally, the LF parameters are determined by finding the optimal point through
Norimatsu’s relation [29]. In this method, it is possible to find the optimal loop noise
bandwidth for a determined feedback loop delay that will induce the lower power penalty
for an analog LF implementation. According to this relation, by increasing the delay, the
loop noise bandwidth should be increased to reduce the power penalty. Previous OPLLs
used this method to find the optimal point, even using a digital approach to implement the
LF where control system techniques such as lead-lag compensator were used to compensate
the OPLL stability [8,20].

However, a digital approach is used to implement the LF where the loop noise band-
width B;, must be specified relative to sample time Ts (B, Ts parameter where B, Ts << 1).
According to the Cramér-Rao bound limit, choosing small values of B, Ts improves the
accuracy of the phase estimation [30]. Thus, for a fixed Ts value, the B, should be increased
to reduce the discriminator phase variance according to Norimatsu’s relation in case of
a long feedback loop delay. However, it will increase the value of B, Ts, which makes
difficult the project of the OPLL since the parameter B, Ts should be reduced. Thus, the
OPLL will be analyzed over several B, T; values to find the phase-error variance and the
induced penalty on the BER. The B, will be changed to show the system behavior as the
SR is fixed in two scenarios. The analyses will be conducted for the OPLL using the atan2
discriminator since obtaining the variance and the standard deviation (STD) of the phase
error directly from its output is possible.

The phase-error variance affects the BER by inducing a power penalty due to an
imperfect carrier recovery. The probability of bit error due to the phase error for a QPSK
modulation was previously calculated as [31]:

Py(o) = %{erfc [o(cos o +sino)] + erfc [p(coso — sino)]} (12)

wherep =/ %, and o is the STD of the phase error. For example, the standard deviations

of o = 3.1° and ¢ = 6° correspond to power penalties of 0.5 dBand 1 dBat 1 x 10~? BER,
respectively. As a result, reducing the phase-error variance lowers the power penalty
caused by the carrier synchronization error. In this sense, the analyses will start showing
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the behavior of the OPLL system under several values of B, T;. Then, the power penalty
induced for each condition will be shown for an SNR of 15.5 dB.

Figure 6 shows the discriminator output behavior under several values of B, T; with an
MAF of 10 coefficients. These conditions were simulated for an SNR of 15.5 dB at an SR of
10 Gsa/s, where each color represents one iteration, totaling 25 iterations. Figure 6a,b shows
the output behavior for a B, of 0.025 MHz and B, of 1 MHz where the B, Ts = 2.5 x 10~
and B, T, = 1 x 1074, respectively. Reducing the parameter B, Ts lowers the phase-error
variance. However, the parameter B, T; is reduced by lowering the B, value, which lowers
the wy, (natural frequency) and slows the OPLL. As a result, it cannot correctly follow the
laser variations, as shown in Figure 6a, which shows a fluctuation. This effect is even more
pronounced using the SR of 625 MSa/s, which will be discussed next.
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Figure 6. Discriminator output behavior under various B, T; values with a sample rate of 10 GSa/s
and MAF with 10 coefficients. The laser linewidth was 2 kHz, and the feedback delay was 30 ns.

(a) Output error for B, Ts = 2.5 x 10~°, (b) Output error for B, Ts =1 x 104,

Figure 7 shows the discriminator output behavior with an MAF of five coefficients for
various B, T; values and an SNR of 15.5 dB. However, the SR is now 625 MSa/s, with each
color representing one iteration as before. The output behavior for a B, of 0.025 MHz, is
shown in Figure 7 where B, T; = 4 x 10~°. Figure 7 depicts the output behavior for a B,
of 1 MHz, where B, Ts = 1.6 x 10~3. The number of coefficients of the moving averaging
filter also influences the phase variance, which will be discussed next.
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Figure 7. Discriminator output behavior under various B, Ts values with sample rate of 625 MSa/s
and MAF with 5 coefficients. The laser linewidth was 2 kHz, and the feedback delay was 35 ns.
(a) Output error for B, Ts = 4 x 1075, (b) Output error for B, Ts = 1.6 X 10—3.
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Despite using the same B,, value in both sampling rate scenarios, the OPLL is more
impaired at a lower sampling rate. Comparing Figures 6a and 7a, one can see that the OPLL
cannot correctly follow the signal variations since it has a fluctuation which in turn induces a
fluctuation in the VCO center frequency. In this regard, the power penalty of different values
of B, T; was determined to find the smallest phase error, which consequently represents a
lower degradation provided by the OPLL.

These analyses were carried out with an SNR of 15.5 dB, corresponding to a BER
of 1 x 10~ ?. Furthermore, eleven B, values were considered, with each B, T, value at
both sampling rates analyzed using the MAF with 5 and 10 coefficients. For each value of
B, Ts, the OPLL was subjected to 25 iterations to obtain several samples of the standard
deviation of the phase error. An average of these 25 standard deviation values was
then calculated.

Figure 8a,b shows the standard deviation of the phase error for each B, Ts obtained for
a sample rate of 10 GSa/s and 625 MSa/s, respectively. From these curves, it is possible
to find a value of B, that induces a desirable limit for the power penalty and keeps the
OPLL with fast dynamics. For example, Figure 8b shows a minimum for the phase error
at B,T, = 0.8 x 1073 (B, = 0.5 MHz), which will induce a lower penalty. In Figure 8a,
on the other hand, the phase error is practically flat in all analyzed B, values, where the
power penalty is almost the same. Therefore, these analyses show that low sample rates
will induce a higher power penalty than high SRs.
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Figure 8. OPLL phase error and the induced power penalty for several B, Ts at both sample rates and
MATF coefficients number. (a) Phase error and power penalty for several B, Ts values at 10 GSa/s,
(b) Phase error and power penalty for several B, Ts values at 625 MSa/s.

Another observation from these analyses is the influence of the number of MAF
coefficients. Increasing the number of coefficients reduces the variance of the phase error,
and consequently, the power penalty caused by the OPLL. However, as discussed earlier,
increasing the number of coefficients increases the system delay. Thus, a trade-off must be
chosen between the number of MAF coefficients and the feedback delay. For example, if
a power penalty of 0.67 dB is allowed at 625 MSa/s, the number of MAF coefficients can
be increased, which allows the feedback delay to increase. However, the additional delay
can make the OPLL unstable since it reduces the projected phase margin, which should be
compensated using a lead-leag compensator, for example.

Finally, from these analyses, the OPLL was defined to work with a B, = 2 MHz
for an SR of 10 GSa/s (B, T; = 2 x 107%), with a power penalty of 0.42 dB found for a
standard deviation of 2.6°. For an SR of 625 MSa/s, the OPLL was defined to work with
a B, = 500kHz (B,T; = 0.8 x 1073), where a power penalty of 0.66 dB was found for a
standard deviation of 4.06°.

3.2. Results

The previously performed analyses lay the groundwork for the turbulence analyses
conducted in this section. The OPLL was evaluated through variations of the turbulence



Photonics 2023, 10, 1312

11 of 16

channel where the two proposed SRs were evaluated. The proposed digital discriminator
was also compared with the imaginary part of the fourth-power moment for each SR.

In an OPLL, the phase error variance will reflect on the phase noise of the controlled
frequency. Thus, one measure of comparison would be to compare the variances of the
two discriminators. However, since they have different gains, the variance calculation
is impaired. Therefore, the STD of the controlled frequency will be used as a metric for
comparing the performance of the two discriminators.

Figure 9 shows the VCO output frequency behavior for a strong turbulence regime
and a wind speed of 60 m/s for the OPLL working with an SR of 10 GSa/s. Figure 10
shows the VCO output frequency behavior for the same atmospheric turbulence conditions,
however for the OPLL working with an SR of 625 MSa/s. Each color represents the fade
values where the system is analyzed for thirty different values or thirty iterations. These
values were the random fluctuations determined by the turbulence model, resulting in the
estimated SNR level shown in Figure 11.
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Figure 9. VCO output frequency behavior under strong turbulence and wind speed of 60 m/s for the

OPLL working with SR of 10 GSa/s. (a) OPLL using the proposed digital phase detector, (b) OPLL
using the sinusoidal discriminator.
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Figure 10. VCO output frequency behavior under strong turbulence and wind speed of 60 m/s
for the OPLL working with SR of 625 MSa/s. (a) OPLL using the proposed digital phase detector,
(b) OPLL using the sinusoidal discriminator.
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Figure 11. SNR level variations for wind speeds of 5 m/s and 60 m/s under strong turbulence. Each
point represents a turbulence event totaling thirty different values or thirty iterations.

The VCO output frequency behavior using the digital discriminator (atan2) and the
imaginary part (sine) is shown in Figures 9a and 9b, respectively, for an SR of 10 GSa/s.
For an SR of 625 MSa/s, the VCO output frequency behavior is shown in Figure 10a,b.
For an SR of 10 GSa/s, the OPLL with the atan2 discriminator was studied with a total
delay of 30 ns, whereas the sine phase detector was analyzed with a total delay of 6 ns,
as it became unstable with delays longer than that. For an SR of 625 MSa/s, as the B,
value decreased, both discriminators were analyzed under a total delay of 35 ns. The
MATF has five taps, representing a delay of 8 ns. The sine discriminator presents a higher
oscillatory characteristic and an STD of the controlled frequency. The STD variation is
related to the gain of the sine discriminator since its gain, as shown previously, depends
on the system parameters. As the input power level changes due to turbulence, the gain
also changes, reflecting the OPLL phase error variance and the controlled frequency STD.
Also, as indicated by the variation of the central frequency, the OPLL loses the lock during
higher fading and cannot recover the track signal.

For all turbulence scenarios, the proposed digital discriminator had the same gain
of 1 in both SRs. As the phase error is computed using the I/Q signals, the atan2 has the
advantage of being independent of system parameters. As a result, without modifying the
OPLL project, it was possible to analyze the system under various turbulence scenarios.
It also has a low STD of the controlled frequency, as shown in Figures 9a and 10a. For
example, comparing the STD of both SRs for an SNR of approximately 8 dB (third event in
Figure 11), the OPLL at 10 GSa/s shows an STD of £6.5 kHz while the OPLL at 625 MSa/s
shows an STD of +34 kHz. This is due to its higher phase error variance, as previously
discussed. The ability of the atan2 discriminator to track the signal despite longer feedback
loop delays and fading is one of its most notable characteristics. Hence, the atan2 provides
an alternative to digital OPLL due to its performance in the presence of noise and its
tracking capability. In both SRs, the atan2 and sine discriminators were also compared
in other wind speed values and turbulence scenarios. While the proposed discriminator
maintains the system locked, the sinusoidal discriminator always loses the lock during the
fading regime. The sinusoidal discriminator only maintained locking when the system
delay was equal to zero, which was an unrealistic condition

The effect of wind speed on system performance was also investigated in both SRs
due to the proposed phase detector’s tracking capability under fading regimes. Thus, the
BER fluctuation according to wind speed in three different turbulent conditions (weak,
moderate, and strong) is shown in Figure 12. The OPLL at an SR of 625 MSa/s shows
a higher degradation compared to the OPLL at 10 GSa/s, as it exhibits a higher power
penalty, as previously discussed. In Figure 12, each point represents the average BER
calculated for thirty different events. Therefore, by simulating only thirty events, it was
evaluated that the results were representative. As a result, the error caused by the number
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of simulated events may be negligible, where it was chosen as a compromise between
results and simulation time.
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Figure 12. BER variation (mean of 30 events) as a function of wind speed for the OPLL using the
digital discriminator and working with an SR of 625 MSa/s and 10 GSa/s. The OPLL at an SR of
625 MSa/s shows a higher degradation due to its higher power penalty.

Regarding the wind speed impact on the optical signal, the turbulence intensity
contributes to data degradation for wind speeds lower than 20 m/s. However, for v
higher than that, it influences the degradation of the transmitted data more than the
turbulence’s intensity. Hence, when the wind speed is 60 m/s, as shown in Figure 12,
the BER is influenced mainly by the wind speed for all the turbulence scenarios, thereby
degrading the transmitted data.

4. Discussion

In this study, we have presented the evaluation of the OPLL using two sample rates
to compare the behavior of sine and atan2 phase discriminators. The atan2 showed a
superior performance regarding the standard deviation of the controlled frequency. The
moving average filter helps eliminate the harmonics of the power moment, decreasing the
phase-error variance. Consequently, the low STD results from a better phase estimation
and a low phase variance since the atan2 output is the phase error.

Another motivation for using the atan2 is a scenario under low SNR conditions. If
only the imaginary part of Equation (10) is used as a phase detector, it is susceptible to
amplitude variations, as shown in the simulations. Thus, the OPLL loses lock under low
SNR conditions or presents a significant error. An automatic gain control circuit must
be employed to compensate for these amplitude variations. Using the four-quadrant
arctangent discriminator improves the sensitivity of the PLL since its error output is a
relation between the I and Q signals.

Table 1 compares previously reported optical coherent receivers using the DSP or
the OPLL for signal recovery with this study’s proposed method. As shown in Table 1,
previous studies used the Viterbi—Viterbi (VV) algorithm in data blocks for phase estimation
in the case of DSPs or an analog phase detector or exclusive or gate (XOR) for the OPLL.
In contrast to previous techniques, our proposed system uses a hybrid approach where
the OPLL works as a complement in a DSP correction system. Thus, the Viterbi-Viterbi
algorithm is applied synchronously according to the system SR.
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Table 1. Comparison of previous optical coherent receivers.
[5,18,21,22] [7,8,20,32] This Study
Methods DSP OPLL or OIPLL Hybrid DSP-OPLL
. XOR gate, analog VV algorithm
. . VV algorithm multiplier, or
Phase estimation synchronously
data blocks fourth-power .
with SR
look-up table

Furthermore, the advent of integrated photonics [33] and higher sample rate systems
would make integrating both systems (OPLL and DSP) possible. For example, the VCO
could be replaced by a direct digital synthesizer (DDS) that would digitally generate
the microwave carrier. An OPLL employing DDS in place of VCO was previously
reported [20].

Due to its performance, the atan2 discriminator was evaluated under scenarios of
atmospheric turbulence. Both discriminators were compared in three scenarios: weak,
moderate, and strong turbulence. These turbulence regimes induce power fading levels
on the transmitted optical signal, affecting the OPLL tracking capability. The fading effect
was very pronounced on the sine discriminator since its gain depends on the signal level.
Since the output of the atan2 discriminator is independent of the signal level input, its
performance is transparent under scintillation fading effects. Consequently, the OPLL
keeps tracking the input signal in different turbulence regimes.

Regarding the atmospheric turbulence, in the model, the independent scintillation
events occur on a timescale of us to ms. Consequently, the turbulence applies independent
scintillations to the OPLL, corresponding to one iteration. As a result, even though the
simulation only lasts a few microseconds, every iteration represents a scintillation event.
Consequently, the model illustrates an abrupt change in the SNR level of the optical signal
when it passes between several scintillation events. Regardless of the decreased SNR
level, the OPLL utilizing the proposed digital discriminator remains locked due to its
characteristics, as previously discussed.

5. Conclusions

A new architecture for the phase detector was presented for an all-digital OPLL to
demodulate a digitally modulated optical signal. The phase discriminator is a digital type
that can track a signal under longer feedback loop delays and fading signals. It was based
on modifying the traditional algorithm used in coherent optical communications. This
phase detector made it possible to find the best operation point for the OPLL, which was
then used to handle the effects of atmospheric turbulence. In addition, the OPLL using the
digital discriminator showed a low standard deviation of the controlled frequency and low
phase noise, making it an alternative for fully digital OPLLs.

Moreover, the OPLL was analyzed working with two sample rates, showing that low
sample rates will have a higher phase error variance, and consequently, a higher power
penalty. Furthermore, due to the phase discriminator features, the OPLL could be analyzed
in different scenarios of atmospheric turbulence and wind speed values. It was observed
that traditional analog detectors, which have a sinusoidal characteristic, are unsuitable for
a system that fluctuates the input signal amplitude. This is due to the analog detector gain
related to the system parameters, such as the input signal amplitude.

It also has been observed that the system degrades when increasing the wind speed
and turbulence. However, wind speed is the principal cause of system degradation for
speeds higher than 20 m/s. During the simulations, the scintillation index behavior was
observed to be comparable to the obtained BER profiles. The hardware implementation of
the OPLL using the proposed digital discriminator is currently being developed.
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