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ABSTRACT In this paper, cascaded least mean square-least mean square (LMS-LMS) adaptive equalization
scheme is proposed based on fiber coupling system, in order to improve the transmission performance of
quadrature phase shift keying (QPSK) modulated optical signals in medium and weak turbulence channels.
First, the transmission performance of QPSK optical signal in different atmospheric turbulence channels is
simulated and analyzed according to the characteristics of optical fiber coupling system and the character-
istics of atmospheric turbulence channel. Secondly, cascaded LMS-LMS equalization scheme is proposed,
and its distortion signal is corrected based on the original simulation results to verify the effectiveness and
robustness of LMS-LMS. Finally, atmospheric turbulence simulator is used to verify the improvement effect
of cascaded LMS-LMS adaptive equalizer under different turbulence conditions. The experimental results
show that when the coherence length is r0 = 1.6 cm and the received optical power is−34 dBm, the system
can transfer the information at a rate of 32 Gbps QPSK after using cascaded LMS-LMS adaptive equalizer,
and the bit-error ratio (BER) is lower than the minimum limit of forward error correction (FEC, 3.8×10−3).
This paper can provide theoretical guidance for the performance optimization of free space QPSK optical
signal transmission system.

INDEX TERMS Free space optical communication, quadrature phase shift keying, atmospheric turbulence
simulator, cascaded LMS-LMS adaptive equalizer.

I. INTRODUCTION
Free-space optical communication (FSOC) technology uses
the laser as a carrier wave for communication, which com-
bines the advantages of radio communication and optical
fiber communication. FSOC has the advantages of strong
anti-electromagnetic interference ability, high security, high
communication speed, and large information capacity. It is
characterized by small system size, lightweight, low power
consumption, simple construction, and flexibility mobility
has significant strategic needs and application value in both
military and civilian fields [1]–[3]. FSOC can be used as an
emergency communication solution, applied to earthquake
relief, emergency, anti-terrorism, public security investiga-
tion, and other fields.
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Specifically, it can provide military confidential informa-
tion services for multi-arms joint offense and defense, and has
outstanding advantages in local warfare, battlefield network-
ing, and information confrontation. In addition, benefiting
from the advantages of high bandwidth, fast and convenient
transmission, and low cost, FSOC is the best choice for solv-
ing the ‘‘last 1 kilometer’’ of information transmission and the
transmission of the fifth-generation mobile communication
technology (5G) small and micro base stations [3]. Because
the traditional microwave satellite communication method
is difficult to meet the demand of the highest transmission
bandwidth of the space network of 40 Gbps - 100 Gbps,
it is urgent to study the high-speed space laser network to
meet themarket needs [4]–[7]. In high-speed communication,
multi-ary modulation technology such as multipulse pulse-
position modulation/M-ary pulse amplitude modulation/
M-ary phase shift keying andmultilevel quadrature amplitude
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modulation (MPPM/MPAM/MPSK andMQAM) can be used
to increase the transmission rate [8]–[12], and orbital angu-
lar momentum (OAM) multiplexing technology can be also
used to increase the frequency band utilization [13]–[19].
Radio frequency (RF) devices and technologies are mature.
RF modulation information can be used at the transmitting
end to modulate the optical carrier to form a radio frequency
optical (RFO) network, thereby increasing the transmission
rate of light, and can formmultiple orthogonal carriers by RF,
which can be carried out by orthogonal frequency-division
multiplexing (OFDM) [20], [21]. Our research group also
conducted related technical research, analyzed the trans-
mission performance of the multi-ary modulation format in
the atmospheric turbulence channel [22], [23], and adopted
polarization multiplexing and quadrature phase shift key-
ing (QPSK) multiplexing technology to achieve 384 Gbps
communication. The above researches are all pursuing the
multiplexing of various technologies [24], but there are atmo-
spheric turbulence effects in self-use space channels [25],
[26], which cause beam drift, random fluctuations, and spot
fragmentation, which makes it difficult to use in practical
engineering. When being tracked and aligned, there is a
pointing error, which aggravates the influence of the received
optical signal [6], [27], [28]. The least mean square (LMS)
adaptive equalization technology is an effective means to
correct signal distortion, but the correction ability of a sin-
gle LMS is limited, and in many cases, it cannot make the
communication error rate lower than forwarding error cor-
rection (FEC) 3.8 × 10−3 [19]. Therefore, we employ the
cascade LMS-LMS adaptive equalizer to optimally adjust
the tap coefficient to achieve the suppression of high-speed
laser signal distortion. Here, we did not use any multiplexing
technology only QPSK to achieve the Gbps communication
in the atmospheric turbulence simulation pool.

In this paper, the LMS-LMS cascaded adaptive equal-
izer is used to achieve 32 Gbps information transmission
in medium and weak turbulence. The Johnson SB channel
model are introduced, and the communication link based on
the atmospheric turbulence simulation is established. Then
the atmospheric turbulence simulator is used to verify the
improvement effect of cascaded LMS-LMS adaptive equal-
izer under different turbulence conditions. The results can
provide theoretical guidance for the performance optimiza-
tion of free space QPSK optical signal transmission system.

II. SIMULATED TURBULENCE CHANNEL
In our previous work [22]–[24], [29], the Johnson SB proba-
bility density function (PDF) was used to describe the process
of spatial light coupling to a single-mode fiber as follows:
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where ζ is normalized light intensity which obeys 0 < ζ < 1.
δ and γ are free parameters which can be calculated by

FIGURE 1. Schematic diagram of atmospheric turbulence simulation pool.

FIGURE 2. Fitting curve of atmospheric turbulence pool temperature and
atmospheric coherence length, i -th measured data is i -th the numerical
results of experimental measurements.
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where 〈ζ n〉 represents the nth order moment of ζ , σ 2
ζ is

normalized fluctuation variance. Therefore, the Johnson SB
PDF is characterized the transmission performance of QPSK
signal in real atmospheric optical channel. It is worth noting
that we employ the atmospheric turbulence simulation pool as
the source of real atmospheric turbulence, which is made up
of cooling system, heating plate drive line, heating system,
window mirror and turbulence. The temperature difference
between the heating system and the cooling system results in
turbulence disturbance in the atmosphere, which is shown as
Fig. 1. 1 km turbulence link through our experimental accu-
rate measurement and calibration can be simulated, the fitting
curve of atmospheric turbulence pool temperature 1T and
atmospheric coherence length r0 (cm), which is shown as
Fig. 2, the equation is given as

r0 = 48× (−1T )−0.81. (5)

In order to explore the transmission performance of QPSK
signal in real atmospheric optical channel, we depict the
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schematic diagram, which is shown in Fig. 3. At the transmit-
ter end, a tunable fiber laser (Tektronix OM2210, linewidth:
100 kHz, TL) of 1550.116 nm was used as the carrier of
QPSK. Two RF signals (pseudo-random binary sequence,
PRBS-15) with 16 Gbps rate were generated by an arbitrary
waveform generator (AWG, Keysight M8195A), and the IQ
modulator was driven to generate 32 Gbps QPSK optical
signals (one was used for forward modulation, the other was
used for phase differencemodulation). The QPSK optical sig-
nal was amplified by erbium-doped fiber amplifier (EDFA)
through optical fiber, and sent out through optical antenna
as space light. At the receiver, the QPSK optical signal in
atmospheric turbulence simulator was received by an optical
antenna and coupled into the single mode fiber (SMF). Two
band-pass filters and EDFA were used as preamplifiers (Pre-
EDFA, Amonics AEDFA-23-E-FA-MAX-20dB) to amplify
the optical signal in SMF, and the QPSK optical signal of
appropriate power was obtained by adjusting the variable
optical attenuator (VOA, EXFO FVA-3150), to complete
the coherent demodulation detection. The demodulated sig-
nal was analyzed by optical modulation analyzer (Keysight
N4391A), the experimental link is shown in Fig. 3.

III. DESIGN OF CASCADED LMS-LMS ADAPTIVE
EQUALIZER
The noise sources mainly come from two aspects: one part
is the noise from the atmospheric optical channel, it is also
the main noise, the system function can be expressed as
Hturbulence(jω). The noise of the other part comes from the
optical fiber channel and devices, which is the secondary
noise [1]. Its system function can be expressed as Hfiber (jω).
Then the whole transmission system can be expressed as

Yqpsk (jω) = Rqpsk (jω) · Hturbulence(jω) · Hfiber (jω)

= Rqpsk (jω) · H (jω), (6)

The z domain of Eq. (6 ) can be expressed as

H (jω) =
Yqpsk (jω)
Rqpsk (jω)

→ H (z) =
Yqpsk (z)
Rqpsk (z)

, (7)

Equation (7) can be rewritten through processing the digital
signal
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Since the finite sequence is convergent in z-plane (|z| > 0),
the response H (z) has no pole, all ak in H (z) must be zero,
we will obtain

H (z) =
M∑
r=0
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Equations (6), (7) and (9) can be written as
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Here, the compensation function was given

Hturbulence(z) · Gturbulence(z) = 1, (11)

Hfiber (z) · Gfiber (z) = 1. (12)

Then, we used the leastmean square (LMS) adaptive equal-
izer to express Eqs. (11) and (12), which is given as

Gturblence (z) =
1

Htubulence (z)
=

M∑
m=0

W1mz−m

= W10 +W11z−1 + . . .+W1M z−M , (13)

Gfiber (z) =
1

Hfiber (z)
=

N∑
n=0

W2nz−n

= W20 +W21z−1 + . . .+W2N z−N . (14)

The structure of the adaptive equalizer is shown in Fig. 4.
LMS1 can compensate the distortion caused by atmospheric
optical channel, and LMS2 can reduce the noise caused by
fiber channel and device itself. e1(k) and e2(k) are the time
domain error signals of LMS1 and LMS2. z1(k), z2(k) and
W1i(k), W2j(k) are the expected signals and tap coefficients,
respectively. We can get good results of Eq. (10) through
cascade LMS-LMS adaptive equalizer.

IV. RESULTS AND DISCUSSION
Firstly, the performance of the system without cascaded
LMS-LMS adaptive equalizer was analyzed. The received
optical power was about 3 dBm, when the transmitted opti-
cal signal power was set to 12 dBm, which indicates the
attenuation is 9 dB in the transmission link of the whole
system. This attenuation was due to the wave front distortion
of QPSK optical signal caused by atmospheric turbulence,
which made the transmitted light wave and the received
SMFmode mismatch, resulted in the degradation of coupling
efficiency. The loss of the junction between optical devices
was also an important reason. Therefore, QPSK optical signal
can be amplified by pre-EDFA before coherent demodulation
to meet the requirements of demodulation. In our experi-
ment, the atmospheric coherence length of the atmospheric
turbulence simulator was set to 7.8 cm, 3.2 cm and 1.6 cm,
respectively. The sampling diagram of SMF receiving power
jitter can be obtained and shown in Fig. 5, the sampling points
is 1000 and the sampling time is 100 Hz. In Fig. 5, the average
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FIGURE 3. The schematic diagram of QPSK signal in real atmospheric optical channel.

FIGURE 4. Structure diagram of cascaded LMS-LMS algorithm(i = 1, 2, . . . M, j = 1, 2, . . . N), the LMS1 and LMS2 is
Hturbulence(jω) and Hfiber (jω), respectively.

power received by SMF decreases and the power jitter ampli-
tude increases when the atmospheric coherence length (r0)
increases. The statistical results show that the average power
of Figs. 5(a)-(c) are −37.1494 dBm, −37.4288 dBm and
−37.556 dBm, respectively, and the maximum normalized
jitter variance are 0.0171, 0.1701 and 0.4235.

The distribution map of PDF can be obtained through
normalization function analysis and shown in Fig. 6. The peak
value of PDF function shifts to the left (offset to vertical axis)
with the increase of turbulence intensity. The distribution of
optical power range was more uneven. In Figs. 6(a)-(c), the δ
and γ of Johnson SB PDF can be calculated by Eqs. (2)-(4),
which are δ = 4, γ = 0.5; δ = 1.9, γ = 2.8; δ = 1.5,
γ = 4.3, they represent the turbulence intensity are weak,
medium and strong, respectively, which indicates that the
optical power distribution received by the system conforms
to the law when the atmospheric coherence length is 7.8
cm, 3.2 cm and 1.6 cm. The results verifies the accuracy of
atmospheric turbulence simulator.

In order to analyze the data and study the communication
performance of QPSK optical signal in atmospheric opti-
cal channel, the data was processed off-line and the per-
formance of constellation diagram in different atmospheric
coherent length (7.8 cm, 3.2 cm and 1.6 cm) are drawn
in Figs. 7(a)-(c) show that the crosstalk degree of constella-
tion diagram is increased significantly with the increase of

turbulence intensity, resulting in the deterioration of BER
are 5.5 × 10−6, 2.9 × 10−4 and 1.2 × 10−3, respectively.
And the corresponding eye diagrams are portrayed as Fig. 8.
At the same time, through observing the shape of a single
constellation, we found that atmospheric turbulence not only
affects the amplitude of QPSK optical signal, but also affects
the phase. That means phase noise is introduced into FSOC
system. This effect can be equivalent to that the phase factor
of disturbance is added in complex variables.

Figure 9 is drawn for evaluating the relationship between
bit error ratio (BER) and the receiving power at the same
turbulence level. The BER decreases with the increase
of the receiving power. The increasing of signal-to-noise
ratio (SNR) indicates that the quality of QPSK optical signal
communication in FSOC system can be improved by increas-
ing the transmitting power. However, the improvement effect
decrease with the increasing of turbulence degree, as shown
in the curve in Fig. 9. When the atmospheric coherence
length is 7.8 cm, the received optical power should greater
than −36 dBm to ensure the BER of the system lower
than 3.8× 10−3. When the atmospheric coherence length are
3.2 cm and 1.6 cm, the optical power needs about−32.5 dBm
and −30 dBm, respectively. The results verifies the conclu-
sion of the numerical simulation.

Then, the performance of LMS-LMS systemwas analyzed.
Because of the noise in original system, a equalizer was
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FIGURE 5. Received power sampling of QPSK optical signals in different turbulence conditions. The atmospheric coherence length of (a)-(c) are
7.8 cm, 3.2 cm and 1.6 cm, respectively.

FIGURE 6. Statistical distribution of received power of QPSK optical signals under different turbulence conditions. The atmospheric coherence
length of (a)-(c) are 7.8 cm, 3.2 cm and 1.6 cm, respectively.

FIGURE 7. Constellation diagram of QPSK optical signals under different
turbulence conditions. The atmospheric coherence length of (a)-(c) are
7.8 cm, 3.2 cm and 1.6 cm, respectively.

FIGURE 8. Real component eye diagram of QPSK optical signals under
different turbulence conditions. The atmospheric coherence length of
(a)-(c) are 7.8 cm, 3.2 cm and 1.6 cm, respectively.

designed according to the principle structure shown in Fig. 4.
The convergence characteristics of different step size and iter-
ation number are shown in Fig. 10. u = 0.01 and u = 0.005
represent the step size of LMS adaptive equalizer, u1 = 0.005
and u2 = 0.01 represent the step size of cascade LMS-LMS
adaptive equalizer.

The cascaded LMS-LMS adaptive equalizer starts to
converge when the number of iterations reach about 1032.
However, if a single LMS adaptive equalization is used,
the number of iterations of convergence is about 10000 or
6000 when the step size is 0.01 or 0.005. It means that

FIGURE 9. BER performance statistical diagram of QPSK optical signals
under different turbulence conditions.

the convergence performance of cascaded LMS-LMS adap-
tive equalizer is better than single LMS. The mean square
error (MSE) of cascaded LMS-LMS is about−11.5 dB, com-
paring with the MSE of convergence is −9.5 dB or −11 dB
when the step size of single LMS is 0. 01 or 0.005. The
MSE of single LMS is higher than LMS-LMS. The results
show that LMS-LMS has better compensation performance.
Therefore, cascaded LMS-LMS adaptive equalizer will be
used to compensate the transmission of QPSK optical signal
in atmospheric optical channel.

Figure 11 shows the performance of constellation
diagram using cascaded LMS-LMS adaptive equalizers.
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FIGURE 10. The performance of cascaded LMS-LMS adaptive equalizers
with different tap coefficients and iterations.

FIGURE 11. Constellation diagram of QPSK optical signals in different
turbulence conditions using cascaded LMS-LMS adaptive equalizer. The
atmospheric coherence length of (a)-(c) are 7.8 cm, 3.2 cm and 1.6 cm,
respectively.

FIGURE 12. Real component eye diagram of QPSK optical signals in
different turbulence conditions using cascaded LMS-LMS adaptive
equalizer. The atmospheric coherence length of (a)-(c) are 7.8 cm, 3.2 cm
and 1.6 cm, respectively.

The corresponding eye diagrams after the optical signal
is equalized are depicted as Fig. 12. Compared with
Figs. 7 and 8, it can be clearly found that the ‘‘focus’’ degree
of constellation diagram is obviously improved after using the
cascaded LMS-LMS adaptive equalizer, which indicates that
the cascaded LMS-LMS adaptive equalizer can suppress the
noise of QPSK optical signal transmission system and reduce
BER significantly.

The BER of Figs. 11(a)-11(c) are 7.5× 10−8, 1.6× 10−6

and 3.4 × 10−5, respectively. In order to further analyze the
influence of the performance of BER in the system caused
by cascade LMS-LMS adaptive equalizer, the BER trend of
the system after compensation are shown in Fig. 13. The
improvement of BER is about−2 dB (1.1×10−2) comparing
with Fig. 7. When the coherence length is r0 = 1.6 cm and
the received optical power is−34 dBm, the BER is lower than
the FEC 3.8 × 10−3 after using cascaded LMS-LMS adap-
tive equalizer, while the power required for compensation is
−30 dBm.

FIGURE 13. BER performance statistical diagram of QPSK optical signals
in different turbulence conditions using cascaded LMS-LMS adaptive
equalizer.

V. CONCLUSION
In this paper, QPSK information transmission system is pro-
posed for atmospheric optical channel. There are two kinds
of noise in the system, one is the noise caused by fiber
channel and device itself, and the other is the noise caused
by the turbulence effect in the atmospheric optical chan-
nel. Therefore, a cascaded LMS-LMS adaptive equalizer is
proposed. The experimental results show that the cascaded
LMS-LMS adaptive equalizer can suppress the system noise
effectively. It is beneficial to QPSK information transmission
in atmospheric optical channel. When the coherence length is
1.6 cm and the received optical power is−34 dBm, the system
can transfer the information at a rate of 32 Gbps QPSK, and
the BER is lower than the minimum limit of FEC (3.8×10−3)
after using cascaded LMS-LMS adaptive equalizer, while the
power required for compensation is −30 dBm.
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