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ABSTRACT An average bit error ratio (ABER) performance model for multiple phase shift keying (MPSK)
based on a balanced detector with a fiber is presented in the free-space link for the first time. The Johnson
SB probability distribution function (pdf), to the best of our knowledge, is first experimentally explored,
which can be used to describe the fading characteristics of an optical signal coupled into a single-mode
fiber (SMF) in an atmospheric turbulence channel. Subsequently, an ABER expression is established by
combining the photon characteristics of the balanced detector with the fiber. The numerical results show
that the system has the most superior ABER performance when the splitting ratio is 0.5 and the quantum
efficiency of the two photodetectors is equal. Moreover, the communication performances can be optimized
by adjusting parameters, such as increasing the system bandwidth, selecting the appropriate modulation
order, and improving the received optical power. Finally, the MPSK-signal-to-noise-ratio (SNR) model
is also studied to evaluate system communication performance. Through our asymptotic analysis, if the
required ABER falls below the 7% forward error correction (FEC) limit of 3.8 × 10−3, the SNR should
maintain at least 38 dB or more, while the normalized fluctuation variance deteriorates to 5.2441. This paper
provides a parameter reference for designing the MPSK free-space optical (FSO) communication system,
especially the fiber-coupling receiver.

INDEX TERMS Atmospheric modeling, optical fiber communication, optical transmitters, wireless com-
munication.

I. INTRODUCTION
With the growing development of successfully achieving
high-speed data transmission between the satellite and earth
in many countries, free-space optical (FSO) communica-
tion has already shown the superiority of high bandwidth
and no electromagnetic interference (EMI), and it has also
pointed out the future development trend of high-speed com-
munication [1], [2]. Compared to on-off-keying (OOK) and
multi-level pulse amplitude modulation (MPAM), multiple
phase shift keying (MPSK) has a better bit error rate (BER)
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performance under the same signal-noise ratio (SNR).
In addition, MPSK can achieve the high-speed data trans-
mission with 50 GHz channel spacing for improving high
spectral utilization efficiency by using wavelength division
multiplexing (WDM) system [3]–[6].

Currently, most of the experimental papers about the
MPSK FSO communication system were demonstrated by
using the fiber-coupling receiver system, e.g., see [7]–[10].
Our team also adopted this system to successfully demon-
strate 40 Gb/s and 120 Gb/s differential phase shift
keying (DPSK) FSO communication in 2017 and 2018,
respectively [11]–[13]. These reports have a common fea-
ture, i.e., by using the lens, the free-space laser beam is
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coupled into the single mode fiber (SMF) such that the output
light from the fiber can be directly focused on the effective
receiving surface of the high-speed photodetector. However,
most of the current theoretical works about MPSK FSO
communication are based on lognormal, Gamma-Gamma,
K distributed and other channel models, without further
analysis of the instantaneous fading process of coupling
the free-space optical signal into SMF after propagating
through atmospheric turbulence [14], [15], such as the litera-
ture [16] derived the closed-form mathematical expressions
for average bit error rate (ABER) estimation of radio on
free-space optical (ROFSO) communication system by using
Malaga distribution. W. Gappmair et al. demonstrated the
FSO subcarrier PSK performance by employing Gamma-
Gamma fading probability distribution function (PDF) [17].
In [18], Kiasaleh illustrated the BER performance based on
the heterodyne FSO communication system by analyzing K
distributed turbulence. In [19], Li et al. have analyzed the
system performance of coherent detection spatial diversity
based on Gamma-Gamma channel by coupling efficiency
express. However, the PDF of the actual state is not given
because the fiber received light intensity is instantaneously
affected by channel variation in real time.

Furthermore, one of the most important parts of MPSK
communication is the demodulation system. Although many
documents have described the performance of the coherent
demodulation system and the core device balance detector
therein, the performance combined with the actual free-space
channel model have not been discussed yet. The free-space
channel is not as stable as the fiber channel because of
the light intensity random fluctuation influenced by atmo-
spheric turbulence [20]. Y. Wang et al. compared duobinary
with differential phase-shift keying (DPSK) modulation by
Monte Carlo simulation and investigated the balanced detec-
tion schemes in the fiber channel [21]. Y. Painchaud et al.
theoretically and experimentally elaborated the performance
of balanced detection in the coherent receiver system [22].
In [23], Leven et al. successfully demonstrated a signal
processing method about coherent receiver at GBaud speed
by adopting the fiber communication system. In theoretical
terms, it is of great significance to establish a model of the
MPSK FSO communication system in fiber-coupling and
coherent detection for ABER statistics, and SNR perfor-
mance analysis. In practical engineering, this model can as
well as provide a reference for the design of the optical system
and the selection of the device.

In this paper, by using the fiber-coupling FSO commu-
nication system, the ABER performance for MPSK math-
ematical model based on the balanced detector is first
proposed. Section II introduces the Johnson SB channel
model for the fiber-coupling receiver system. Section III
describes the ABER expression of MPSK based on the pho-
ton performance of the balanced detector by combining the
Johnson SB channel model. An experiment of Johnson SB
and numerical simulation of MPSK ABER performance are
carried out, and an ABER-SNR model is established and

analyzed, in Section IV. Finally, the conclusion is elaborated
in Section V.

II. CHANNEL MODELS
The channel characteristics have been described by Gamma-
Gamma, lognormal and other fading PDF in the FSO com-
munication system [24, pp. 321-393]. If the fiber-coupling
receiver system is employed, it means that SMF is used to
receive the free-space optical signal in a coherent detection
demodulation system, and output optical signal would be
directly connected to a detector through SMF, as shown
in Fig. 1.

FIGURE 1. Schematic diagram of coupling spatial optical signal into SMF.

These PDFs are not suitable for depicting the optical signal
fading characteristics. Because instantaneous optical signal
fading at the SMF is essentially determined by the light
field at the front end of the SMF, the atmosphere turbulence
strength and the square magnitude of coupling coefficient.
In order to better portray this phenomenon, we presented the
Johnson SB model in our previous work, and demonstrated
the suitability of Johnson SB from strong to weak turbulence
in the process of coupling free-space light into SMF through
numerical simulation [25, Sec. 3]. Hence, this work utilizes
the Johnson SB PDF to illustrate channel fading characteris-
tics, and the normalized form is given by

p(ζ )=
δ
√
2π

1
ζ (1− ζ )

exp

{
−
1
2

[
γ + δ ln(

ζ

1− ζ
)
]2}

. (1)

The ζ is normalized light intensity which obeys 0 < ζ < 1.
δ and γ are free parameters which can be calculated by
average light intensity E(ζ ) and light intensity fluctuation
variance σ 2

ζ , as follows

E(ζ ) =
〈
ζ 1
〉
, (2)

σ 2
ζ =

〈
ζ 2
〉
−

〈
ζ 1
〉2
, (3)

where the 〈ζ n〉 =
∫ 1
0 ζ

np(ζ )dζ is the nth moment. In actual
engineering, the absolute light intensity values χ can be
expressed as

pJSB(χ) = p(ζ · ζoptimal), (4)
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FIGURE 2. Coherent detection demodulation system. (a) The schematic diagram of coherent
demodulation. (b) The optimal phase decision of coherent demodulation. (c) The schematic diagram of
coherent demodulation for balanced detection, where the PBS is polarization beam splitter, LO optical
signal is f1. (d) The LO optical signal is f2 which is π/2 out of phase with f1, its optical system is the
same as (c).

where ζoptimal represents the optimum light intensity coupled
into the SMF, andχ = ζ ·ζoptimal is the received instantaneous
light intensity.

III. MPSK MODEL BASED ON BALANCED DETECTOR
Assuming that the dispersion of the fiber is not considered
and the light field after polarization controller (PC) is within
the detectable range, the received optical signal in the SMF
of Fig. 2 can be expressed as

r(t) = si(t)+ n(t), (5)

here si(t) is the MPSK optical signal which can be written as

si(t) = Es cos(2π fst +
2π (i− 1)

M
)

{
0 ≤ t ≤ Ts
i = 1, 2, · · ·,M ,

(6)

ENG =
∫ Ts

0
s2i (t)dt =

1
2
Is =

1
2
E2
s . (7)

where Es, ENG and Is represent the amplitude, the energy
in Ts, and the SMF received optical signal power, respec-
tively. In addition, Ts = (log2M )Tb, Ts is the M-ary symbol
interval, and Tb is the binary optical signal interval. fs denotes
the optical signal frequency. ϕs = 2π (i−1)/M represents the
modulated phase. n(t) indicates the additive white Gaussian
noise (AWGN) which is generated by the detector during
which photons are converted to the photocurrent. By perform-
ing orthogonal decomposition for (6), it can be expressed as
[26, pp. 643-645]

si(t) = si1(t)f1(t)+ si2(t)f2(t)

=
√
ENG[ai1f1(t)+ ai2f2(t)], (8)

here, f1(t) =
√
2/Ts cos(2π fst) and f2(t) =

−
√
2/Ts sin(2π fst) denote an orthogonal base signal, where

(8) exists a2i1 + a2i2 = 1, ai1 = cos(2π/(i − 1)) and
ai2 = sin(2π/(i − 1)). Thus, ri(t) can be written as a two-
dimensional vector signal, there is

−→ri = [r1, r2]. (9)

Under maximum likelihood (ML) criterion, the MPSK opti-
cal signal waveforms have equal probability, this schematic
is depicted in Figs. 2(a) and (b). We perform coordinate
transformation on r1 and r2, the detected optimal vector phase
θr can be expressed as [27, pp. 21-25]

θr = arctan
r2
r1
. (10)

TheMPSK optical signals can be demodulated by dividing
different receiving domains. In this case, we can calculate the
optimal ABER. First, we shall assume that the transmitted
optical signal is si(t) which is represented by the following
vector

s1 = [
√
ENG, 0]. (11)

Meanwhile, assuming that r1 =
√
ENG + n1 and r2 = n2.

Since we previously assumed that the noise is AWGN,
r1 and r2 are joint Gaussian distributions, that is, we can get
the received optical signal mean E(r1|s1), E(r2|s1) and the
received optical signal variance D(r1|s1), D(r2|s1), which are
given by

E(r1|s1) =
√
ENG, E(r2|s1) = 0, (12)

D(r1|s1) = D(r2|s1) = σ 2
balance. (13)

Considering the model of actual coherent demodulation,
it needs a strong local oscillator (LO) optical signal and a pho-
todetector which cannot be directly demodulated like radio
frequency (RF) [22], [28]–[30]. It is extremely necessary for
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us to analyze the received MPSK optical signal. In actual
engineering, the balanced detector is often utilized to detect
and demodulate the MPSK optical signal, which can improve
the SNR. Therefore, the LO optical signals can be rewritten
as f1(t) = El cos(2π fl t + ϕl), f2(t) = El sin(2π fl t + ϕl).
We only discuss one of two balanced detectors because their
structures are the same, which are shown in Figs. 2(c) and (d).
By observing the structure of the balanced detector, we note
that the photocurrent i1, i2 of photodetector is generated after
absorbing the coupler output optical signal. Hence, within
each bit of information, the i1 and i2 can be expressed
as [22, Eqs. (8)-(24)]

i1 =
η1q
hν
{(1− ε)E2

s + εE
2
l − 2

√
1− ε

√
ε

×EsEl sin[(2π fs − 2π fl)t + (ϕs − ϕl)]} + n11, (14)

i2 =
η2q
hν
{εE2

s + (1− ε)E2
l + 2

√
1− ε

√
ε

×EsEl sin[(2π fs − 2π fl)t + (ϕs − ϕl)]} + n12, (15)

where El =
√
Il , fl , ϕl , and Il represent the amplitude,

frequency, phase and optical power of the LO, respectively.
η1, η2 represent quantum efficiency, ε is the splitting ratio
of the coupler, and n11, n12 denote the current noise of the
photodetector. Moreover, h is Planck’s constant and q is the
electron charge. ν = c/λ denotes the optical frequency,
c and λ are optical velocity and wavelength. According to
the structure of differential amplifier circuit (see, Fig. 2(c)),
we can get

i2 − i1 =
q
hν
{[εη2 − (1− ε)η1]E2

s + [(1− ε)η2 − εη1]E2
l }

+
q
hν
{2(η1 + η2)

√
1− ε

√
εEsEl

× sin[(2π fs − 2π fl)t + (ϕs − ϕl)]} + {n12 − n11}.

(16)

The intermediate frequency signal ibalance1 and the amplitude
〈ibalance〉 can be obtained by filter and amplifier, here theG is
amplifier gain.

ibalance1 = G
q
hν
{2(η1 + η2)

√
1− ε

√
εEsEl

× sin[(2π fs − 2π fl)t + (ϕs − ϕl)]} + n1, (17)

〈ibalance〉 = G
q
hν
{2(η1 + η2)

√
1− ε

√
εEsEl . (18)

Therefore, the r1(t) can be written as

r1(t)=〈ibalance〉 sin[(2π fs − 2π fl)t+(ϕs − ϕl)]+ n1. (19)

where the n1 and n2 are the total noise of the two balanced
detectors respectively. Similar, we can get

r2(t)=〈ibalance〉 cos[(2π fs − 2π fl)t+(ϕs − ϕl)]+ n2. (20)

Especially, when fs = fl , this is homodyne detection,
Otherwise this is heterodyne detection [22]. Assuming that
the balance detector is a PIN photodiode, the total noise
(n1 or n2) contains noise, shot noise, and thermal noise of

the output current. Wherein, the excess noise is caused by the
optical power random fluctuation due to the jitter of the LO
optical signal. The mean value relationship between relative
intensity noise (RIN) and the mean square of noise power

〈
I2N
〉

is given in [31, pp. 221], as follows

RIN = 10log10

〈
I2N
〉

〈Il〉2B
. (21)

Therefore, the expression of the square of excess noise cur-
rent can be derived

σ 2
excess−balance = 2qξ (G

q
hν

)2[η1εE2
l − η2(1− ε)E

2
l ]

2B,

(22)

where ξ = (10RIN/10)/(2q) denotes the variation of the LO
optical signal noise power with the square of average LO
optical power, B represents the bandwidth of the detector and
B = 1/2 Ts [22, Eq, (35)]. Additionally, the shot noise is
incoherent noise, which is given by [32, pp. 501-538]

σ 2
shot−balance1 = 2qG2[i1 + id1]B, (23)

σ 2
shot−balance2 = 2qG2[i2 + id2]B, (24)

where σ 2
shot−balance1 and σ

2
shot−balance2 denote the short noise

of two PINs, respectively. id1 and id2 are the dark current
noise of the two PINs. We shall assume the system uses an
optical filter that can filter out the background noise, conse-
quently, the noise is not considered here. We also know that
the temperature characteristics of the balanced detector can
cause thermal noise σ 2

thermal−balance = 4κTB/R, where the
parameters areKelvin temperature constant κ , the device tem-
perature T and the load impedance R. σ 2

thermal−balance is the
noise of the balance detector itself, which is determined by the
device temperature, the load impedance and bandwidth, and
does not vary with the gain of the amplifier [32, Sec. 10.5].
It is noteworthy that the photoelectric conversion of the
detector is a Poisson process. When the number of the
photons absorbed by the detector surface is much greater
than 1, this can be approximated as a Gaussian distribution
[20, pp. 225-230]. In this paper, the balance detector has
a LO optical signal, i.e., the number of photons is much
greater than 1. In MPSK signal, we also discover that the
ENG = 1

2 log2M〈ibalance〉
2 [32]. Hence, (12) and (13) can

be written as

E(r1|s1) =

√
1
2
log2M〈ibalance〉

2 E(r2|s1) = 0, (25)

D(r1|s1) = D(r2|s1)

≈ σ 2
excess−balance + σ

2
shot−balance1

+ σ 2
thermal−balance, (26)

≈ σ 2
excess−balance + σ

2
shot−balance2

+ σ 2
thermal−balance, (27)
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According to (9), (25) and (26), the joint conditional PDF
can be given by

p(r1r2|s1) =
1

2πσ 2
balance

× exp{
r1 +

√
1
2 log2M〈ibalance〉

2

2σ 2
balance

−
r2

2σ 2
balance

}. (28)

Simultaneously, we can also get

p(θr |s1) =

√
log2M

〈ibalance〉2

2πσ 2
balance

cos θr

× exp(− log2M
〈ibalance〉2

2σ 2
balance

sin2θr ). (29)

According to [26, pp. 644], the average symbol error
rate (ASER) is given by

PSER−balance = 2Q(

√
log2M

〈ibalance〉2

σ 2
balance

sin
π

M
). (30)

Thus, the ABER based on balanced detector without
atmospheric turbulence can be written as

PABER−balance=
1

log2M
PSER−balance

=
2

log2M
Q(

√
log2M

〈ibalance〉2

σ 2
balance

sin
π

M
). (31)

Considering the fiber-coupling, the final joint ABER analyt-
ical expression is given by

PABER =
∫
∞

0
pJSB (ζ )PABER−balancedζ. (32)

In [20, pp. 226, Eqs. 5-8], we know that the number of
photons absorbed by the photodetector effective area Ad can
be written as

Kn =
η

hν

∫ Ts

0
Is(t)dt

=
η

hν

∫ Ts

0
Adζ (t)dt. (33)

According to (33), the (32) can be written as

PABER =
∫
∞

0

2
log2M

δ
√
2π

Isoptimal
Is(Isoptimal − Is)

× exp

{
−
1
2

[
γ + δ ln(

Is
Isoptimal − Is

)
]2}

×Q(

√
log2M

〈ibalance〉2

σ 2
balance

sin
π

M
)dIs. (34)

It is worth noting that 〈ibalance〉2/
(
2σ 2

balance

)
is the SNR of

balanced detector, where 2σ 2
balance is the sum of the noise

powers of two PINs. Hence, SNR can be written as

SNR(Is) =
〈ibalance〉2

2σ 2
balance

= 2
( q
hν

)2
G2(η1 + η2)2ε(1− ε)IlIs

×



2qξ (G
q
hν

)2[η1ε − η2(1− ε)]I2l B+

qG2

[ q
hν

[η1ε + η2(1− ε)]Il
+id1 + id2

]
B+

4κTB
R



−1

(35)

Equation (34) is a general analytical expression. It indi-
cates that statistical calculations can be implemented to
analyze the MPSK ABER performance in the fiber-
coupling receiver system using the average received power
as a test variable. Here Isoptimal is the optimal received
optical power from the SMF. Compared to the already
reported ABER expression without the beam splitting ratio
(e.g., [6], [18], [22]), (34) is an ABER expression about the
photoelectric performance of balanced detector. By analyzing
(34) and (35), we can better draw a conclusion that the
ABER performance is affected by turbulence strength, optical
power, gain, splitting ratio, quantum efficiency, bandwidth,
temperature, etc.

FIGURE 3. Light intensity fading measurement system. The link
distance = 865 m, the laser wavelength = 1550 nm, the optical
power = 27 dBm (500 mW ), the optical system structure at the
transmitter is the same as the receiver, the alignment system is
electronically controlled turntable, the detector is CMOS which receive
the light intensity from SMF.

IV. NUMERICAL ANALYSIS
From the beginning, we performed a three-month exper-
imental verification for the Johnson SB channel model
(July 2018 to October 2018), as shown in Fig. 3. In order
to eliminate the interference of background light, the exper-
iment was carried out at 20:00-22:30. The experimental site
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was located at Changchun University of Science and Tech-
nology, with a link distance of 865 m. The transmitter used
a transmissive telescope with adjustable focal length and
100mm aperture diameter, a 26.9 dBm (500mW ) laser source
of 1550 nm, and alignment system composed of the electron-
ically controlled turntable. The optical system at the receiver
has the same structure as the transmitter, which can couple
light into the SMF by adjusting the focal length. The comple-
mentary metal oxide semiconductor (CMOS, CAMMC1362)
was employed to detect the light intensity from the fiber,
and the sampling frequency is 1 kHz. Through measurement,
we discovered that if the light is completely received by trans-
missive telescope and not coupled into the fiber, the received
optical power is about 25.7 dBm (380 mW ), it means the sys-
tem without fiber coupling has about−11.9 dB attenuation in
865 m atmospheric turbulence channel.

FIGURE 4. Experimental verification of Johnson SB. (a)-(f) Measured
atmospheric conditions are C2

n = 1.1× 10−16 m−2/3,
C2

n = 5.5× 10−16 m−2/3, C2
n = 1.3× 10−15 m−2/3,

C2
n = 1.7× 10−13 m−2/3, C2

n = 2.1× 10−13 m−2/3 and
C2

n = 8.9× 10−13 m−2/3 respectively; the fitting efficiencies are 0.9996,
0.9657, 0.9791, 0.9457, 0.9967, and 0.9454 respectively.

Subsequently, for ease of analysis, assume that disper-
sion is not considered here. According to (1), we performed
off-line analysis of the sampled data, where the fading pro-
file and the fit curve are as depicted in Fig. 4. Meanwhile,
it is worth noting that the normalized fluctuation variance is
defined as

σ 2
Is =

〈
Is2
〉
−
〈
Is1
〉2〈

Is1
〉2 . (36)

It can be seen that, as the curve moves closer to the ordinate,
the normalized variance will be larger. It indicates that the
channel is highly deteriorated. The measured atmospheric

conditions of Figs. 4(a)-(f) are C2
n = 1.1 × 10−16 m−2/3,

C2
n = 5.5 × 10−16 m−2/3, C2

n = 1.3 × 10−15 m−2/3, C2
n =

1.7×10−13 m−2/3, C2
n = 2.1×10−13 m−2/3 and C2

n = 8.9×
10−13 m−2/3 respectively. And the fitting efficiencies are
0.9996, 0.9657, 0.9791, 0.9457, 0.9967, and 0.9454 respec-
tively. It can be concluded that when the light beam passes
through ‘‘weak, moderate and strong’’ turbulence, Johnson
SB PDF can describe the optical signal distribution state.
Its performance is better than other models such as
Lognormal and Gamma-Gamma.
Secondly, because the receiving end is a SMF, its effect on

the optical wave is equivalent to filtering in spatial domain.
The wavefront is distorted while the optical signal is prop-
agating in the atmospheric channel, the existing channel
models are not suitable for describing the channel state at
this time. From an engineering point of view, the channel
parameters can be determined by actually testing their mean
and variance, which is beneficial to the estimation of the
channel PDF. Based on the above experimental results, we use
Johnson SB PDF to express the channel state of the fiber-
coupled system in FSO communication. In particular, in the
following section, we use the fitted parameters of Johnson SB
to simulate.
By observing (35), the SNR of the balanced detector has

an important influence on the ABER. If splitting ratio is just
adapted, i.e., ε = 0.5, the SNR of balanced detector has
a maximum value, which shows that the balance detector
possesses the optimal performance, as depicted in Fig. 5(a),
where the simulation parameters are set to λ = 1550 nm,
ξ = 1.0×105,G = 200, T = 300 K , R = 50�, B = 4GHz,
symbol rate = 2GB/s, id1 = id2 = 1.0×10−9 nA. When the
input LO optical power is 13.9794 dBm (25 mW ), the input
MPSK optical power is −12.412 dBm (0.0625 mW ) and the
splitting ratio is 0.5, the SNR of balanced detector up to
56.4221 dB which is higher than ε = 0.3 (or 0.7) by 26 dB.
Therefore, the splitting ratio is set to ε = 0.5. Furthermore,
we know that the input MPSK optical power Is is one of the
key factors affecting detection performance. As the MPSK
optical power increases, the SNR of the balanced detector
raises. The SNR of −40 dBm MPSK optical power is 10 dB
more than the −50 dBm if the splitting ratio is 0.5 and the
LO optical power is 13.9794 dBm. In this numerical experi-
ment, the following scenarios of MPSK optical power from
−50 dBm to−30 dBm are highlighted for better exploring the
ABER performance under minimum received optical power.

Compared to Fig. 5(a), Fig. 5(b) depicts the SNR perfor-
mance of the balanced detector under the different quantum
efficiency of PIN photodetectors. The SNRof balanced detec-
tor is optimal which reaches a maximum value 18.9209 dB
(Il = 13.9794 dBm, Is = −50 dBm) when η1 = η2 = 1. The
ABER performance is presented by the contour line, which
is shown in Fig. 6. The excess noise can be eliminated in the
event that the two PIN photodetectors have the best same pro-
cess level and the coupler has the best splitting ratio perfor-
mance, i.e., if η1 = η2 and ε = 0.5, then σ 2

excess−balance = 0.
The ABER is the lowest in the case of that the quantum
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FIGURE 5. SNR performance of balance detector for splitting ratio ε and quantum efficiency η1, η2
of two PIN photodetectors. The common parameter λ = 1550 nm, ξ = 1.0× 105, G = 200, T = 300 K ,
R = 50 �, B = 4 GHz , symbol rate = 2 GB/s, id1 = id2 = 1.0× 10−9 nA; (a) ε, Il and Is are variables,
η1 = η2 = 0.9; (b) η1 and η2 are variables, ε = 0.5, Il = 25 dBm, Is = −50 dBm.

FIGURE 6. ABER as a function of quantum efficiency η1 and η2 of two PIN photodetectors
for MPSK. M = 4, λ = 1550 nm, ε = 0.5, ξ = 1.0× 105, G = 200, T = 300 K , R = 50 �, B = 4 GHz ,
symbol rate = 2 GB/s, id1 = id2 = 1.0× 10−9 nA, Il = 3.9794 dBm, Isoptimal = −50 dBm.
(a), (b) and (c) represent γ = −1, 3, 1; δ = 1, 1.5, 0.5, respectively.

efficiency tends to the ideal state, i.e, η1 → 1 and η2 → 1,
the system will get an optimum SNR. Hence, considering the
strict consistency requirements of balance detector, we shall
set the parameters η1 = η2 = 0.9 in the following simulation.
We then found that the ABER increases with the increase
of the σ 2

Is , it means that the ABER will deteriorate rapidly
while the turbulence strength enhances. The ABER has a
significant deterioration trendwhen σ 2

Is changes from 0 to 0.1,
as described in Fig. 6 (a) and (b). For example, Fig. 6 (a)
(ABER = 1.3518 × 10−5) is two orders of magnitude lower
than Fig. 6 (b) (ABER = 8.6520× 10−3) when the quantum
efficiency is 0.9, the LO optical power is 13.9794 dBm and the
MPSK optical power is−50 dBm. As the turbulence strength
increases, the optimal ABER becomes to 5.20× 10−2 below
the 7% forward error correction (FEC) limit of 3.8 × 10−3,
as shown in Fig. 6(c) [33].

Furthermore, the ABER performance of different modu-
lation order M under the different atmospheric channels was
explored, as presented in Fig. 7. The ABER increases with the

deterioration of channel quality when the modulation order
is the same. It is worth noting that under the same free-
space channel environment and transmission power, as the
order of M decreases, the communication quality is gradually
improved. This can verify the existing literature [8], [11],
which have successfully achieved the high-rate FSO com-
munication by using BPSK or DPSK. For a better discussion
here, the numerical experiment was carried out based onM =
4 in the following pages. Besides, improving the received
power of the SMF can further enhance the communication
performance. For instance, the ABER at the received power
of−25 dBm is 5 orders of magnitude lower than the−50 dBm
when γ = 3.2, δ = 1 andM = 4, as shown in Fig. 7(b). That
is the reason we used the optical terminal system to improve
the received power of SMF in our previous work [11].

However, the balanced detector has a maximum damage
optical power threshold, i.e., maximum input optical power
limit. On this basis, we found that the gain and temperature
of the balance detector are also an important factor affecting
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FIGURE 7. ABER as a function of modulation order M for MPSK. @-2.4202 denotes 3.8× 10−3

ABER, η1 = η2 = 0.9, λ = 1550 nm, ε = 0.5, ξ = 1.0× 105, G = 200, T = 300 K , R = 50 �,
B = 4 GHz , symbol rate = 2 GB/s, id1 = id2 = 1.0× 10−9 nA, Il = 3.9794 dBm.
(a), (b) and (c) represent γ = 4, 3.2, 2.8; δ = 1.2, 1, 0.56, respectively.

FIGURE 8. ABER as a function of balanced detector gain G and temperature T for MPSK. @-2.4202
denotes 3.8× 10−3 ABER, the common parameter M = 4, η1 = η2 = 0.9, λ = 1550 nm, ε = 0.5,
ξ = 1.0× 105, R = 50 �, B = 4 GHz , symbol rate = 2 GB/s, id1 = id2 = 1.0× 10−9 nA,
Isoptimal = −40 dBm, γ = 3, δ = 1.5; (a) G is a variable, T = 300 K ; (b) T is a variable, G = 200.

detection performance under low input optical power (see,
Eq. (35)). Therefore, we explored the ABER performance
among different gain, temperature, and LO optical power
under the atmospheric channel σ 2

Is = 0.327, as shown in
Figs. 8(a) and (b). When the LO optical power lower is less
than −30 dBm, the ABER performance is ameliorated with
the higher gain G or the lower temperature K . Nevertheless,
it indicates that the ABER tends to be stable when the LO
optical power is greater than −10 dBm and reflects signal
distortion effect has weakened. According to this relation-
ship, we can design the temperature control system to keep
a good working state and prevent the detector from burning
out for better stabilizing the optical-electrical conversion per-
formance of the balance detector. Moreover, we can design
a high gain amplifier to make output signal from the balance
detectormeet the processing range of the digital signal circuit.

It cannot be ignored that the atmosphere channel can be
regarded as a filter, and the envelope of the fading PDF can
be affected by wavelength and frequency [24, pp. 152-154].
To investigate this effect, three different channel environ-
ments were assumed, i.e., γ = 4, δ = 1.2; γ = 3.2, δ =
1.5 and γ = 1, δ = 0.5 as shown in Figs. 9 and 10.
Under the same received power of SMF, we chose a longer
wavelength optical signal, which is beneficial to moderate
the ABER. However, as the degree of turbulence inten-
sity increases, the communication quality deteriorates. Espe-
cially, the ABER is higher than the 7% FEC limit of 3.8 ×
10−3(@ − 2.4202) when the channel parameters are γ = 1,
δ = 0.5, the received signal power is −35 dBm and the
wavelength is less than 800 nm. It shows that communica-
tion failed under such conditions, as described in Fig. 9(b).
The ABER can be also decreased by reducing the data
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FIGURE 9. ABER as a function of optical wavelength λ for MPSK. @-2.4202 denotes
3.8× 10−3 ABER, M = 4, η1 = η2 = 0.9, ε = 0.5, ξ = 1.0× 105, G = 200, T = 300 K , R = 50 �,
B = 4 GHz , symbol rate = 2 GB/s, id1 = id2 = 1.0× 10−9 nA, Il = 3.9794 dBm.
(a) and (b) represent Isoptimal = −30 dBm, −35 dBm, respectively.

FIGURE 10. ABER as a function of symbol rate for MPSK. @-2.4202 denotes 3.8× 10−3 ABER,
M = 4, η1 = η2 = 0.9, λ = 1550 nm, ε = 0.5, ξ = 1.0× 105, G = 200, T = 300 K , R = 50 �,
id1 = id2 = 1.0× 10−9 nA, Il = 3.9794 dBm. (a) and (b) represent Isoptimal = −30 dBm and
−35 dBm, respectively.

transmission rate. If γ = 3.2, δ = 1.5, Il = −35 dBm, the
ABER at the 0.5 GB/s (1 Gb/s) is 5 orders of magnitude
lower than 2.5 GB/s (5 Gb/s), as shown in Fig. 10(b).
These phenomena are explained in our previous high-speed
communication experiments [12].
Based on the above parameter analysis, we can assume

that the splitting ratio is 0.5, and the LO optical power is
about −10 dBm or less in actual operation [12], [13]. At this
point, the effects of dark current noise and thermal noise are
negligible, that is,

Id1 ≈ 0, Id2 ≈ 0, σ 2
thermal−balance ≈ 0, (37)

Substituting the (37) into the (34), there is

PABER =
∫
∞

0

2
log2M

δ
√
2π

SNRoptimal
SNR(SNRoptimal − SNR)

× exp

{
−
1
2

[
γ + δ ln(

SNR
SNRoptimal − SNR

)
]2}

×Q(
√
(2log2M )SNR sin

π

M
)dSNR. (38)

We found that (35) can be simplified to SNR = 2ηIs/hνB.
If the ρ = η/hνB is defined as the performance
parameter of balanced detector, we can derive the opti-
mal SNR of the fiber-coupling FSO communication system,

i.e., SNRoptimal = 2ρIsoptimal . Where the (38) is a ABER
expression about SNR. According to [34], [35], the (38) can
be can be approximated as

PABER ≈
m∑
i=1

wi
2

√
π log2M

×Q

√√√√2log2MSNRoptimal

1+ exp{−
√
2xi+γ
2δ }

sin
π

M

 . (39)

Equation (39) is a closed ABER expression, where m is
the order of approximation, xi are the zeros of the ith-order
Hermite polynomial, and wi is weight factors for the ith-order
approximation, respectively [34, Eqs. (1) and (2)]. To further
discuss the performance advantages of MPSK, the relation-
ships between BER and SNR of 4PSK and 4PAM were
described in Fig. 11. The ABER of 4PSK is less than 4PAM
at the same atmospheric conditions, this effect is becoming
more and more obvious as the SNR increases, especially after
20 dB SNR. It shows that the ABER performance of 4PSK is
superior to 4PAM at the same channel. Moreover, in 4PSK,
under γ = 0.5, δ = 1.0, σ 2

Is = 1.2242, the ABER of 4PSK
is less than the 7% FEC limit of 3.8 × 10−3 when the SNR
is 28 dB. And yet 38 dB SNR is required to achieve this goal
at γ = 2.8, δ = 0.56, σ 2

Is = 5.2441. If the ABER is required
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FIGURE 11. ABER as a function of SNR for MPSK and MPAM under
different Johnson SB turbulence channel. @-2.4202 denotes
3.8× 10−3 ABER, M = 4.

to be lower than 10−6 at γ = 0.5, δ = 1.0, σ 2
Is = 1.2242,

the SNR at this time should maintain at least 48 dB or more.
It indicates that the ABER seriously deteriorates with the
enhancement of atmospheric turbulence strength, which shall
need high SNR to achieve communication. Based on such
numerical experimental analysis, we can utilize adaptive opti-
cal techniques to reduce the normalized fluctuation variance
and use the tracking server system to improve the coupling
efficiency for ameliorating the communication performance
of the fiber-coupling FSO communication system [36].

V. CONCLUSION
In this paper, by utilizing the fiber-coupling system to receive
the free-space optical signal, the ABER performance expres-
sion for MPSK communication based on the balanced detec-
tor with fiber was illustrated for the first time. Firstly,
the Johnson SB channel fading PDF was first experimentally
demonstrated, which described the statistical characteristics
of fading when the free-space light is coupled into the SMF
after through the atmospheric turbulence. Secondly, anABER
expression was established by combining the photon charac-
teristics of the balanced detector with fiber which base on
Johnson SB. We knew, through numerical simulation, the sys-
tem is affected by the received optical field, the coupling
efficiency of the SMF, and the optical power normalized fluc-
tuation variance which is caused by atmospheric turbulence.
In the event that the quantum efficiencies of the two PIN
photodetector are equal and the splitting ratio performance is
optimal, the excess noise can be eliminated, and the ABER
can also be reduced. The performance of ABER is poorer
with the deterioration of channel quality, i.e., the normal-
ized fluctuation variance becomes larger, which makes free-
space optical signal difficult to be coupled into the SMF.
Furthermore, we noted that the communication quality can
be ameliorated by adjusting these parameters, i.e, increas-
ing the system bandwidth, selecting the appropriate modu-
lation order, optical wavelength, and data transmission rate,
improving the received power of the fiber, increasing the gain
of the balanced detector, and controlling the temperature.
Finally, in the case where the LO optical power is much larger

than the MPSK optical power, the ABER-SNR analytical
expression was deduced. This mathematical model described
the relationship between the required SNR to successfully
communicate in different atmospheric channel scenes. if the
normalized fluctuation variance is 1.2242 and the ABER is
required to be lower than 10−6, the numerical experimental
results manifested that the SNR at this time should maintain
at least 48 dB or more. Meanwhile, by numerically analyzing
the performance of ABER-SNR, we can also conclude that
the communication performance of MPSK is superior to the
MPAM in the same channel. In a word, all the presented
models can provide parameter reference for the design of
fiber-coupling FSO communication system and theoretical
support for experiments.
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