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Deep-space free-space optical (FSO) communication utilized the light wave as

carriers for information transfer which has the major benefit of small size,

lightweight, and low consumption compared with microwave communication

loaded with the same data rate. The M-ary pulse-position modulation (M-PPM)

format is a favorable choice for deep-space FSO communication by means of

its high sensitivity. The preamplified thresholded M-PPM technique has been

confirmed, and a corresponding demonstration has been accomplished with

data rates of 1.25 Gbps and 2.00 Gbps separately. The receiving sensitivities

(BER@1 × 10−3) of 1.25 Gbps and 2.00 Gbps 16-PPM have been detected as

-57.51 dBm (11.04 photons/bit) and -55.03 dBm (12.25 photons/bit),

respectively. Simultaneously, the high extinction ratio of M-PPM has been

achieved, for example, the extinction ratio of 16-PPM has been detected as

39.51 and 38.27 dB for 1.25 Gbps and 2.00 Gbps, which are 17.60 and 17.44 dB

higher than that of on–off keying (OOK) modulation, respectively. The results

imply that our communication scheme possessed high sensitivity and

eliminated the requirements of single-photon detectors (SPDs) and high-

speed analog-to-digital converters (ADCs) which finds an alternative solution

for deep-space FSO communication.
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Introduction

On-going advancements in science and technology ignite our

passion for exploring the vast Universe. The utilization of natural

resources is also gradually developing toward deep space; thus,

the exploration of unknown deep space is of great significance

[1,2,3,4]. Concurrently, the free-space optical (FSO)

communication terminal can be considered an ideal payload

for deep-space information transfer because of its inherent

benefits of small size, light weight, and low power

consumption [5, 6]. Therefore, FSO communication is capable

of keeping up with the communication demands for booming

deep-space activities.

Since the higher receiving sensitivity has been acquired for

over-length deep-space transmission distance, the modulation

formats serving for conventional near-Earth communication are

less suitable, such as on–off keying (OOK), differential phase-

shift keying (DPSK), binary phase-shift keying (BPSK), and

quadrature phase-shift keying (QPSK) [7,8,9,10,11,12]. Hence,

the M-ary pulse-position modulation (M-PPM) has been taken

into consideration, which has long been recognized as a power-

efficient format. M-PPM sacrificed the bandwidth for ensuring

receiving sensitivity and approached the maximum data rate by

using minimum optical power [13, 14]. Meanwhile, M-PPM has

a great anti-interference ability during turbulent atmospheric

transmission, which is fit for deep space–earth optical

communication [15, 16]. In 2013, the 16-PPM and single-

photon detector (SPD) array have been adopted in Lunar

Laser Communication Demonstration (LLCD) by NASA for

realizing 622 Mbps lunar–earth communication with

400,000 km distance [17, 18]. In 2022, NASA plans to launch

an exploratory satellite Psyche loaded with 267 Mbps data rate

utilizing PPM formats. It will run between Mars and Jupiter with

55 million km [19]. Meanwhile, NASA is going to launch a lunar-

orbital satellite, which first carries the laser communication

system (Optical to Orion, O2O) in 2023. The O2O will

provide real-time 4 K video transmission owning ultra-high

definition with a communication distance of 400,000 km and

80–250 Mpbs data-rate PPM downlink [20]. Additionally, ESA

plans to send a weather satellite to Lagrangian point 5 (L5)

equipped with a deep-space optical communication system

(DOSC) to demonstrate the communication link with

150 million km in 2024. The downlink data rate is 10 Mbps

with 16-PPM formats at 1,550 nm wavelength [21].

In this effort, the preamplified thresholded M-PPM optical

communication system has been proposed and separately

demonstrated with 1.25 Gbps and 2.00 Gbps, which eliminates

the requirements for SPD as well as high-speed analog-to-digital

converters (ADCs). An optically preamplified receiver can

operate at very fast rates, achieve near theoretical

performance, and is well suited to reliable operation in a

space environment. Meanwhile, the high extinction ratio (ER)

M-PPM modulation and the theory of preamplified thresholded

receiving sensitivity have been introduced and analyzed. The

corresponding 4-PPM, 8-PPM, and 16-PPM optical

communication systems have been established, and relative

parameters have been collected, including ER and eye

diagrams, as well as bit-error-rate (BER). With a BER at 1 ×

10−3, the receiving sensitivities of 1.25 Gbps and 2 Gbps 16-PPM

signals are -57.51 dBm (11.04 photons/bit) and -55.03 dBm

(12.25 photons/bit), respectively, which might perform well in

deep-space FSO communication, such as lunar–Earth,

Mars–Earth.

Thresholded preamplified M-PPM
system design

M-PPM transmitter

The M-PPM format achieves high receiver sensitivity

utilizing the pulse relative position for information transfer

[22]. In M-PPM, the k-bit data sequence has been divided

into M-slot (M = 2k). Over a period of an M-slot symbol, a

pulse represents 1 bit located at some time slot, and the other

slots represent 0 bit. The k-bits data sequence has been expressed

as K=(k1,k2,...,kn), and the position of the slot has been written as

l. Therefore, the code mapping for M-PPM has been deduced as

l = k1+2k2+......+2
n−1kn ∈{0,1,...,n − 1}, and the information bit

transferred byM-PPM is k = log2M [23]. The oscillograms for 4-

PPM, 8-PPM, and 16-PPM are displayed in Figure 1A.

The PPM modulation format is a transmission mode with a

high energy efficiency ratio. Compared with the OOK

modulation, the optical signal-to-noise ratio (OSNR) of 4-

PPM, 8-PPM, and 16-PPM has been multiplied 2, 4, and

8 times, respectively, with the same optical power. The peak

optical power of PPM can be amplified to a fairly high level using

an amplifier, which is more suitable for long-haul information

transfer [24]. The Mach–Zehnder modulator-based (MZM-

based) intensity modulation has been applied for the electro-

optical modulation of the M-PPM signal. Since the MZM

transmission characteristic is in accordance with the cosine

curve, the optimum operation point of the modulator can be

determined by controlling the direct current (DC) bias voltage

(VDC). Meanwhile, the optimal ER has been approached by

adjusting the signal-driving voltage as Vπ. As shown in

Figures 1B–E, the optimal operation points VDC with high ER

of OOK is the quadrature point (Q point, VDC = -Vπ/2), while

that of M-PPM has not been located on the Q-point due to the

uneven distribution of 0- and 1-bit electrical levels. For example,

the optimal operation points of 4-PPM, 8-PPM, and 16-PPM are

VDC = -3Vπ/4, VDC = -7Vπ/8, and VDC = -15Vπ/16 (close to

NULL point), respectively.

The optical power of the pulsed signal amplified using the

erbium-doped fiber amplifier (EDFA) at saturation power has

been influenced by ER. The EDFA operated at the saturation
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status is an amplifier with limited average power, and its output

peak power can be written as

Ppeak � Pavg

S + (1 − S)/ER, (1)

where S represents the duty circle and Pavg is the average

power. The correlation ER ≥ 15 dB-S has been satisfied for

acquiring maximum amplified signal power. Thus, the

demands ER4-PPM ≥ 21 dB, ER8-PPM ≥ 24 dB, and ER16-

PPM ≥ 27 dB have been met for 4-PPM, 8-PPM, and 16-

PPM, respectively, in order to exploit 99% power of EDFA

for amplifying the pulse signal.

M-PPM receiver

The optical preamplifier and electrical threshold decision

have been combined for weak signal detection at the receiving

terminal which eliminates the need for high-speed ADC. For

instance, the time-slot rate of a 2-Gbps data stream coded by 16-

PPM has reached 8 Gbps and requires ADC equipped with at

least 16 GHz bandwidth, which introduces large power

consumption, and simultaneously, it may be less suitable for

applying in the space environment.

For an ideal noise-limited thresholded preamplified receiver,

the M-PPM BER is approximately given by [25]

BER(M−PPM) � 1
2
e−

Navgkeff
2 . (2)

The keff is related to the bits-per-symbol given in Eqs 3–5 as

follows:

keff � k(1 − k − 1
kNc

), (3)

where

Nc � Navg(1.75 − 1

1 − e−Tk(Navg−1)), (4)

where Navg represents the average photon number and

Tk � 0.4(1 − 1
1 − e−(k−5)

). (5)

For smallM and large received signal (Nc), keff would be next

to k. The dependence of BER on photons/bit has been illustrated

in Figure 2 for ideal optically preamplified M-PPM, OOK, and

DPSK modulation formats. The BER performance has been

improved with the increase in the order of M-PPM. Note that

theoretical preamplified OOK and DPSK BER performances are

similar to 2-PPM and 4-PPM modulation performances,

respectively.

Experiment

The design of the preamplified thresholded M-PPM system

has been illustrated in Figure 3, including the transmitter and

receiver. Taking 16-PPM as a typical example, a distributed

feedback (DFB) continuous laser with 10 kHz linewidth has

been applied as the optical carrier for signal transmitting. The

1.25 Gbps or 2.00 Gbps baseband electrical signal (PRBS-7) has

been PPM-coded as a 16-PPM signal with a slot-rate of 5.00 Gbps

or 8.00 Gbps, respectively, and transferred into LiNbO3 MZM

FIGURE 1
(A) Code mapping of theM-PPM (M = 4, 6, and 8) modulation format. (B–E)MZM transmission characteristics curves of OOK, 4-PPM, 8-PPM,
and 16-PPM.
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(iXblue, MXER-LN-20). The high ER PPMmodulation has been

approached viathe bias voltage VDC control of LiNbO3 MZM.

Next, the modulated signal has been amplified by EDFA

(KEOPSYS, CEFA-C-PB-HP) and coupled into an optical

antenna for spatial emitting. Subsequently, the optical signal

that underwent 1 m transmission has been captured using the

receiving antenna and coupled into the following variable optical

attenuator (VOA, Advanced Fiber Resources MVOA-1550).

Then, a 50:50 coupler has been introduced to split the optical

signal into two independent branches. One of the branches has

been utilized as a power monitor, and the other branch of the

optical signal has been amplified using a low-noise preamplifier

and filtered by a 10-GHz optical filter for extracting the optical

signal with low noise. The filtered optical signal has been

transformed into the 16-PPM electrical signal using a high-

speed photodetector (PD, Discovery, DSC-R402). Later, the

electrical signal has been outputted as the differential signal

after threshold decision shaping using the trans-impedance

amplifier, RF filter, and high-speed comparator. One path of

the differential signals has been imported into the 1:

FIGURE 2
BER curves for optically preamplified M-PPM modulation, OOK modulation, and DPSK modulation.

FIGURE 3
Schematic diagram of the preamplified thresholded M-PPM system. DFB: distributed feedback; MZM: Mach–Zehnder modulator; AMP:
amplifier; EDFA: erbium-doped fiber amplifier; VOA: variable optical attenuator; PD: photodetector; PLL: phase-locked loop.
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16 deserializer, and the other path goes through the phase-locked

loop (PLL) to extract the stable synchronous clock signal as the

reference clock signal for the 1:16 deserializer. For example, the

serial slot-rate 5.00 Gbps or 8.00 Gbps 16-PPM signal has been

divided into 16 paths of the parallel signal as 312.5 Mbps or

500 Mbps, respectively. Then, the 16 paths of the signal have been

PPM-decoded and recovered as the baseband electrical signal

via FPGA.

Results and discussion

The performance evaluation of the
M-PPM transmitter

The spectra for modulated signals have been depicted in

Figures 4A,B. Since the central wavelength is exactly

1,541.35 nm, various degrees of spectral broadening have

been observed in modulated signals. For instance, the

spectra of the 2.00 Gbps modulated signal broadening more

than that of 1.25 Gbps, and both modulation sidebands are

clear. Meanwhile, the duty cycle of the modulated signal has

been decreased with the increase in the order ofM-PPM; thus,

the downtrend has been displayed for optical power. The eye

diagrams of modulated signals are measured by a 23-GHz

digital phosphor oscilloscope (Tektronix, DPO72304DX)

(Figures 4C,D). All of the eye diagrams are clear and

exhibit favorable great signal quality. The ERs of

modulated 1.25 Gbps OOK, 4-PPM, 8-PPM, and 16-PPM

have been measured as 21.91, 29.14, 37.67, and 39.51 dB,

while those of 2.00 Gbps data are 20.83 dB m, 29.04, 36.20, and

38.27 dB, respectively. With the order of M-PPM increasing,

the ER has been enhanced. The high ER of the modulated

signal meets the requirement of the EDFA-saturated optical

amplifier, which consumed 99% power for pulse signal

amplification.

FIGURE 4
(A) Optical spectra of CW and 1.25 Gbps OOK, 4-PPM, 8-PPM, and 16-PPM signals; (B)Optical spectra of CW and 2.00 Gbps OOK, 4-PPM, 8-
PPM, and 16-PPM signals; (C) eye diagrams of 1.25 Gbps modulated signals; and (D) eye diagrams of 2.00 Gbps modulated signals.
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The performance evaluation of the
M-PPM receiver

The receiving sensitivity plays a significant role in

evaluating the performance of the receiver. The

dependences of BER on optical power have been drawn in

Figures 5A,B for 1.25 Gbps and 2.00 Gbps data rates with

different formats. The receiving sensitivity has been

improved with the increasing order of M-PPM modulation

and conformed to the tendency of theoretical curves. The

receiving eye diagrams with BER 1 × 10−9 have been

depicted in Figures 5C,D, and the signal quality is worse

than that of a transmitter (Figures 4C,D). The receiving

sensitivities (BER@1 × 10−3) for OOK, 4-PPM, 8-PPM, and

16-PPM have been listed in Table 1. The receiving sensitivities

for 1.25 Gbps and 2.00 Gbps 16-PPM are -57.51 dB m

(11.04 photons/bit) and -55.03 dB m (12.25 photons/bit),

respectively, which are separately 3.57 and 4.73 dB loss

compared with the theoretical limit. The loss has been

mainly induced by the 4.5 dB noise coefficient of the optical

preamplifier, which is 1.5 dB higher than the theoretical value

of 3 dB. Additionally, the 1.5 dB loss is aroused by the out-of-

band noise of the optical filter; and the 0.5 dB loss is aroused

from relative process circuits. Other reported PPM system

results have been listed in Table 2 for the clear comparison with

our present work. Our M-PPM communication system owns

FIGURE 5
BER analysis of received optical power for (A) 1.25 Gbps and (B) 2.00 Gbps. (C) Eye diagrams of 1.25 Gbps and (D) 2 Gbps signals at the receiver
terminal.

TABLE 1 Sensitivity results of the comparative experiment.

Receive power (BER@1 × 10−3)

1.25 Gbps 2.00 Gbps

OOK -48.98 dBm (78.95 photons/bit) -46.88 dBm (80.03 photons/bit)

4-PPM -52.42 dBm (35.73 photons/bit) -50.01 dBm (38.92 photons/bit)

8-PPM -55.25 dBm (17.49 photons/bit) -52.28 dBm (23.08 photons/bit)

16-PPM -57.51 dBm (11.04 photons/bit) -55.03 dBm (12.25 photons/bit)
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favorable receiving sensitivity and data rate which has

potential for utilization in deep-space FSO applications.

Conclusion

A preamplified thresholded M-PPM technique has been

proposed, and a corresponding system has been established.

The high ER M-PPM modulation method and the theoretical

receiving sensitivity have been analyzed. The modulated ERs of

1.25 Gbps and 2.00 Gbps 16-PPM have been measured as

39.51 and 38.27 dB, which are 17.60 and 17.44 dB higher than

those of OOK modulation, respectively. The receiving

sensitivities (BER@1 × 10−3) of 1.25 Gbps and 2.00 Gbps 16-

PPM have been detected as -57.51 dBm (11.04 photons/bit) and

-55.03 dBm (12.25 photons/bit), respectively. The preamplified

PPM system has been confirmed with superior receiving

sensitivity and eliminates the requirements for SPD and high-

speed ADC. The performance evaluation of our PPM system

demonstrates the high ER and favorable receiving sensitivity. The

simple structure and optimal performance provide alternative

solutions for deep-space FSO communication links including

lunar–Earth, and Mars–Earth.
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