®

Check for
updates

Inter-satellite Optical Analog Network
Coding Using Modulated Retro Reflectors

Jia Yanmei'2®, Lyu Congmin®?, Shen Pengfei'?, and Lu Lu'2®)

! University of Chinese Academy of Sciences, Beijing 100049, China
lulu@csu.ac.cn
2 Technology and Engineering Center for Space Utilization,
Chinese Academy of Sciences, Beijing 100094, China

Abstract. Information sharing, real-time data exchange, and low
SWaP (Size, Weight and Power) inter-satellite communication are the
key technologies for cooperative satellite. In order to build a high-
throughput inter-satellite optical communication network suitable for
micro-satellites, an analog network coding (ANC) system based on mod-
ulated retro reflectors (MRR) was designed for two way relay chan-
nel (TWRC). Different from traditional-scheduling (T'S) based TWRC,
MRR ANC saves two sets of pointing, acquisition and tracking (PAT)
devices at the end terminals. Specifically, our proposed MRR ANC
system is suitable for small satellites with tight SWaP constrains. In
this paper, we solve the power allocation problem of MRR ANC using
Lagrange multiplier method under sum rate maximization criteria. We
evaluated the system throughput and bit error rate (BER) performances
using numerical simulations. The results show that both sum rate and
BER performances of MRR ANC are improved using our proposed
method compared with conventional uniform power allocation scheme.
When each bidirectional link distance is 200 km, the non-channel-coded
BER of each terminal is 1075 using on-off keying (OOK) modulation.
Compared with traditional scheduling, the system throughput of MRR
ANC was improved by 1.8 times.

Keywords: Modulated retro reflector - Analog network coding -
Power allocation - Throughput

1 Introduction

With the development of space technology, the amount of information exchange
and the data transmission rate between applied satellite systems is increasing.
The demand for inter-satellite network is increasingly urgent. Small satellites
have the characteristics of low cost, dynamic and flexible reconstruction, so it
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has become a trend to use small satellites to form a space-based integrated infor-
mation network, information fusion and interconnection. Compared with radio
frequency (RF) systems, free space optical communication (FSOC) has lower
size, weight, and power (SWaP) advantages in addition to higher data rates,
spectrum competition, and security [1]. FSOC is the best means to realize large-
capacity and high-speed network [2]. Inter-satellite FSOC network has become
a major development direction [3-6].

It is difficult to form a high-speed, real-time and high-throughput FSOC net-
work with low SWaP value for traditional “point-to-point” FSOC [7,8]. Agile
laser beams with fast steering and tracking will be required for FSOC network
with low SWaP value. The cost and the complexity are other important issues.
Modulated retro reflector (MRR) only needs Pointing, Acquisition and Track-
ing (PAT) at one end, and a corner reflector or a“cat’s eye” onboarded at the
other end [9,10]. MRR is usually a few kilograms, and its power consumption
is a few watts [11], which meets the requirements of low SWaP value of micro
satellites. At present, most of the research focuses on the application of MRR
in point-to-point communication scenarios [12]. Using the MRR Array, “point-
to-multipoints” laser communication can be realized. For example, the all-sky
coverage inter-satellite omnidirectional optical communication (ISOC) based on
MEMS modulation reflector is being developed by the Jet Propulsion Laboratory
[13].

Due to the short insight time of inter-satellite laser communication, satellite
networking requires relay satellites to increase the data transmission time and
communication range. Two Way Relay Channel (TWRC) is a basic unit in FSOC
network. In order to further improve the real-time performance and throughput
of FSOC networks, this paper proposes an inter-satellite ANC scheme based
on MRR (MRR ANC), which is used to meet the demand of real-time and
high-throughput information sharing and exchange for FSOC network of micro
satellites. MRR ANC system model is established, and the power allocation,
system throughput and average BER of MRR ANC system are simulated and
analyzed, and the feasibility of MRR ANC system is evaluated. The results show
that MRR ANC system can improve the system throughput with low SWaP
value. MRR ANC system rate and BER, performances can be improved by using
power allocation.

The remainder of this paper is organized as follows: Sect.2 presents MRR
ANC system design. Section 3 gives the system model for MRR ANC. Section 4
proposes optimal power allocation for MRR ANC. Sectionb calculates the
throughput for MRR ANC. Section 6 presents our simulation analyses and dis-
cussion. Finally, Sect. 7 concludes this paper.

2 MRR ANC System Design

The communication process of traditional point-to-point FSOC in TWRC chan-
nel is shown in Fig. 1. To complete the optical relay communication, the system
requires at least three PATs and four time slots for the TWRC information
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exchange. Taking the PAT used on the NASA LLCD (Lunar Laser Communi-
cations Demonstration) [1] as an example, each terminal will require a weight
resource of about 30.7kg, power consumption of about 90 W, and volume of
315mm x 261 mm x 185mm. Due to the small divergence angle and precise
pointing of the laser beam, PAT has certain requirements on the attitude and
stability of the satellite platform.

MRR as FSOC terminal can realize “point-to-multipoints” communication,
can save the PAT on the satellites, so it is suitable for inter-satellite FSOC of
micro satellites. The working principle of MRR and the TWRC channel infor-
mation exchange process are shown in Fig. 2 and Fig. 3.

PAT “one point to multi-
point” PAT or two PAT PAT
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Fig. 1. Schematic diagram of traditional point-to-point laser communication terminal
information exchange in TWRC
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Fig. 2. MRR system architecture diagram

This paper proposes MRR ANC system as shown in the Fig. 4. The satellite
FSOC network based on MRR takes the main satellite as the network node,
the “one-point-to-multipoint” PAT is installed on the main satellite, and MRR
array is installed on the sub-satellite. The main satellite is the interrogator and
the sub-satellite is the passive end. The main satellite sends the interrogating
beam to the sub-satellite, and the sub-satellite modulates the information on the
interrogating beam to complete the inter-satellite bidirectional communication.
The network structure can be rapidly and dynamically reconstructed to adapt
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“one point to multi-point” PAT
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Fig. 3. Information exchange between MRR terminals on the help of relay

the rapidly changing space situation and mission. Compared with the ANC sys-
tem implemented by the traditional FSOC terminal, the MRR ANC system can
save the PATs on subsatellites. By using ANC, the packet exchange between two
end nodes can be completed in two time slots with the help of relay node, and
the throughput can be increased by two times theoretically.

N - = W

Fig.4. MRR ANC system architecture diagram

Comparison of transmission time slots between ANC and traditional scheme
is shown in the Fig. 5. The traditional scheduling needs 4 time slots to complete
the information exchange between subsatellite A and B. The MRR ANC system
can complete the information exchange in 2 time slots. This system can be used
as the basic unit of FSOC network.

3 System Model
The transmission equation of conventional FSOC can be expressed as [14]
PSTS = PLasGTLTLRTatmGreCLrecLPE~ (1)

For a given modulation reflector antenna gain and modulation efficiency, the
MRR transmission equation can be expressed as:

Psyrr = PLasGrLr LRTatm GMRRLIMRRM LR Tatm GrecLvec LPE- (2)
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Fig.5. MRR ANC work principle diagram

In Egs.1 and 2, Pspg denotes the optical signal received by the receiver,
Psarpr is the power of the MRR signal received by the main satellite, Ppgs
is the emitted power, G is the transmitter antenna gain at the interrogator,
Ly is the transmitting antenna loss, Ly is the loss of free space, T,¢y, is the
atmospheric transmission loss, Gj/rpr is the optical gain of the MRR, Ly/grpr
is the optical loss of the MRR, M is the modulation coefficient of the MRR,
Grec is the optical antenna gain of the interrogator, L.,... is the optical loss of
the receiver. Atmospheric losses are not considered because we tend to establish
inter-satellite link.

The MRR antenna gain, optical loss, modulation efficiency are increased
based on the transmitter and receiver related terms. Compared with the tradi-
tional laser communication link, the MRR link has higher distance loss, attenu-
ates as 1 / R* not 1 / R2. On-off Keying (OOK) modulation format and intensity
modulation with direct detection (IM/DD) are used. The signal reception model
can be expressed as y = nhx+n, where y is the received signal, 7 is the photoelec-
tric conversion efficiency of the receiver, h represents channel state, x € {0,1}
denotes binary signal, n is white Gaussian noise.

For MRR ANC system, the two subsatellites A and B modulate signals on
top of the interrogating beam and reflect back to the main satellite R simul-
taneously in the first time slot. The main satellite receives the imposed signals
yr = ha1vPa (Xa + zra) +he1vVPs (XB + 2rB) + 2R, Where P4 and Pg repre-
sent the power of the main satellite to subsatellites A and B, respectively. h a1
and h pp are respectively the channel gain between A and R, B and R. zra, 2rB
and zgr are Gaussian white noises with zero mean and 03 variance. ha1 and hgy
include channel attenuation from the interrogating beam emitted by the main
satellite to the sub-satellite, channel attenuation from the signal light reflected
by the sub-satellite, and random channel attenuation due to pointing error of
the main satellite.

The main satellite R amplifies and forwards the received signal Yi with the
gain 0 in the second time slot. Assume that the channel state is known, the
received signal of subsatellite A and B can be denoted by ya = Bhasyr + za
and yg = Bhpoyr + 2z respectively. zx and zp are Gaussian white noise with zero
mean, the variance of og. h a2 and hps include the inherent channel attenuation
between the satellite and the main satellite and random channel attenuation due
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to pointing error. Yy is estimated based on Linear Minimum Mean Square Error
(LMMSE), the amplification factor 8 can be expressed as [15].

8= \/PR/<|hA1|2PA + |hB1|2PB + (|hA1|2PA + \hBl|2PB + 1) Uﬁ). (3)

Assuming that the subsatellite A and B can accurately predict the channel
state, the opposite signal can be obtained by subtracting its own signal from the
received signals. The opposite signal can be denoted as y), = Bv/Pghashg1 X +
Bhaszr+ 24, Yy = BV PahaihsaXa + Bhpazr + 25, where 2y and zf; are sum of
|ha1|*Pac? and o2, sum of |hgi|>Pgo? and o2 respectively. The signal-to-noise
ratio of the signals received by subsatellites A and B can be expressed as [16,17]:

= Bhas b P /(B lhaal® + PPy + 1) 02). (@)

73 = B2 lhasPlheal* Pa / ((821heal” + hea*Pa + 1) o2). (5)

The achieved rate of half duplex TWRC system using MRR ANC based on
~va and g is [16,17]

Roum = %lOg (1+’7A) + %log (1+FYB) (6)

= 1log (14 7va) (1 +78)

4 Optimal Power Allocation

In MRR ANC system, in order to minimize the outage probability and maximize
the total amount of system information exchange, power allocation is needed.
The goal of power allocation can be to achieve the maximum system rate, the
minimum outage probability, the best signal-to-noise ratio or the best bit error
rate. In this paper, the optimal power allocation target is to maximize sum rate
of MRR ANC system in TWRC channel.

The problem can be equivalent to maximizing the sum rate on the constraint
of Py + Pg + Pr = Pr:

(PAPBPR): ma}l(:’ R811m(R)PA+PB+PR:PT (7)

A Pp Pr

According to Eq. 6, Eq. 7 is equivalent to

(PAPBPR) :Pmax (1+’7A) (1+’YB)PA+PB+PR:PT (8)

A Pp Pr

Since (14+74) (1+78) = 1 +7a + 98 + 7478 < (1+ (ya +78) /2)°, only
when va = v, (1+74) (1 4+vB) can reach the upper limit, and if v4 + vB
achieves the maximum value, the upper limit will reache the maximum. Because

1 4 1 yatyB > 4 . . _ EY
a T s S 2 5o i and only if ya = B, ;- 4 5 reaches the lower
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limit and if yo + vp achieves the maximum, the lower limit will be minimum.
Hence, if ’YIA ,Yi reaches the lower limit, (1 + ya) (1 4+ g) will be the maximum.

By substituting Eqgs. 4 and 5, we will get

i-ﬁ-i _ ((62”“\2‘2 + |har*Pa + 1) aﬁ) ((ﬁ2|h}32|2 + hp1 | Ps + 1) Uﬁ)

A VB 32|hao|’|he1|* Pa 32|ha1|?|hsa|” Pa

Substituting Eq. 3 into Eq. 9, we will get

1, 1 _ PrlhazPo2+(Palhail?ol+02)[Palhail®*+Pslhs1]®+(Palhail®+Pelhe1l?+1)o7

YA | YB [hazl JhBl‘ZPRP

Prlhp2|*on+(Pelhpil|’ontop )[PA\hM\ +Pplhp1|°+(Palhail’+Plhpi|*+1)0p]
[ha1l?|hB2|? Pa PR

+

(10)

Using Lagrangian least multiplier method to find the minimum value of Eq. 10
on the constrains of Py + Pg + Pr = Pr, the optimal power allocation can be
obtained. In order to simplify the problem, it is assumed that the power of the
continuous optical signal transmitted by the relay node is large enough and the
Gaussian white noise carried by the continuous optical signal is ignored [18].
Consider power allocation of the power reflected back by MRR and the power of
the relay node (Pyrra, PMRRB, Pr), on the constraint of Pyrra+Purrs+Pr =
Pr. The channel attenuation coefficients of the signals reflected from the sub
satellite MRR of A and B are the same as that of has and hgs. Formula 10 can
be simplified as

1 1 (|hA2| P'rol+o )PMRRA + (\h132| P'rol+o )PMRRB
- + -

YA B \haa|’|hg2|* Parra Purrs Pr

(11)

Using Lagrange multiplier method, the optimal power allocation can be obtained
as follows [15]

1
Pr=3Ph (12)
1

Pyrra =

haz|*P'ro2+ot
2 2 ‘ n n
+ |hp2|*P'ro2+0d

1

Pyrrp = -
/lthl P’TU§+1U:§
2 + 2 IhAQ‘QP/TG'EJrlGﬁ

Pr (13)

P} (14)

5 Throughput

The upper and lower limits of channel capacity can be calculated. The through-
put is compared by calculating the upper bound of traditional scheduling method
and the lower bound of channel capacity of MRR ANC system. Suppose that
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the channels between A and R, B and R are independent and obey Gaussian
white noise distribution, and all nodes have the same transmit power. According
to [19], the theoretical upper limit of channel capacity of traditional scheduling
method is

Ctraditional =« (log (1+2RSN) +10g (1 + RSN)) (15)
The theoretical lower limit of the channel capacity of the ANC system is

R}
=dalog | 14+-——2N— 1
Canc « og< +3R5’N+1> (16)

6 Simulation Results Analysis and Discussion

In this section, we perform numerical simulation on sum rage, BER and capacity
of MRR ANC. It is assumed that the positional relationship between the relay
node and the nodes at both ends is a straight line, and the relay node is located
between the two end nodes. See Table 1 for the parameters used.

Performance of optimal power allocation and the unified power allocation
(the reflected power of the two endpoints and the transmission power of the
relay node are the same, respectively are 1/3 of the total power) are compared
with the achievable sum rates, BER and capacity.

Table 1. Parameters for simulations

Term Parameter Formula Value

Tx power <5W Measured 37dBm
Transmitter loss — Measured —1.0dB
Tx antenna gain Full angle e ? divergence | 32/604i4, 04y = 30urad | 105.5dB
Interrogator range loss R =200km, A = 850nm | (\/47R)? —294.4dB
Electro-optic modulator | Insert loss measured —4dB
MRR T/R Antenna gain | Dyetro = 5cm, S = 0.4 (T Dretro/AN)1S 213.8dB
Range loss(retro return) | R = 200km, A = 850nm | (\/47R)? —249.4dB
Receiver antenna gain Dyee = 20cm (71’D,«u./)\)2 117.4dB
Receiver loss Fiber coupling loss - —1dB
Receiver sensitivity Su (BE'R = 10710) —38dB
Predicted receiver power | — — —35dB
Noise standard deviation | oy, - 1077A/\/E
Pointing error loss Lpg —1dB

Regardless of whether the distances between the nodes A and B and the
relay node are the same or different, the sum rate that can be achieved by
the optimal power allocation scheme is better than the unified power allocation
scheme as shown in Fig. 6 and Fig.7. When the distance between the end node
and the relay node is the same, the achievable rate is higher. When the distance
between the end node and the relay node is different, the sum rate achieved
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by the Lagrange multiplier power allocation scheme is more different than the
unified power allocation scheme.

When the two end nodes A and B are at the same distance from the relay
node, the BER performance of the end nodes is compared. Figure 8 shows that
the BER performance that can be achieved by the optimal power allocation
scheme is better than that of the unified power allocation scheme.

Figure9 and Fig. 10 shows that, with the increase of the signal-to-noise ratio,
the throughput of ANC are both 1.81 times of the traditional scheduling (the
signal-to-noise ratio of 65 dB), no matter ignoring the noise carried by the inter-
rogating beam or considering the noise. The result is consistent with the theo-
retical derivation of [19]. It can be proved that the simplified method of power
allocation in this paper is reasonable.

Variation of sum rate with range between A and B Variation of sum rate with range between A and B
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Fig. 8. Variation of BER with distance in MRR ANC systems
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7 Conclusion

In this paper, an MRR ANC system is designed in TWRC to meet the needs of
real-time, high throughput data exchange and low SWaP value of micro-satellite
space FSOC network. The model of MRR ANC system is established. In order to
achieve the best quality of communication service, the power allocation scheme
of MRR ANC system is proposed with the goal of maximum sum rate.

We believe that MRR ANC’s low SWaP value, suitable for small satellite
platforms, and “point to point” characteristics will make small satellite inter-
satellite laser communication network a reality. The limitations of MRR ANC
lies in its communication distance. The difficulty with ANC implementation is to
improve the performance of the modulated reflector under low SWaP conditions.

Simulation results show that the sum rate of the system is better than that of
the unified power allocation scheme after the optimal power allocation, and the
BER performance of the power allocation scheme with the target of maximum
sum rate is also better than that of the unified power allocation scheme under
the same communication distance. By comparing the communication capacity
of MRR ANC with that of traditional scheduling, it can be concluded that the
throughput of MRR ANC is 1.8 times of that of traditional scheduling when
the signal-to-noise ratio is 65 dB. The simulation results show that MRR ANC
system is feasible, which provides a new method for small satellite laser commu-
nication network.

In the future, we can further consider the research of power allocation with
the minimum outage probability and the best bit error rate performance as the
optimization objectives. At the same time, the optimization scheme of power
allocation can also be applied to physical layer network coding (PNC).
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