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Abstract. Free space optics (FSO) can achieve higher throughput due
to a more concentrated energy by narrower divergence angle, compared
with radio frequency (RF) communications. However, the receiver still
cannot fully utilize all of the beam power, since the receiving aperture is
always much smaller than the spot size at the receiving end. To capitalize
on wasted power, we propose to add a Mirror-based Intermediate Reflec-
tor (MIR) in an FSO systems inspired by intelligent reflective surfaces,
where the MIR can reflect part of the original lost energy to the receiving
end. Based on geometric optics, the placement rules of the MIR are first
obtained, where there are four criteria for the location and the angle. We
further derive the expressions by regional integration method to quan-
tify the power gain introduced by MIR. The derivation considers whether
the reflected beams of the MIR all satisfy the case of incidence on the
receiving target surface at an angle smaller than the field of view, and
therefore the discussion is developed in two cases. Simulations show the
feasibility of MIR, where the power gain is quantitatively illustrated. The
results show that the reflection scheme can improve the received power
gain, which provides a realizable approach to enhance the availability of

FSO.
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1 Introduction
1.1 Background

Free space optics (FSO), which has gained tremendous attention due to its
high speed, high bandwidth, low latency, and high security characteristics, also
can compensate for the crowded electromagnetic spectrum [1-3]. Compared to
microwave, the properties of FSO communication system suggest that optical
links are more suitable for linear unobstructed communication scenarios.

Various FSO links have been successfully demonstrated. Since 1994, when
the National Institute of Information and Communication Technology (NICT)
conducted the first star-ground laser communication between the Japanese Engi-
neering Test Satellite-VI and a ground station, a large number of laser star-
ground and interstellar laser communication test links have been consistently
explored in terms of communication rates, equipment miniaturization, and so
on [4-6]. SpaceX’s Starlink and Telesat aim to create FSO satellite crosslinks
in their constellations to provide global broadband internet access [7]. NASA
and MIT Lincoln Laboratory are developing a 200 Gbps optical communication
system for an LEO CubeSat [8,11].

However, in FSO systems, in addition to unavoidable losses such as atmo-
spheric turbulence and absorption/scattering losses [9,10], large divergence
angles or long communication distances often result in the received beam spot
being much larger than the received aperture. The receiving aperture is unable
to capture the energy of the entire beam spot, resulting in a significant amount
of wasted energy. This energy loss reduces the communication capacity, and if
the communication capacity is to be maintained, the communication distance is
reduced, thus affecting the efficiency and performance of the system.

1.2 Related Words

The primary approach to addressing these challenges is through relaying. While
relaying can indeed extend communication distance and increase communication
capacity, it also increases system complexity and the costs associated with use
and maintenance [12,13].

Intelligent reflective surfaces (IRS) have attracted considerable attention
because they can be used to modify radio frequency (RF) wireless channels to
improve communication performance [14]. IRS adjusts the phase and direction
of the reflected signal through the reflection unit, which has low power consump-
tion and simple structure. However, relaying relies on a terminal that receives,
processes the received signal and sends it out, with a complex structure and high
energy consumption.

Inspired by the application of IRS in the RF domain, researchers have
explored the use of reflective surfaces to improve FSO communication perfor-
mance. Marzieh Najafi et al. proposed an IRS based FSO system to mitigate
the line-of-sight (LOS) requirement of traditional FSO systems. They devel-
oped a statistical channel model to assess the impact of reflective surface phys-
ical parameters on FSO channels. Simulation results validated the effectiveness
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of this model for typical surface dimensions [15,16]. Haibo Wang et al. ori-
ented point-to-multipoint FSO communication scenarios, and analyzed the IRS
in terms of control mode, power efficiency, and beam splitting. Both simulations
and experiments verified the feasibility of the models and algorithms [17]. This
all proves that reflective surfaces are effective in space optical communication
systems.

1.3 Motivation and Contribution

However, previous studies have primarily focused on the reflection of the beam as
a whole. To the best of the authors’ knowledge, no research has yet explored how
to harness the energy outside the main beam to achieve power gain. Therefore,
this paper proposes to use the reflection principle to collect the energy outside the
main beam in order to obtain power gain at the receiver. The main contributions
are summarized as follows.

B We propose an Mirror-based Intermediate Reflector(MIR) model aiming at
increasing the energy at the receiver and improving the energy utilization of
the FSO communication system to achieve a low-cost, high-efficiency link.

M Based on geometrical optics, an effective reflection region is given as a criterion
for MIR placement, which includes constraints on MIR position, angle and
size.

B In order to quantitatively describe the power gain, we employ a form of area
integration. The integration object is the intensity distribution of the Gaus-
sian beam. The intersection of the effective reflection region and the MIR is
used as the integration region.

B According to whether the reflected beam of MIR can completely enter the
receiving target surface, we divided the integration into two cases. And the
derivation of Power gain is carried out separately.

B The power gain brought by MIR in the two cases is verified by simulation,
which validates the theoretical significance and practical value of the scheme
proposed in this paper.

The remainder of this paper is organized as follows. Section 2 demonstrates
the system model. Section3 analyzes the effective reflective region where the
power gain for two cases. The simulation results are presented in Sect. 4. Finally,
the conclusions of this paper are summarized in Sect.5. For ease of reading,
definitions of the main variables are summarized in Table 1.

2 System Model

A schematic diagram is given in Fig. 1(a). A beam from the transmitters with a
divergence angle of 6 travels a distance of L; to reach the receiving surface. The
receiving aperture has a radius of ry. Unlike conventional FSO systems, this
paper considers an additional MIR, which can realize the power gain of the
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Table 1. Definition of main variables.

Symbol Definition

0 Far-field divergence angle at the transmitter.

Orov Field-of-view angle at the receiver.

L1 Communication distance.

70 Radius of the receiving surface.

Trm radius or half length of the finite large MIR model.

(Trm), Yrm, Zrm )

Coordinates of the center point of the finite large MIR
model.

Prm Inclination of MIR (angle between MIR and Z axis).

f, R Direction vectors of the incident and reflected beams
on the MIR.

P the normal vector to the receiving target surface.

J(z,y,z) Gaussian beam intensity distribution.

G1 Power gain when the reflected beams of the MIR, can
all enterthe receiving target surface.

Go Power gain when a portion of the reflected beam of
the MIR is not accessible to the receiving target
surface.

receiver, and it has the advantages of simple structure, low cost, and wide appli-
cability. As shown in Fig. 1(a), the beam received by the receiver consists of two
parts. The orange section represents the main beam, which is the sole portion of
light energy received by traditional FSO systems. In comparison, the red section
denotes the beam reflected by the MIR. This reflected beam lies within the diver-
gence angle but is outside the main beam. Based on the above description, the
FSO downlink illustrated in Fig. 1(a) can be simplified to the theoretical system
model shown in Fig. 1(b) by making the following assumptions:

B The transmitter emits a Gaussian beam.

B Since the communication distance is much larger than the Rayleigh distance,
only the far-field divergence angle is considered. The focal point of the Gaus-
sian beam is used as the origin of the coordinate system and the beam axis
is the Z axis.

B The center of the receiving surface is located on the beam axis with coordinates
(0,0,Ly).

According to the above assumptions, the system satisfies rotational symmetry
on the beam axis. Points on a circle with the same distance from the center have
the same properties at the same transmission distance. Therefore, any set of
mutually perpendicular directions in the plane perpendicular to the Z axis are
defined as the X axis and Y axis, respectively. The theoretical system model is
schematically shown in Fig. 1(b).
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Fig. 1. Schematic diagram of the system model

Remark 1 lists the effective integration region based on the geometrical optics
derivation, which is a constraint on the placement of the MIR.

Remark 1: The placement of MIR, should follow the four criteria.

(1) min {for, for} > 2—01 (1)

(2)2% < cot? O(x? + o), (2)

(3) ‘];‘ ]; > cos oy, (3)
» o Li—zx ? 2 2

@)1+ 2 2H - 12 <0, (@

where (x,y, z) denotes the coordinates of any point on the MIR, 6o1, and for
denotes the angle between the line connecting the edge point of MIR in the Z axis
direction with the origin and the Z axis, fpoy denotes the field-of-view angle of
the receiving surface, as shown in Fig. 2(a). I and R denote the direction vector
of the MIR incident beam and the corresponding direction vector of the reflected
beam, respectively. R, is the z component of R and P is the unit normal vector
of the receiving surface.

A further explanation of the above four criteria is shown below.

(1) The MIR should not block the main beam, and since the MIR is a plane
reflector, this means that it is only necessary to require that the MIR does
not block the main beam in the YOZ plane.
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Fig. 2. Conditions that need to be met for the placement of the MIR. (a) shows a
schematic diagram of criterion (1) versus criterion (2); (b) shows a schematic diagram of

criterion (3) versus criterion (4); and (c) demonstrates the possible placement locations
of MIR.

(2) To ensure effective reflected power gain, the MIR should be within the Gaus-
sian divergence angle.

(3) The direction vector of the reflected beam via the MIR should satisfy the
field-of-view requirement, meaning that the angle with the normal vector of
the receiving target surface should be less than the field-of-view angle.

(4) Due to the translation invariant nature of the vectors, in addition to the
requirement that the reflected beam meets the field of view requirements, it
is also required that the reflected beam passes through the receiving target
surface. This is determined by judging the distance between the intersection
point of the reflected beam in the z = L; plane and the center of the receiving
target surface.

The requirements of criterion (1) and criterion (2) are shown in Fig. 2(a), and
the MIR reflected beam needs to be incident with the field of view requirements
of the receiving surface (criterion (3)) into the receiving target surface (criterion
(4)) as shown in Fig. 2(b). Figure Fig. 2(c), on the other hand, gives a visualiza-
tion of the possible placement areas of a MIR. It is worth noting that the above
conditions are sufficient but not necessary for the MIR placement location.

3 Theoretical Derivation of Power Gain

The region satisfying Remark 1 above is denoted as P;, which is the effective
reflection area, while the actual reflection region of the MIR is denoted as Ps.
Therefore, depending on whether the MIR is fully contained in the effective
reflective region, i.e., whether all reflected beams on the MIR can be incident on
the receiving target surface at less than the field of view, there are two cases:
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P, C P, and P, ¢ P;. The actual reflection region is P; N P, which is the
integration region. Therefore, when P, C P; holds, the region of integration is
PiNP, =P

3.1 Integral Area Analysis

The equation y — tangrm (2 — zrm) — Yrm = 0, represents the plane in which
the MIR is located. Where (0, Yrm, 2rm) is the point of the MIR in the YOZ
plane, which is defined as the center coordinate of the MIR in this paper for
the convenience of computation. The inclination of the MIR is denoted by ¢y,
which is the angle of the MIR with the Z axis, since the MIR is in a plane
perpendicular to the YOZ plane.

Since both P; and P, are integrated in the beam propagation space, which
is more complicated, so we project to the XOZ plane for integration.

Remark 2: The projection P| of the effective reflection region P; in the XOZ
plane satisfies

0 \/x2 + (tanprmzm + k)?

"
1)— < tanf 5
W < : < tan, o)
(2)z? < tan? Opoy [z + ksin 2<prm}2 — [tan prmz — k cos 2gorm]2 , (6)

T (z — ZC0)2
— 4 — <1, (7)
mo o

where k is equal to ypm — tan o, 2rm, Whose geometrical significance is the inter-
cept of the MIR on the Y axis. On the other hand, derivation from the above
information leads to the parameters of Eq. (7) are as follows.

T‘Qk

\/(Ll tan Qry, + Zk:) —r

; (®)

mo =

e (sin 20rm + 1 — tan? gorm) Ly + (28in2¢py, — tan oy ) kr % )
0 (L1 tan oy, + 2k) -3 o

(L1 tan oy, + 2k) (L1 — Ly tan® o, + ktan gorm) + 72 8in 25,
Zco = k, (10)
(L tan @y, + 2k) -3

where criterion (1) is the first two requirements in Remark 1, and any point
on the MIR satisfies that it does not block the main beam and is within the
divergence angle, as is evident in its expression. In general, criterion (2) and
criterion (3) are tighter requirements, so those points that satisfy criterion (2)
and criterion (3) satisfy criterion (1).

Remark 3: The projection of the MIR onto the XOZ plane is denoted as Pj.

x? z—zer
27 ()

T2, (7ym COS cprm)Q

<1 (11)
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according to the model parameters, the projections of P; and P in the XOZ
plane are P; and Pj, respectively, and analytic expressions are given. Under
the same condition, Py C P; holds when P, C P;. Similarly, Py ¢ P; when
P, ¢ P; holds under the same condition. Thus, the two cases to be analyzed can
be equivalently expressed as P C Pj and Py ¢ Pj. At this point, we correspond
Py and P; to the Pj and Pj mentioned in Remark 2 and Remark 3, respectively.
The obtained P| and Pj will guide the subsequent derivations.

3.2 Gain Analysis When P, C P

If all reflected beams from the MIR can enter the receiving target surface within
the field of view, then it holds that P, C P;, which also means that the MIR is
entirely within the P; region. Consider a circular reflecting surface with a radius
of 7., whose center coordinates are (0, Yym, 2rm) and whose inclination angle is

OPrm-
Lemma 1: The light field integral of the actual reflection area of the MIR can

be expressed as
I, = // J (z,y,2)dS, (12)
S1

where the integration region is S; = P; N P, = P», and the Gaussian beam has
the following intensity distribution.

J2 — o2
J =20 _exp 13
(2.1, 2) wQ@ﬁwﬂema(WQQJWﬂ), (13)

among them, wy represents the beam waist radius, A is the wavelength of light,
and Jy is the irradiance at the center of the optical beam waist. Furthermore,

w (z,w0) = wor/1+ (2/zr)? is the beam width at distance z, the Rayleigh dis-

2
tance is zp = L‘;O, and the relationship between the beam waist radius and
the far-field divergence angle is wyg = 7%. In addition, based on the commu-

nication distance L; and the radius of the receiving target surface 1., the
main beam energy received by the receiving target surface may be expressed
as To = 5J3 [1 —exp (—r§/w (L1,w0))]-

Lemma 2: Considering Z; as a surface integral, it can be projected onto the
XOZ plane and expressed as

b:/LJWML&dJHW%f+WfMM, (14)

among them, y = p(z, 2) = tan ym (2 — zrm) + Yrm is the expression for the plane
in which the MIR is located. So the integral area Sy = P{ N P) = Pj. The energy
gain is expressed as

To+ T
Q1—10log10( OZ 2)

(15)
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3.3 Gain Analysis When P> ¢ P,

If there is a portion of the beam reflected by the MIR that cannot be incident on
the receiving target surface at an angle less than the field of view, then P, ¢ P;.
Consequently, the integration area is P/ N Pj.

Lemma 3: For the integration region S5 = PN Py, the energy gain is expressed
as the following integral

I3 = //53 J(x,0(x,2), 2) \/1 + (@) + (¢',) dadz. (16)

Let the intersection points of Py and P{ be z1 and z2(z1 < z2) respectively, and
they can be determined by Eq. (11) and Eq. (7) when taking the equal sign. Then
the above expression can be divided into three partial integrals according to the
region of integration, S5 = Sél) + Szg?) + Ség). Denote the integrated function as
f(x, 2), then Z3 can be expressed as the following equation.

I3 = //s(” f(z,2)dzxdz + //5(2) fx,z)dxdz +//s(3> fx,z)dxdz  (17)

where the integration region S§2) satisfies Eq. (7), with the variable z taking

values in (21, 22). The integration regions Sél) and S§3) satisfy Eq. (11), where

the variable z takes values within the ranges (zym — rm €OS @rm, 21) and (22, zem +

Trm COS Prm ), respectively. With the same MIR placement, as 7., increases, the

integration formula transitions from Z, to Z3, with the boundary at ry,max =

(zfzco)2
2

0

moy/1 — . The energy gain is expressed as

(18)

To + T
G = 10log;, ( 0 3)

4 Simulation Results

In this section, we will calculate and analyze the integration region and power
gain results. We will illustrate the integration regions for the cases P, C P; and
P, ¢ Py, as well as the variations in power gain with changes in the MIR, position
and radius. Since the P; region is determined by the position and inclination of
the MIR, and the placement region of the MIR depends on the P; region, we will
provide the upper and lower bounds for the finite placement region of the MIR in
different scenarios. This analysis aims to rigorously elucidate the dependencies
between these parameters.

4.1 Integral Area

In this subsection, the results of the simulation calculations in the integration
region are given. In the subsequent simulation, the default value of the commu-
nication distance L; is set to 1000 m, the far-field divergence angle 6 is set to
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1mrad, the optical wavelength X\ is selected to be 1550 nm, and the radius and
field-of-view of the receiving target surface are set to be 0.2m and 0.9 mrad,
respectively. Based on the above parameter settings, Fig.3 demonstrates the
integration region corresponding to the two cases of P, C P; and P, ¢ P;.
Where the coordinates of the center point of the MIR are (0,700m,0.25m), the
inclination angle is 0.17 mrad, and the radius are 0.23 m and 0.11 m, respectively.

L criterion(1) L criterion(1)
08 criterion(2) 0.8 criterion(2)
criterion(3) criterion(3)
04r MIR 0.4r MIR
=7 B A
=00} : of - §
~-0.4 e o2 -
4 (187 (3
) -Ul / ) i 0.1 bgé%{//gp
0.8 o0 / 0.8 F 00 § 5O i\
2 |, \7 .
o p ERYSN N
-1.2+ / -1.2 b2 :
74997500 750.1 . ) X M98 00 702 ; ;
300 450 fOO 750 900 300 450 6})0 750 900
z/m zZ/m
a) Py C P| b) Py ¢ P

Fig. 3. The relationship between P; and P.

In long-distance communications, the spot on the received target surface
is significantly larger than the diameter of the received target surface, which
ensures that the requirements of MIR within the divergence angle and without
blocking the main beam are easily met. Figure3 shows the projection of the
plane where the MIR is located. The blue curve indicates the requirement that
the reflected beam be less than the field of view for incidence, and any reflected
beam on the MIR beyond this curve is greater than the field of view. The pink
curve, on the other hand, represents the beam reflected by the MIR into the
receiving target surface, even though part of the beam has an angle of incidence
greater than the field of view.

The intersection of the criterion (2) and criterion (3) curves is denoted as
point A, and the rightmost point of the criterion (3) curve is denoted as point
B. Therefore, MIR should be located between point A and point B, with their
respective z coordinates noted as inf(zym) and sup(zm). Since the reflected
beam in the region smaller than in f(z.m,m) needs to be incident close to the field
of view, it is highly inefficient and thus not considered. Additionally, the radius
of the MIR should not be significantly larger than the receiving surface based on
practical application scenarios. Therefore, it is reasonable to consider only the
criterion(3) limitations when Py ¢ P;.
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4.2 Power Gain

This subsection gives the relationship between power gain and the position of the
MIR. Considering the different positions of the MIR, the range of choices for the
inclination is not the same, the MIR inclination angle used for the simulations in
this section is oy, = Qyz”“ - *QFOV Figure 4 presents the trend of the gain with
Zrm under the condition of Yrm = 0.25 m. The upper and lower bounds of z., at
the corresponding position and the current value of z,, are shown, illustrating
the reasonableness of the selected 2., values. In Fig. 4(a) and Fig. 4(b), the radius
Ry is set to 0.08 m and 0.20 m, respectively, to illustrate the gain in the cases
of P, C P, andP, ¢ P;, and to quantitatively compare the effect of the radius

at the same position on the gain.

0.6 A‘A_A_A,.A-A-Ae&aﬂf}- 900 2.5 .-1900
0.5 800 2 800
/ &« «
53 0.4 ,A/ 700 - 53 s ", 700 -
<14 ¢ — Power gain = = 7 / —— Power gain| =
SN 0.3 # ‘,d-'“* —0-in f (2mm) 60075 N # .d-"‘* —0— 1 f (Zem) 600 }
4 A o sup(zm 1 A sup(Zm
0.2 * o) se0 i« o CeeGm) - soo
0.1 e En-n—u—u-n-ﬂ a 400 05 ‘n_u-aan.u-n—u-n-a a 400
‘ oz “ < o ® =
o L 300 0Eresa” 300
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Zim /M Zim /M
(a) P> C P1, Tvm = 0.08m (b) P> ¢ P1, 7em = 0.20m

Fig. 4. Trend of gain with z., for different radius rm values and upper and lower
bounds of the range in which MIR can be placed.

Figure 5 illustrates the variation of power gain with y.,,, when z,, = 680m and
7rm = 0.11m. As y., increases, the power gain decreases. Where 7. > Trm max
when y., is greater than 0.269m, overshooting from P, ¢ P; to P, C P;. On
the other hand, it also shows that G; and G, are continuous on the boundary in
the same case.

From Fig. 4, it can be seen that not the closer the transmitter and receiver to
obtain the greater the energy gain, can obtain the maximum gain when the MIR
is in the middle of the communication distance slightly close to the receiving
end side. From Fig.5, when the z coordinate of the MIR is determined, the
closer to the beam axis, the greater the gain. However, there is a limit to this
proximity in order not to block the main beam. Obviously the maximum power
gain that can be achieved is 0.7dB for P, C P; due to the small radius of
the MIR, and then the maximum power gain can reach 2.4dB for P, ¢ P;. In
practice, the suitable installation position should be determined according to the
communication distance and the radius of the reflector. Taken together, the gain
of P, ¢ P, is greater than that of P, C P;, but this will bring additional costs.



354 R.-P. Li et al.

1.2 A"—A"\A~ — Power gain| | 1000
‘A\ —o-inf(zm) ]
1t Al s | 17
AL 1800
0.8 Aea,
B A 1700 £
=06 w
o 1600
0.4 {500
O-Q‘E-—D"u"'ﬂ‘ﬁ-a—u-—n——n—-a-a_ 1400
P, Py P, C P
0 | 2 ¢ 1 .Z 1 | 300
0.2 0.25 0.3 0.35
Y /M

Fig.5. The trend of gain with yym and the upper and lower bounds of the range in
which MIR can be placed.

5 Conclusion

This paper proposes to utilize MIR to increase the received power gain in the
FSO. Based on the principle of geometric optics, the MIR should satisfy the
four basic criteria of not blocking the main beam, being within the divergence
angle, the angle of the reflected beam being less than the field of view of the
receiver, and the reflected beam being incident on the receiving target surface.
Accordingly, the power gain is derived using area integration. Whether or not
all the points on the MIR satisfy the four basic criteria is analyzed in two cases.
Through simulation analysis, the MIR, is placed slightly closer to the receiving
side, close to the optical axis but not blocking the main beam to obtain a higher
power gain. The incremental gain in the P, ¢ P; case is up to 2.4 dB, which is
higher than the incremental gain of 0.7 dB in the P, C P; case. However, the
high gain at P, ¢ P; is due to the large aperture MIR, and the best installation
position and angle should be selected according to the position where the MIR,
can be installed, the aperture of the existing reflective surface and the commu-
nication distance. We will further explore the optimal placement and angle of
the MIR and experimentally verify the power gain of the MIR in the future.
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