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Abstract—In this work, we introduce a retro-modulator surface as
amonolithic passive transceiver for optical wireless and free-space
optical communication links. It incorporates a sublayer of micro-
spheres for retroreflection, and a multi-quantum-well (MQW)
structure for modulation over the optical communication C-band
(1530-1565 nm) when driven by digital voltages (0-5 V). Our the-
oretical analyses suggest that LaSFN9 and BaTiOz microspheres,
with refractive indices of 1.8 and 2.0, respectively, give optimal
retroreflection for short and long link lengths, respectively, while
our experimental analyses show that our AlGalnAs-based MQW
modulator imparts sufficiently deep modulation over the C-band.
This has our integrated retro-modulator surfaces with LaSFN9 or
BaTiO3z microspheres function with fields-of-view of 10.8° or 9.4°,
respectively, and modulation depths of 3.4% or 5.3%, respectively.
Our characterizations of error performance through links exhib-
iting weak, moderate, and strong turbulence then show error vec-
tor magnitudes of 3.7%, 9.2%, and 24%, respectively, with bit er-
ror rates below 10-3, below 1073, and equal to 0.0183, respectively.
Ultimately, we conclude that the retro-modulator surfaces can
function effectively as passive transceivers for optical wireless or
free-space optical communication links, through weak or moder-
ate turbulence, while offering minimal size, weight, and power.

Index Terms—Free-space optical communications, multi-quan-
tum-well, retroreflection, electroabsorption modulators

I. INTRODUCTION

ptical wireless and free-space optical (FSO) communica-

tion systems have seen growing interest, given their ena-

bling of high data rates and wireless connectivity [1-3].
This has led to numerous efforts and achievements for optical
wireless communications, over (shorter) indoor [4] and terres-
trial [5] links, and FSO communications, over (longer) aerial
[6] and aerospace [7] links. The efforts have been directed at
both the transceivers, to have them function effectively in the
desired optical spectrum, and the overall links, which must ac-
commodate the multidirectionality of wireless/free-space envi-
ronments. These demands have been met to date by traditional
active-active links [8] having active transceivers [9] at oppos-
ing ends of the links. Each active transceiver then incorporates
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a laser source, to transmit the encoded beam, and (potentially)
adaptive optics, to maintain the beam's alignment to the oppos-
ing end. Unfortunately, it can be difficult to implement such ac-
tive-active links when mobility is required at an end of the link.
This is because the active transceivers' lasers and adaptive op-
tics often have size, weight, and power (SWaP) beyond the
ubiquitous SWaP [10] constraints in mobile links.

Given the demands of active transceivers in active-active
links, and the growing interest in mobile deployments, various
forms of passive transceivers have been developed for active-
passive links [5,11]. Passive transceivers function with retrore-
flectors and modulators, whereby the retroreflectors redirect in-
cident laser beams back to their sources (active transceivers),
and the modulators encode data onto the returning beams. This
allows active-passive communication links to be established be-
tween (fixed) active transceivers and (mobile) passive trans-
ceivers. Such a scheme allows each passive transceiver to func-
tion with minimal SWaP, given its lack of laser and adaptive
optics, while offering alignment insensitivity, due to the multi-
directional nature of retroreflection. Various forms of retrore-
flectors and modulators have been developed for such passive
transceivers, by us [12,13] and others [14-17], and the proposed
work furthers these efforts.

In the proposed work, we introduce a retro-modulator sur-
face as a monolithic passive transceiver, with scalable size,
minimal weight, and low power consumption. The surface in-
corporates a sublayer of microspheres, for retroreflection over
a broad field-of-view, and an overlying multi-quantum-well
(MQW) modulator. The MQWs consist of quaternary 111-V al-
loys based on varying compositions of AlGalnAs material with
well/barrier widths of 6nm/9nm and n- and p-type InP cladding
layers. The structure is engineered for deep modulation in the
optical communication C-band (1530-1565 nm), while driven
by digital voltages (0-5V).

We put forward a theoretical analysis of the retroreflection,
based upon Mie and ray theories, and an experimental analysis
of the modulation, as a function of wavelength and voltage. We
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then present device characterizations of the retro-modulator
surface, as received power versus incident angle, given LaSFN9
(Schott glass) and BaTiO3 (barium titanate glass) microspheres
in the sublayer and low (0 V) and high (5V) voltages applied
across the MQWs. The results show that our LaSFN9/BaTiOs-
based microspheres and AlGalnAs-based MQW modulator, to-
gether, can give the desired broad field-of-view and deep mod-
ulation. Moreover, the device's planar topology allows it to be
scaled in surface area, as desired, with negligible increases to
its weight and power. This can make the retro-modulator sur-
face an effective monolithic technology for mobile transceivers
in future optical wireless and FSO communication links.

I1. THEORETICAL AND EXPERIMENTAL ANALYSES

A schematic of the retro-modulator surface is shown in Fig.
1(a). The structure incorporates a sublayer of microspheres, to
retroreflect the incident optical beam, and a MQW modulator,
sandwiched between the displayed glass layers and indium tin
oxide (ITO) films. A voltage V is applied to the ITO films to
induce a reverse bias across the MQWs and thereby increase
absorption of the optical beam as it undergoes a roundtrip
through the structure. The structure's retroreflection is estab-
lished by refraction in the microspheres, according to their di-
ameter d and refractive index n, while its modulation is defined
by the quantum-confined Stark effect [18] in the MQW modu-
lator, near the (free-space) wavelength Ao=1550 nm.

The retro-modulator surface is characterized by the experi-
mental setup shown in Fig. 1(b). Its laser beam reflects off
beamsplitter BS (Newport Corp., 20B20BS.3) and then the
retro-modulator surface (Thorlabs Inc., XYR1/M). The retro-
modulated beam is then transmitted back through beamsplitter
BS, focused by the (25.4-mm biconvex) lens, and measured by
the photodiode (Thorlabs Inc., DET20C/M), for various values
of incident angle & on the retro-modulator surface. The follow-
ing subsections give a theoretical analysis of the retroreflection
and an experimental analysis of the modulation.

A. Theoretical Analysis of Retroreflection

In this subsection, we put forward a theoretical analysis of
retroreflection from the microspheres. In doing so, we recog-
nize that effective retroreflection requires each microsphere to
focus incident optical power onto its rear vertex, at the intersec-
tion of the optical axis and surface, and then recollimate the re-
flected power for propagation to (and captured by) the receiver.
The effectiveness here is characterized by the retroreflectance
Rr(n,6), being the fraction of retroreflected to incident power
within an acceptable cone of divergence angles [19]. For this
work's experimental setup, with a 0.4-m link length and 25.4-
mm aperture diameter for the receiver, retroreflected rays with
divergence angles up to roughly 3.6° are acceptable, as they are
captured by the receiver's aperture. Thus, retroreflectance in our
work conveys the fraction of power on each microsphere that
gets effectively focused, onto its rear vertex, and recollimated,
for capture by the receiver. The microsphere's refractive index
n and the incident angle @play key roles in defining this fraction
and the overall retroreflectance Rr(n, 6).

Retro-modulated beam

>1TO films

Microspheres

| 1550 nm

Retro-modulator laser beam

surface

(b)

Fig. 1. Schematic of the retro-modulator surface and experimental setup. In (a),
the retro-modulator surface is shown with its integrated sublayer of micro-
spheres and multi-quantum-well (MQW) modulator. The latter is sandwiched
between glass layers and indium tin oxide (ITO) films. A voltage V is applied
to the ITO films to form a reverse bias across the MQW modulator. In (b), the
experimental setup that characterizes the retro-modulator surface is shown. Its
1550-nm laser beam reflects off beamsplitter BS, reflects off the retro-modula-
tor surface, passes through beamsplitter BS, is focused by the lens, and is meas-
ured by the photodiode, at varied incident angles on the retro-modulator surface.

The black curve in Fig. 2(a) shows the normalized retrore-
flectance Rr(n,d), on the left axis, as a function of the micro-
sphere's refractive index n, at an incident angle of 8= 0°. The
results are generated from a ray theory analysis with a micro-
sphere diameter of d =56 um, a free-space wavelength of o=
1550 nm, and the aforementioned link length and receiver ap-
erture. The results show that a refractive index of n~1.9 will
maximize the retroreflectance. We can interpret this maximum
as a compromise between optimal focusing onto the rear vertex
(at lower refractive indices) and optimal recollimation towards
the receiver (at higher refractive indices).

The two grey curves in Fig. 2(a) illustrate this compromise
by way of results for the normalized focal intensity at the rear
vertex, on the right axis, as a function of the microsphere's re-
fractive index n. The leftmost grey curve is the result of Mie
theory analysis [20], following our prior work [21], and so it
presents exact solutions to Maxwell's equations in the micro-
sphere. Such results suggest that a microsphere with a refractive
index of n = 1.8 can collect and focus the greatest fraction of its
incident power onto the rear vertex, as a so-called photonic
nanojet [22]. However, such a microsphere would then retrore-
flect this power with relatively large divergence and poor
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recollimation, limiting its use for short link lengths. The right-
most curve comes about from a ray theory analysis with only
paraxial rays. It shows the well-known result that a microsphere
with a refractive index of n~2.0 can collect and focus incident
power from its paraxial area onto the rear vertex [23]. Its
retroreflected power is then well-collimated, in support of long
link lengths.

Overall, our theoretical results show that microspheres can
be applied to retroreflection given attention to the link length.
For short links, the microspheres have an optimal refractive in-
dex that is relatively low and diameter dependent. Given the
microsphere diameter of d=56 um in this work, the optimum is
n=1.8. In contrast, for long links, the microspheres will have
an optimal refractive index that is simply fixed at n~2.0. Given
these limits, the rest of this work will characterize retro-modu-
lator surfaces with sublayers of LaSFN9 microspheres, whose
diameter d~ (54 £ 9) um and refractive index n=1.8 mimic the
former case, and BaTiOs; microspheres, whose diameter d~ (58
+5) um and refractive index n~2.0 mimic the latter case.

B. Experimental Analysis of Modulation

In this subsection, we put forward an experimental analysis
of modulation. The experiment was conducted by measuring
the transmitted spectra through a single pass of the MQW mod-
ulator, while voltages of V=0 and 5V are applied. This uses a
broadband light-emitting diode (Thorlabs Inc., M1550L3) as
the spectral source and an optical spectrum analyzer (Yoko-
gawa Test & Measurement Corp., AQ6370) as the detector.

Fig. 2(b) shows results for the modulator's absorptance
Am(V,6=0°) as a function of wavelength Ao under low (V =0V,
blue) and high (V=5V, red) voltage states, with markers for the
experimental data and lines for fitted curves. Overall, the results
exhibit a staircase response for absorption, with downward
steps for increasing wavelength. This observation aligns with
the expected staircase characteristics of quantum wells, for
which increasing photon energy (and decreasing wavelength)
yields upward steps in the density of states (and thus absorp-
tion) [24]. Sharp peaks are absent at the steps' edges, suggesting
that exciton resonance contributions are negligible in our room-
temperature measurements. Modulation is characterized pre-
dominantly by the redshifting of transition energies, though
there is an overall increase in absorptance across the spectrum,
which suggests overlap between the broadened transition en-
ergy states as they approach. In terms of modulation, we see our
5-V increase in voltage raise the absorptance by 0.10% at the
lower edge of the C-band (1530 nm), 0.20% near the centre of
the C-band (1550 nm), and 0.13% at the upper edge of the C-
band (1565nm). Across the full C-band, the absorptance change
is characterized by an average of 0.17%. We consider this to be
sufficiently deep voltage-induced modulation, as the retro-
modulator surface has the beam make a roundtrip through the
MQW modulator (and thus enhance this modulation).
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Fig. 2. Retroreflection and modulation analyses of the microspheres and multi-
quantum-well (MQW) modulator, respectively. In (a), theoretical results for the
normalized retroreflectance Rr(n,6=0°) of a microsphere is shown as a black
curve, mapped to the left axis, while theoretical results for the normalized focal
intensity at the microsphere's rear vertex are shown as grey curves, mapped to
the right axis. The former (black) curve is generated from a ray theory analysis;
the latter (grey) curves are generated from Mie theory and paraxial ray theory
analyses. Results are shown as a function of the microsphere's refractive index
n, given a diameter of d = 56 um and free-space wavelength of 1, = 1550 nm.
In (b), experimental results are shown for the absorptance Aw(V,8=0°) from a
single pass through the MQW modulator as a function of free-space wavelength
Ao under low (V =0V, blue) and high (V =5V, red) voltage states. The optical
communication C-band is shaded in grey.

1520

1480 1500 1580

1. INTEGRATED DEVICE CHARACTERIZATION

In this section, we draw upon the prior theoretical and ex-
perimental analyses in characterizing the full retro-modulator
surface. In doing so, we recognize that its received power, rel-
ative to the incident power Pi,c = 1.5 mW (1.76 dBm), manifests
as a product of i. the microsphere sublayer's retroreflectance,
and ii. the MQW modulator's transmittance squared, given that
the beam passes twice through the modulator. We expand upon
these two factors here.

i. The retroreflectance of the microsphere sublayer Rr(n,é) is
defined in our work as a ratio of the received power (at our re-
ceiver) to the incident power (on the sublayer), while neglecting
the MQW modulator. It is governed by the refractive index n of
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the arrayed microspheres in the sublayer and the incident angle
6 of the beam on the retro-modulator surface, according to

Rz (n,0) = RMsTr\is(Avx (M)A ) (Avs TAyc)
xexp(-41In(2)6° 1 57%).

Here, Rms~0.33 is each microsphere's (rear surface) reflectance
and Tus = 0.92 is each microsphere's (front surface) transmit-
tance, approximated from the refractive indices of our LaSFN9
(n=1.8) and BaTiOs (n = 2.0) microspheres. The area Apx(n) is
the paraxial (circular) area centred on each microsphere's
greater (circular) cross-section Aws within which all incident
rays will be captured by the receiver's aperture. Thus, the ratio
Aprx(n)/Ans can be interpreted as the fraction of incident optical
power on each microsphere that will be captured by the receiv-
er's aperture, while neglecting reflective/absorptive losses and
the MQW modulator. From our ray-based analysis, the LaSFN9
and BaTiOs; microspheres yield paraxial cross-sectional areas
of Apx(n=1.8) = 0.21d? and Apx(n=2.0) = 0.27d?, respectively,
and ratios of Apx(n=1.8)/Ams = 0.27 and Apx(n=2.0)/Ams = 0.34,
respectively, given each microsphere’s diameter d = 56 um and
total cross-sectional area Aus = (/4)d? = 0.79d2. (See Appendix
A for further details on this ray-based analysis.) We then recog-
nize that the microspheres are arrayed over two dimensions in
a close-packed hexagonal structure. Its primitive unit cell has a
rhombic form, with one microsphere in it, and an area of Auc =
3Y2¢2/2 =~ 0.87d2. This area lets us interpret the ratio Aus/Auc =
n/(12)Y2 = 0.91 above as the fraction of incident optical power
on each unit cell that strikes its microsphere. Next, we consider
that the microsphere sublayer's overall retroreflectance Rr(n,6)
will depend upon the incident angle & of rays on the sublayer,
due to shadowing and eclipsing between neighbouring micro-
spheres as the incident angle &grows. We empirically modelled
and fit this dependence by the function exp(—4In(2)9?%/cr?),
whereby angular full-width-at-half-maximum (FWHM) values
or =10.8° and 9.4° best characterized the LaSFN9 (n~1.8) and
BaTiOs (n=2.0) microspheres, respectively. Finally, we use (1)
to compute the microsphere sublayer's retroreflectance at nor-
mal incidence, giving Rr(n=1.8,6=0°) ~ 0.086 for the LaSFN9
microspheres and Rr(n=2.0,6=0°) = 0.11 for the BaTiO3 micro-
spheres. Such retroreflectance values convey the fraction of in-
cident optical power on the retro-modulator surface that will be
captured by the receiver's aperture, neglecting the MQW mod-
ulator, and so the remaining power manifests as power penalties
in optical wireless and FSO link budgets.

In interpreting the above parameters for links, we see that
the product Rys Toys gives a power penalty of —5.53 dB, the ratio
Aprx(n)/Aus for LaSFN9 and BaTiO3; microspheres yields power
penalties of -5.66 dB and —4.61 dB, respectively, the ratio
Aws/Auc yields a power penalty of —0.42 dB, and the function
of @ yields a power penalty of 0.00 dB at normal incidence.
Overall, our retro-modulator surfaces with LaSFN9 and BaTiO3
microspheres give comparable power penalties in FSO links.
The roughly 1 dB lower power penalty for BaTiOz microspheres
is due to their larger paraxial area Apx(n), as this raises their ra-
tio Apx(n)/Ams and received power, but further reductions in

M

power penalty will be difficult with just Apx(n). Instead, efforts
could be made to increase the product Rys 735 and decrease its
relatively large power penalty. This could be achieved by met-
allizing the microspheres' rear surface, for example, as this
would raise their low reflectance (Rus = 0.33) closer to unity.
Such changes could help establish and maintain the operation
of links with especially tight power budgets.

ii. The transmittance of the MQW modulator is defined in our
work by the ratio of its transmitted power to incident power. It
is governed by the applied voltage V and the incident angle 6 of
the beam on the retro-modulator surface, according to

MQW (V 0) air- gls gls ITO ITO -air alrInP (1 AITO) (1 A\/I(V 0))

Talzr gIsTg?s ITO ITO -air alr InP (1 AITO) (2)
x exp(—a(V)t/(1—sin® 8/n%,)*2).

Here, the MQW modulator incorporates air, glass, ITO, and an
InP substructure, with Tair.gis=0.97, Tgis-1t0=0.99, Ti10-2r=0.91,
and Tair-inp=0.92 as transmittance values of its air-glass, glass-
ITO, ITO-air, and air-InP interfaces, respectively. (Each inter-
face appears twice in the MQW modulator and so each trans-
mittance is squared in (2).) The transmittance (1 —Airo)~0.85
appears due to the nonnegligible absorption of the ITO films at
an absorptance of Airo~0.15 [25], and the transmittance (1 -
Am(V, 6)) appears due to the absorption of the InP substructure,
at an absorptance of Aw(V, 8) = (1—exp(—a(V)t/(1-sin@np?)*?
)). The dependence on applied voltage V is our desired modula-
tion; the dependence on incident angle & is due to its increase
to the propagation length in the InP substructure. Namely, an
incident angle @ leads to a transmitted angle of arcsin(sin&/ninp)
and propagation length of t/(1—sin?énie?)Y? through the InP
substructure, where the refractive index is ni,p = 3.3 and the
thickness is t=300 um. We then extract the absorption coeffi-
cient a(V) from our measured results in Fig. 2(b), at an incident
angle of 6=0°, wavelength of 4,=1550 nm, and applied volt-
ages of V=0and 5 V. This gives a(V=0V)=611 m~* and (V=
5V) =631 m*, respectively, absorptance values of Au(V=0V, 8
=0°)=0.168 and Am(V=5V,H8=0°) =0.172, respectively, and
transmittance values of (1-Awm(V=0V,6=0°))=0.83 and (1 -
Am(V=5V, 6=0°)) = 0.82, respectively. Finally, we use (2) to
compute the MQW modulator's transmittance at normal inci-
dence, giving Tmow(V=0V, 8=0°)~0.39 and Tmow(V=5V, 6=0°)
~0.38. As these transmittance values denote the fraction of in-
cident optical power that is transmitted through the MQW mod-
ulator, the remaining power, lost by reflections or absorption,
manifests as power penalties in the link. Namely, the squared
transmittance Values Tezlir—gls’ Téls—]TOi T%TO—airl Tgir—]nPl and (1_
Arro)? yield power penalties of —0.26 dB, —0.09 dB, —0.78 dB,
—-0.74 dB, and —1.4 dB, respectively, and the transmittance val-
ues (1-Am(V=0V,6=0°)) and (1-Am(V=5V, 6=0°)) give power
penalties of —0.79 dB and —0.82 dB, respectively. Given the
comparable power penalties here, there is no one limiting loss
factor. However, the MQW modulator's operation could benefit
from greater absorptance in its high (5 V) state, ideally with
lower absorptance in its low (0 V) state.
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Ultimately, the received power Prx(n,V,6) from the retro-
modulator surface is defined as a product of the incident power
Pinc, the microsphere sublayer's retroreflectance Rr(n, 6), and the
MQW modulator's transmittance Tmow(V, 6) squared. This gives

PRX (nV,0)= Pinc RR (nﬂ)TMQWN:‘g)Z

=B [RMSTI\iS (Aox () Ay ) (AysTALC)
xexp(—41In(2)6%/o2)] 3)
x [Ta?"g|5Tgl|1S-ITOTIfI1'O-airTaLi‘r-InP (1-Ap )4
x exp(-2a(V)t/(1—sin? 6/n},)"?)].

Fig. 3 presents this received power Prx(n,V,6) as theoretical
curves, fitted from (3), and experimental markers. Figs. 3(a) and
(b) show the results for retro-modulator surfaces with LaSFN9
(n=1.8) and BaTiO3 (n=2.0) microspheres, respectively, versus
incident angle #at low (V =0V, blue) and high (V =5V, red)
voltage V states. The received power in the figures shows a
strong central lobe, from specular retroreflection of the paraxial
optical power off the microsphere sublayer, on top of a weak
and broad background pedestal, due to diffuse reflections of
nonparaxial optical power off the microsphere sublayer. (We
empirically fit the background pedestal by the Lorentzian func-
tion B(6) = Bo/(1+(28 o8)?), where Bo = 2 pW is its amplitude
and o = 50° and 84° are its fitted FWHM values for sublayers
with LaSFN9 and BaTiOs microspheres, respectively.) Ulti-
mately, the theoretical and experimental results for received
power Pgrx(n,V,6) show good agreement for the LaSFN9 (n =
1.8) and BaTiO; (n = 2.0) microspheres, with a field-of-view
(FWHM) of 10.8° and 9.4°, and voltage-induced modulation
depths (between V =0 and 5 V) of 3.4% and 5.3%, respectively.
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Fig. 3. Retro-modulation characteristics for the retro-modulator surface. Re-
sults are shown as received power Prx(n,V,6) as a function of incident angle 6,
given (a) LaSFN9 and (b) BaTiOz microspheres in its sublayer, and low (V = 0
V, blue) and high (V =5 V, red) voltage states across its multi-quantum-well
(MQW) modulator. Experimental results are denoted with markers; theoretical
fits are denoted with lines. Scanning electron microscope (SEM) images of the
microspheres are displayed as insets.

1V. DISCUSSION

Overall, the retro-modulator surface exhibited effective
retroreflection and modulation to support its integration in pas-
sive transceivers and its application to active-passive optical
wireless and FSO communication links.

In seeking effective retroflection, for minimal divergence in
the links, we found that combined attention had to be paid to
the microspheres' refractive index and link length. For short
links, the microspheres' optimal refractive index was relatively
low and diameter dependent. (The microsphere diameter in our
work, d=56 um, had an optimal refractive index of n~1.8.) For
long links, the optimal refractive index became fixed at n=2.0.
We then tested retro-modulator surfaces with LaSFN9 micro-
spheres, whose refractive index (n~1.8) is at the lower limit,
and BaTiOs microspheres, whose refractive index (n=2.0) is at
the upper limit. The microspheres functioned as expected, but
their contributions to the received power would ideally be in-
creased. This could be done by metallizing their rear surfaces,
as this would raise their low reflectance (Rms = 0.33) closer to
unity and give a proportional increase to the received power.

In seeking an effective modulation depth, we made use of
an MQW modulator with AlGalnAs material and well/barrier
widths of 6 nm/9nm. We found it could impart the desired deep
modulation from digital voltages (0-5 V) over the optical com-
munication C-band (1530-1565 nm). For a single pass through
our MQW modulator, the full C-band showed a voltage-in-
duced change in absorptance of 0.17%. However, it is also
worth noting that our characterization of the MQW modulator
could show metastable states in its modulation due to tempera-
ture dependence in its absorptance. Specifically, a transition to
the high voltage state would increase the absorptance, and thus
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the absorption of laser power, leading to an increase in the de-
vice's temperature. A subsequent transition back down to the
low voltage state might not, then, return the device to its initial
low voltage state, due to its heightened temperature. We have
observed such metastability for electroabsorption in bulk semi-
conductors, such as semi-insulating InP [26], and have found
that it can be lessened by using sufficiently low laser powers (if
possible) and/or cooling (if necessary). Or, due to the integra-
tive capabilities of confined optical structures, this heating ef-
fect could be leveraged in an energy harvesting framework [27].

In seeking an effective modulation speed, we endeavored to
minimize the resistance-capacitance (RC) time constant of the
MQW modulator. For this, the resistance is defined by the im-
pedance of the coupled transmission line, R = 50 Q, while the
capacitance is defined by C = &A/t = 0.4 nF, where &= 11 is
the dielectric constant, & is the permittivity of free space, A=
12.5 cm? is the area, and t=300 um is the thickness. The result-
ing time constant of RC = 20 ns is short, but it could be reduced
by minimizing the area. For example, discrete/isolated MQW
modulators could be patterned only over the microspheres' par-
axial areas, rather than the full retro-modulator surface. This
would decrease the time constant by the aforementioned ratio
Apx/Arm. However, this benefit should be weighed against the
added complexity of patterning and addressing discrete/isolated
MQW modulators over the arrayed microspheres.

In seeking effective error performance in the links, we rec-
ognize that the geometric loss from the retro-modulator surface,
due to the divergence detailed above, should be considered with
turbulence-induced distortion from the link. While the charac-
teristics and impacts from turbulent links are beyond the scope
of this work, we can describe trends and limits for the retro-
modulator surface's error performance through weak, moderate,
and strong turbulence. (This was done using the turbulence em-
ulator and procedures detailed in Appendix B.) We evaluated
the retro-modulator surface's error performance via extracted
error vector magnitude (EVM) values and bit error rates
(BERs), towards a goal of keeping the BER below 1073 (in the
absence of forward error correction [28]). For weak, moderate,
and strong turbulence, we measured EVMs of 3.7%, 9.2%, and
24%. We also found that the BERs for weak and moderate tur-
bulence are below 103, while the BER for strong turbulence
rises above this limit (to 0.0183). This suggests that one or more
of the above improvements to the retroreflection and/or modu-
lation would need to be carried out to allow the retro-modulator
surface to function through strong turbulence.

V. CONCLUSION

In this work, we introduced retro-modulator surfaces as
monolithic passive transceivers, in active-passive links, and put
forward analyses of their retroflection and modulation, given
operation in the optical communication C-band (1530-1565
nm) with digital voltages (0-5V). We then presented full char-
acterizations of the devices with LaSFN9- or BaTiOs-based mi-
crospheres in their sublayer and an overlying AlGalnAs-based
MQW modulator. The retro-modulator surface with LaSFN9 (n
~ 1.8) microspheres was effective for shorter (e.g., indoor/

terrestrial) links, across which it could offer retroreflection over
a 10.8° field-of-view and modulation at a depth of 3.4%. In con-
trast, the retro-modulator surface with BaTiO3; (n=2.0) micro-
spheres showed effectiveness for longer (e.g., aerial/aerospace)
links, for which it could enable retroreflection over a 9.4° field-
of-view and modulation at a depth of 5.3%. Such functionality
for the devices, along with their reduced SWaP demands, can
make the retro-modulator surfaces effective elements for future
optical wireless and FSO communication systems.

APPENDIX A

This appendix provides additional details on the ray-based
analysis used to calculate the retroreflectance Rr(n,6).

Fig. A-1 shows a cross-section of a retroreflecting micro-
sphere (in light blue), subtended by its optical axis, with inci-
dent and retroreflected rays above and below the optical axis,
respectively. The incident rays propagate towards the micro-
sphere, while parallel to its optical axis, and then enter its front
surface and focus onto its rear surface. The retroreflected rays
are formed by the resulting reflections, which return through the
microsphere, exit its front surface, and propagate towards the
receiver with varying degrees of divergence away from the op-
tical axis. Given the varying divergence, we define our paraxial
rays (in bright red) as the incident and retroreflected rays that
are focused sufficiently close to the microsphere’s rear vertex to
later be captured by the receiver's aperture. Conversely, we de-
fine our nonparaxial rays (in light red) as the incident and
retroreflected rays that focus further from the microsphere's rear
vertex and are thus not captured by the receiver's aperture.

We then use our system of rays to quantify the retroreflec-
tance Rg(n,6) for a microsphere with a diameter d = 56 um, a
receiver aperture with a diameter D = 25.4 mm, and a length L
= 0.4 m between the microsphere and receiver. This is done by
considering a single microsphere and identifying its outermost
paraxial (incident) ray. This ray strikes the microsphere further
from the optical axis than all other paraxial (incident) rays, un-
dergoes retroreflection through the microsphere, and then prop-
agates to the receiver, where it is captured at the outer edge of
the aperture. We circumscribe this outer paraxial (incident) ray
around the optical axis and define the interior as the micro-
sphere's paraxial cross-sectional area Apx(n). This area Apx(n)
can be seen as the central (circular) area within the micro-
sphere's greater (circular) cross-section, for which the incident
rays will all later be captured by the receiver's aperture. For our
microspheres of LaSFN9 and BaTiOs, with refractive indices of
n = 1.8 and 2.0, respectively, our ray-based analysis gives par-
axial cross-sectional areas of Apx(n=1.8) = 0.21d?> and
Apx(n=2.0) = 0.27d?, respectively. We then use the micro-
sphere's total cross-sectional area Aus = (/4)d? = 0.79d? to de-
fine the ratio Apx(n=1.8)/Ams~0.27 and Apx(N=2.0)/Ams~0.34,
respectively. This ratio Apx(n)/Ams can be seen as the fraction
of incident optical power on a microsphere that will be captured
by the receiver's aperture, while ignoring reflective/absorptive
loss from the microsphere and MQW modulator.
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Fig. A-1. Ray-based analysis of a microsphere (in light blue), subtended by an
optical axis, and transverse and axial directions. Incident rays propagate to-
wards the microsphere (above and parallel to the optical axis), enter its front
surface, and focus onto its rear surface. Retroreflected rays then return through
the microsphere, exit its front surface, and propagate towards the receiver (be-
low and diverging away from the optical axis). The incident and retroreflected
rays that focus sufficiently close to the rear vertex to later be captured by the
receiver's aperture are the paraxial rays (in bright red); the incident and retrore-
flected rays that focus further from the rear vertex and are not captured by the
receiver's aperture are the nonparaxial rays (in light red).

APPENDIX B

This appendix characterizes the retro-modulator surface's er-
ror performance via EVM and BER measurements of optical
wireless and FSO links subject to turbulence.

Fig. B-1 shows the experimental setup that characterizes our
device performance through weak, moderate, and strong turbu-
lence. The setup includes a fixed transceiver that we built for
intensity modulation/direct detection (IM/DD), via amplitude
modulation/reception, or coherent detection, via amplitude and
phase modulation/reception. It also includes a mobile trans-
ceiver with our retro-modulator surface. Given that our retro-
modulator surface applies only amplitude modulation, we re-
strict the former transceiver to IM/DD operation. This has its
displayed red beam propagate from the laser (Thorlabs Inc.,
TL1X)to the half-wave plate HWP; (Thorlabs Inc., AHWP10M-
1600), to form a well-polarized beam, and then through the non-
polarizing beamsplitter cube BS (Thorlabs Inc., CCM1-BS015
/M). The beam then propagates through our turbulent channel.
The turbulence is applied by a turbulence emulator with a rotat-
ing phase plate, through which differing levels of turbulence-
induced distortion are applied. The distorted beam then reaches
the mobile transceiver, reflects off its flip-mount mirror FMM,
and strikes the infrared camera (New Imaging Technologies
S.A.S., WiDy SenS 640V-ST), which captures images of the
turbulence-induced distortion on the transverse beam intensity.
As warranted, we retract the flip-mount mirror FMM to let the
distorted beam propagate to the retro-modulator surface. The
modulated and retroreflected beam then returns through the tur-
bulent channel and reaches the fixed transceiver. In the trans-
ceiver, the beam reflects off the beamsplitter cube BS and
passes through the half-wave plate HWP, (Thorlabs Inc.,
AHWP10M-1600), which is configured for IM/DD operation
by having its fast axis aligned with the beam's polarization. The
beam is then transmitted fully through the polarizing beamsplit-
ter cube PBS (Thorlabs Inc., CCM1-PBS25-1550/M) and onto
photodiode PD, (Thorlabs Inc., PDB210C/M). The resulting
photocurrent is recorded as a function of time by an oscillo-
scope (Tektronix Inc., TDS2004B) and characterized via EVM,
being the normalized root mean square error of the expected
and received photocurrents as a percentage. We use the metrics
of EVM and BER here, as we lack the ability to measure the
very low BERs from links with weak and moderate turbulence.

Fig. B-2 displays the transverse beam intensity recorded by
the infrared camera, shown in the left column as a function of
the horizontal x and vertical y dimensions, and the correspond-
ing constellation histograms, shown in the right column as the
frequency of occurrence for a 0-bit (in blue) or 1-bit (in red).
The results are presented for FSO channels experiencing weak
turbulence in (a) and (b), moderate turbulence in (c) and (d),
and strong turbulence in (e) and (f). For weak turbulence, we
see the desired transverse beam intensity in (a), with a near-
ideal Gaussian profile, and the desired distributions of bits in
(b), with the 0-bit (blue) and 1-bit (red) having tightly packed
Gaussian distributions. These near-ideal conditions yield an es-
pecially low EVM of 3.7%. For moderate turbulence, we see
the manifestation of low-order distortion on the transverse
beam intensity in (c), as slow spatial variations in intensity
across the profile, and the growing potential for bit errors in (g),
as the 0-bit (blue) and 1-bit (red) have widened distributions.
These conditions lead to an increased EVM, at 9.2%. For strong
turbulence, we see the emergence of high-order distortion on
the transverse beam intensity in (e), as high spatial variations in
intensity across the profile, and obvious bit errors in (f), as the
0-bit (blue) and 1-bit (red) have overlapping distributions. Such
undesirable conditions lead to an EVM of 24%. From estab-
lished practices [28], we define a maximum BER of 102 for
communication prior to applying forward error correction. As
mentioned above, we lack the ability to measure the especially
low BERs from communication through weak and moderate
turbulence, but we can confirm that the measured BERs for
these conditions are below 102, Thus, the retro-modulator sur-
face is deemed to function effectively through weak and mod-
erate turbulence. For FSO links through strong turbulence,
however, the rate of errors grows unacceptably high, and
reaches a BER of 0.0183. In such conditions, turbulence miti-
gation would be warranted via technigques based upon adaptive
optics [29], [30], pilot-assisted communications [31-35], opti-
cal phase conjugation [36-38], orbital angular momentum and
vector beams [39-41], and the like.
Fixed Transceiver
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Mobile Transceiver

' BS ‘ - . FMM
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Fig. B-1. Experimental setup used to characterize the retro-modulator surface's
error performance through weak, moderate, and strong turbulence. It includes a
fixed transceiver on the left and a mobile transceiver with the retro-modulator
surface on the right. The displayed beam (in red) propagates from the laser
through the half-wave plate HWP; and beamsplitter cube BS. It then propagates
through a turbulent channel, as defined by a turbulence emulator with a rotating
phase plate. The distorted beam reaches the mobile transceiver, where the flip-
mount mirror FMM has the beam strike the infrared camera or retro-modulator
surface. The modulated and retroreflected beam returns through the turbulent
channel and reaches the generalized transceiver, where it reflects off the
beamsplitter cube BS, passes through the half-wave plate HWP,, transmits fully
through the polarizing beamsplitter cube PBS, and strikes photodiode PD..
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Fig. B-2. The transverse beam intensity recorded by the infrared camera, shown
in the left column as a function of the horizontal x and vertical y dimensions,
and the corresponding constellation histograms, shown in the right column as
the frequency of occurrence for a 0-bit (in blue) or 1-bit (in red). Results are
presented for channels exhibiting weak turbulence in (a) and (b), moderate tur-
bulence in (c) and (d), and strong turbulence in (e) and (f).
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