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Abstract—Due to eye safety regulations, the allowable trans-
mitted power in an optical wireless communication system is lim-
ited. Maximization of the optical power collected at the receiver
is required in order to achieve the link power budget needed for
maximum-speed data transfer. A large optical aperture at the re-
ceiver yields efficient power collection. Large-area top-illuminated
photodiodes can on the one hand collect much light, but on the
other hand inherently have a large capacitance and, thus, a reduced
electrical bandwidth. To completely break this optical-electrical
tradeoff, we propose a new class of optical receivers, i.e., cascaded
aperture optical receivers. Such an optical receiver decouples the
light collection function from the light detection one by using two
separate apertures: the first function is done by surface grating
coupler(s) feeding the received light into a waveguide, and the
second one by an ultrahigh speed waveguide-coupled photodiode.
These two apertures can be engineered independently to optimize
the overall optical and electrical properties of the receiver. Empow-
ered by an integrated cascaded apertureoptical receiver fabricated
on our InP membrane platform, we successfully demonstratedan
indoor optical wireless communication system with a 200 Gb/s
(5λ × 40 Gb/s) capacity.

Index Terms—Cascaded aperture optical receiver, InP mem-
brane, optical wireless communication, surface grating, uni-
traveling-carrier photodiode.

I. INTRODUCTION

V IDEO-BASED content delivery to wireless and mobile
terminal users drives the exponential traffic increase in

indoor networks [1]. Next to mainstream radio techniques
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[2]–[8], optical wireless communication (OWC) draws a lot of
attention. This can be viewed as a game-changing leap-forward
to utilize much higher carrier frequencies in the electromagnetic
spectrum. Next to visible light communication (VLC) technol-
ogy [9]–[11], many exciting results have been published on
OWC using infrared beams [12]–[20] which can directly extend
infrared data signals from optical fiber networks. The transmit-
ted power of an infrared laser beam at λ > 1.4 μm is limited
to 10 dBm according to the eye safety regulations in the ANZI
Z-136 and IEC 60825-1. To allow sufficient power budget for
high-speed transmission, a two-fold solution is employed: a)
directional steering of narrow infrared beams at the transmitter,
and b) maximizing the collected power at the receiver. A large
aperture is required to collect sufficient lightwave. Large-area
top-illuminated photodiodes (TI-PDs) can achieve a high light
collection efficiency, but due to their inherently large capaci-
tance they have a very limited electrical bandwidth. To avoid
this optical-electrical trade-off, we propose a new class of optical
receivers, named cascaded aperture optical receiver (CAO-Rx)
[21]. Empowered by such a CAO-Rx, we successfully demon-
strated a wavelength division multiplexing (WDM) OWC in-
door system with on-off-keying (OOK) signal at a data rate of
200 Gb/s (5λ × 40 Gb/s). Since no complicated digital signal
processing (DSP) is included, such system fits indoor scenarios
which require low-latency, low energy consumption and low-
cost. The concept of CAO-Rx, which is validated in the experi-
ment, promises an attractive solution for future OWC systems.

The whole paper is organized as follows. In Section II, the
envisaged application of CAO-Rx in an indoor OWC system is
illustrated with the detailed operation principle. Later in Section
III, the quantitative comparison between CAO-Rx and TI-PD is
performed in terms of channel capacity. In Section IV, the design
and fabrication of a proof-of-concept CAO-Rx is detailed with
its characterization. Section V discusses the back-to-back (BtB)
performance of CAO-Rx in a single channel 40 Gb/s link. In
Section VI, the 200Gb /s OWC system based on the fabricated
CAO-Rx is experimentally demonstrated. Section VII concludes
the whole paper.

0733-8724 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Indoor application scenario including the integrated cascaded aperture optical receiver (CAO-Rx) with lightwave beam steering. (a) Prospective indoor
application scenario for beam-steered infrared wireless communication system. The infrared lightwave (e.g., λ = 1550 nm) distributed by a fiber link is broadcasted
to free space. (b) CAO-Rx equipped with external collimator for light collection. The lightwave is focused onto a CAO-Rx. (c) Operation principle of CAO-Rx.
TI-PD: top-illuminated photodiode; PD: photodiode; SGC: surface grating coupler; E BW: electrical bandwidth, which depends on the active area of PD. For
CAO-Rx, since the PD is fixed while enlarging the aperture of surface grating coupler, the ‘E BW’ keeps the same. However, for TI-PD, the aperture for lightwave
collection is the same as the active area of TI-PD. The enlarged aperture results in the decreased ‘E BW’.

II. OPERATION PRINCIPLE OF CAO-RX BASED INDOOR

OWC SYSTEM

Fig. 1(a) illustrates our vision of an indoor fiber optical wire-
less network using the CAO-Rx receiver [22]. The incoming
external data flow from different services is processed at a
central control unit and is then modulated on infrared light-
wave carriers before distributed to access points via the in-
door fiber network. In the access point at the ceiling of a
room, infrared light beams are emitted and steered to ter-
minal users through free space. For a terminal receiver (see
Fig. 1(b)), a collimator lens focuses the infrared data signal on a
CAO-Rx chip.

Fig. 1(c) compares the operation principle of the CAO-Rx
with traditional TI-PDs. In TI-PDs as shown in the first row
of Fig. 1(c), the light collection and detection is realized in a
single step. Many approaches have been proposed [23]–[27],
which are mainly based on the use of novel materials, but de-
sign compromises always need to be made regarding the active
region of such PDs: on the one hand, the active area needs to
be large enough to collect adequate optical power collection;
on the other hand, the active area and its resulting electrical ca-
pacitance must be small enough to guarantee a large electrical
bandwidth. A CAO-Rx, shown in the second row of Fig. 1(c),
decouples the light collection function from the light detection
function by using two apertures. The large-area surface grat-
ing coupler (SGC), serving as the first aperture, collects light
with an optimized efficiency. In fact, next to SGCs, other optical
vertical-to-horizontal converters can also function. The aperture
can be enlarged by apodization of the grating, at the expense
of some loss in efficiency. Then the collected optical signal is

injected into a single-mode waveguide. Such waveguide serves
as the second aperture and the guided light is detected by a
compact waveguide-coupled photodiode (WG-PD). As shown
in the second row of Fig. 1(c), as the size of the light collection
aperture increases for achieving a higher collection efficiency,
the design of the cascaded PD is unaffected and can be op-
timized independently. Thus the aperture optimization for the
light collection is decoupled from the bandwidth optimization
of the photodiode.

For practical applications, to further extend the field-of-view
(FoV) and the aperture of a CAO-Rx or a TI-PD, low cost ex-
ternal optics such as lenses can be integrated on package as
shown in Fig. 1(b). The flexible SGC design can relieve the
design difficulties of the external optics devices. Furthermore,
such flexibility also provides freedom to optimize other opti-
cal parameters enabled by advanced SGC design. However, a
drawback of SGCs is the strong directionality (narrow FoV)
caused by their periodic structure. One solution is to introduce
other optical vertical-to-horizontal converters with large FoV.
The other is the optimization of external optics to achieve large
FoV. This is also the ongoing research in our BROWSE project
carried out at Eindhoven University of Technology.

III. CHANNEL CAPACITY COMPARISON OF CAO-RX

AND TI-PD
For a more quantitative insight towards the advantage of

CAO-Rx, in this section, the TI-PDs are compared with the
CAO-Rx, in terms of electrical bandwidth, PD responsivity and
maximum channel capacity. For the modelling, the parameters
of CAO-Rx are extracted from measurement while the ideal
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Fig. 2. (a) The calculated bandwidth and responsivity versus absorption layer thickness and photodiode (PD) area of a top-illuminated photodiode. (b) The
capacity calculated for top-illuminated photodiode (TI-PD) and cascaded aperture optical receiver (CAO-Rx). Note that the TI-PD is calculated based on the ideal
model while the CAO-Rx is based on our fabricated device.

parameters are used for TI-PD. For the practical implementa-
tion, the advantage of a CAO-Rx are expected to be larger.

A. Bandwidth and Responsivity of TI-PD and CAO-Rx

A key advantage of CAO-Rx is that the responsivity and
the bandwidth of the receiver can be optimized independently.
This is not possible in traditional TI-PDs, where a fundamental
trade-off lays between responsivity and bandwidth. In order to
have a high responsivity, TI-PDs need a larger active area and a
thicker absorption layer, leading to a low RC bandwidth and a
low transit-time bandwidth, respectively. However,

Here the electrical bandwidth and optical responsivity for TI-
PDs is calculated. Without losing generality, the most popular
top-illuminated p-i-n PD is referred for the following analysis.
The responsivity (�) of a TI-PD is given by

� (A/W ) =
qλ

hc
ηinηex

where λ is the wavelength of the input light, and q, h, and c
denote the elementary charge, the Planck constant and the speed
of light in vacuum, respectively. ηin is the internal quantum
efficiency and ηex is the external quantum efficiency. Assuming
an ideal case without reflection at the TI-PD surface, ηin is
given by:

ηin = 1 − e−αd

where α and d are the absorption coefficient and the thickness
of the absorption layer in the TI-PD, respectively. We consider
InGaAs as the absorption material with an absorption coeffi-
cient of 6000/cm at 1.55 μm wavelength. The external quantum
efficiency is given by

ηex = 1 − e−
2 r 2

W 2

where r is the radius of the TI-PD and W is the waist radius of
the Gaussian beam. A beam diameter of 10.4 μm is used here
to match with the single mode triplet collimator, which agrees
with the free space link in the following system experiment.

For the electrical bandwidth, the total −3 dB bandwidth
(f3dB ) of the TI-PD is determined by the RC time bandwidth

(fRC ) and the carrier transit time bandwidth (ftr):

f3dB =

√
√
√
√1

/(
1

f 2
RC

+
1

f 2
tr

)

fRC =
1

2πRC
=

d

2πRεA
, ftr =

3.5v

2πd

where R, ε, A, and v are the total resistance, the dielectric con-
stant of InGaAs, the active area of the TI-PD, and the carrier
velocity, respectively. We assume a resistance of 50 Ω for the TI-
PD with a matching 50 Ω load. This is the same as the WG-PD in
our fabricated CAO-Rx. A saturation velocity of 5 × 106 cm/s
of the holes in InGaAs is used [28]. The bandwidth and respon-
sivity are calculated as function of the area and the thickness of
the TI-PD absorption layer as shown in Fig. 2(a). The curves
for bandwidth mainly occupy the bottom left part of the graph,
while the curves related to the responsivity are spread towards
the top right side of the graph, which underlines the need for a
compromise between bandwidth and responsivity for TI-PDs.
As an example, for a 0.2 A/W responsivity, the highest achiev-
able bandwidth is 50 GHz.

However, such trade-off between responsivity and bandwidth
can be decoupled in a CAO-Rx, allowing independent opti-
mizations of the two. In the fabricated CAO-Rx, a waveguide-
coupled uni-travelling carrier PD (UTC-PD) is employed, where
the propagation of light and the movement of carriers are in
orthogonal directions. Hence, a high responsivity can be ob-
tained without compromising the transit-time bandwidth. For
the presented UTC-PD, the bandwidth is above 67 GHz for a
responsivity of 0.7 A/W. Different from TI-PDs, the bandwidth
and responsivity of the CAO-Rx are constant regarding light
collection aperture.

B. Channel Capacities of TI-PD and CAO-Rx

According to Shannon & Hartley theorem, the channel ca-
pacity C, which depends on the bandwidth, B, and the signal-
to-noise ratio, SNR, is defined as:

C = B log2 (1 + SNR)
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where B is assumed to be equal to f3dB of the TI-PD and the
CAO-Rx. The signal-to-noise ratio can be written as:

SNR = I2
s /I2

n

where the signal photocurrent Is is the product of the input
optical power Pin , and the responsivity:

Is = Pin · �.

The noise current In contains the shot noise current Ish and
the thermal noise current Ith , which can be expressed as:

I2
n = I2

sh + I2
th = 2e (Is + Id) B +

4kT

R
B

where e, Id , k, and T are the electron charge, the dark current,
the Boltzmann constant and the temperature, respectively.

Based on the calculated f3d and �, the maximum channel
capacity of the TI-PD is calculated and plotted as function of
the beam waist diameter in Fig. 2(b). Here we assume an input
optical power of 3 dBm, and a typical dark current value of
10 nA. It can be seen the capacity drops dramatically with the
beam size, as a result of the intrinsic optical-electrical trade-off
as discussed above.

On the other hand, the capacity of the fabricated CAO-Rx
is calculated using the measured data of the UTC-PD (67 GHz
bandwidth, 0.7 A/W responsivity and 150 nA dark current).
For the light collection, the coupling efficiency of the SGC is
obtained via numerical simulation, where the linear apodization
is engaged. The capacity is kept above 900 Gb/s up to 100 μm
beam diameter, thanks to the independent optimization of the
SGC and the PD. The advantage of CAO-Rx at large beam size
is clearly shown.

IV. DEVICE DESIGN AND CHARACTERIZATION

In this section, the fabricated CAO-Rx is discussed. The fab-
rication platform of InP membrane is introduced. The design
and characterization of the SGC and the UTC-PD are detailed.

A. InP Membrane Photonic Integration Platform

The fabrication of a CAO-Rx relies on an InP membrane
platform which allows for integration of a broad range of pho-
tonic components with high efficiency and high speed [29], [30].
Inherited from the generic InP-based platforms [31], [32], the
InP membrane platform contains an active-passive InP photonic
layer with extra advantages, such as high optical confinement,
flexible layer stack and strongly reduced parasitics. The pho-
tonic membrane can also be integrated heterogeneously with
CMOS electronics for low-cost packaging and high speed op-
eration. Due to the flexible layer stack, the InP membrane al-
lows independent optimization for passive component and active
component. Membrane amplifiers and lasers with ultra-small
cross-section have been realized and successfully demonstrated
[33]. The small active structure results in very short taper length
for power transfer between active and passive waveguides. To-
gether with monolithically integrated passive components [30],
such as multimode interference (MMI) couplers and arrayed
waveguide gratings (AWG) for WDM, the CAO-Rx with more
functions can be realized.

Fig. 3. (a) Microscope image of the fabricated cascaded aperture optical
receiver (CAO-Rx), with scanning electron microscope (SEM) images of
(b) the surface grating coupler (SGC) and (c) the uni-travelling carrier pho-
todiode (UTC-PD). G: ground electrode; S: signal electrode.

B. Design and Fabrication of CAO-Rx

The image of the fabricated CAO-Rx is shown in Fig. 3(a). A
uniform 10 × 10 μm2 SGC, matching the size of a triplet single-
mode fiber collimator lens, is employed as the first aperture for
light collection. A detailed scanning electron microscope (SEM)
image can be found in Fig. 3(b). A detailed SEM image of the
WG-PD (3 × 10 μm2) is shown in Fig. 3(c). This is an UTC-PD
with a high bandwidth and a high responsivity [34]. The SGC
is connected by an adiabatic taper with one end matched to the
size of the SGC and the other end matched to the 400 nm wide
input waveguide of the WD-PD. The total length of the taper is
300 μm. More design details of the SGC and the UTC-PD are
discussed below.

As discussed in Section I, a SGC is a key element for col-
lecting free space light into a highly confined waveguide. The
most commonly used grating is realized on the top surface of the
waveguide, with grating grooves partially or completely etched
into the waveguide layer. Such grating can provide a reasonable
coupling efficiency of about 30–40% with a relatively simple
fabrication process [35]. Moreover, these gratings can have a
very wide spectral bandwidth of about 100 nm [35] and have
about 10° angular width of the field of view (FoV) at −3 dB.
Metallic gratings can enhance the coupling efficiency up to 80%
[36], with similar angular bandwidth, but at the price of a halved
spectral bandwidth. In this work, we use a standard grating cou-
pler designed for fiber coupling [37] due to its maturity. The
grating has a period of 660 nm with a fill factor of 50 %. The grat-
ing grooves are etched 120 nm into a 300 nm thick passive InP
waveguide layer. The optical buffer thickness between the InP
waveguide layer and a silicon substrate is optimized to 1850 nm,
for constructive interference between the upward diffracted light
and part of downward diffracted light which is reflected by
the silicon substrate. Therefore maximized upward power cou-
pling can be achieved. The reason to choose this relatively sim-
ple design is its high maturity on the InP membrane platform
[37]. As detailed in Appendix I, the SGC can be optimized
by means of apodization to maintain a high efficiency from very
small (e.g., 2.5 μm) to very large (>100 μm) beam diameters.
It enables more than a factor of 1600 variation in the power
collection area, with only a minimal design adaption.
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Fig. 4. (a) Measured coupling efficiency of the surface grating coupler (SGC). (b) Normalized electrical frequency response of the uni-travelling carrier
photodiode (UTC-PD) measured at different bias voltages.

The UTC-PD is the other key component of the CAO-Rx.
InP/InGaAs based WG-PDs are known as a standard solution
for today’s telecom applications due to their high absorption ef-
ficiency, low dark current, and high carrier drift velocities [38].
Particularly, the InP/InGaAs based UTC-PD is one of the most
promising structures for very high bandwidth operation [39].
Unlike in conventional p-i-n PDs, in a UTC-PD electrons are
the only active carrier in its depletion region. Consequently,
the higher drift velocity of electrons compared to that of holes
leads to a lower transit time and reduced space charge effects.
Recently, UTC-PDs have exhibited very high bandwidth and
saturation power in both InP-based and silicon-based platforms
[40], [41]. In this work, an InP membrane UTC-PD [34] with a
limited area of 3 × 10 μm2 is used in the CAO-Rx. It is fabri-
cated using a double-sided processing scheme, which is a unique
technology of the membrane platform. It gives rise to significant
optimization of the device performance [29], [30].

C. Characterization of Fabricated CAO-Rx

For the fabricated chip described above, the static and dy-
namic performance of the optical components are characterized
in this part.

1) Characterization of Surface Grating Coupler: The mea-
sured performance of a fabricated grating is shown in Fig. 4(a).
Two identical SGCs connected by a straight waveguide is used
for characterization. The designed tilting angle of an incident
fiber is 8° at 1540 nm with respect to the surface normal of the
SGC. Due to the slight fabrication variation, the optimal tilting
angle of 7.5° is found with its efficiency peak at 1545 nm. The
grating has a reliable efficiency of 28.2 % and a spectral band-
width (at −1 dB level) of more than 75 nm. Its −3 dB spectral
bandwidth exceeds 100 nm. The grating size of 10 × 10 μm2

is designed to match a single mode triplet collimator lens with
10.4 μm beam diameter (5.2 μm beam waist). This collimator
is used in the experimental free space link.

2) Characterization of Ultra-Broadband UTC-PD: The
high optical confinement in the InP membrane results in a small
device area and correspondingly a low capacitance (14 fF) of the
photodiode. Additionally, due to the high electron drift velocity

in the UTC-PD, a transit-time of less than 4 ps can be obtained.
As shown in Fig. 4(b), the bandwidth increases as the reverse
bias increases. However, the high bias voltage also introduces
considerable dark current. There is a compromise between the
bandwidth and the dark current. The optimum bias voltage we
find is −4 V. In this case, a very high −3 dB bandwidth of
beyond 67 GHz is experimentally observed (Fig. 4(b)) with an
acceptable dark current of 153 nA. The wavelength of 1550 nm
is employed for the measurement. The associated direct current
(DC) responsivity is 0.7 A/W. Its high bandwidth suits for the
high speed binary signal transmission.

V. OPTICAL BACK-TO-BACK PERFORMANCE OF CAO-RX IN A

SINGLE CHANNEL 40 GB/S LINK

Here the performance of CAO-Rx will be evaluated in a sin-
gle channel 40 Gb/s link. The experimental setup is shown
in Fig. 5(a). The optical carrier generated from a commercial
wavelength-tunable laser is data modulated via a commercial
optical transmitter (SHF46210C) with 40 Gb/s on-off keying
(OOK) signal from a bit pattern generator (SHF12100B). The
optical signal is then attenuated by an Eigen Light 410 before it
is coupled to the SGC of CAO-Rx by a cleaved fiber. A polariza-
tion controller is used to optimize the acceptance of SGC. The
electrical signal at the UTC-PD output is collected with a high-
speed ground-signal-ground (GSG) probe. A −4V DC reverse
bias is applied to the PD. The DC component of the detected
signal is blocked via a bias-T, which is followed by a bit error an-
alyzer (SHF11100B, BERT in Fig. 5). A sampling oscilloscope
(DCA in Fig. 5) is employed for eye diagram measurement. The
performance of CAO-Rx is determined by the UTC-PD and the
SGC inside. In the following part, we will investigate the link
performance with regard to UTC-PD and SGC. Later, the eye
diagrams of a single channel 40 Gb/s are provided for differ-
ent wavelengths and different illustrated power with the optimal
bias and at its optimal tilting angle.

A. Link Performance Regarding UTC-PD

For the UTC-PD, The major factor to affect its performance is
the reverse bias voltage. The eye diagrams of the single channel
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Fig. 5. (a) The measurement setup for a 40 Gb/s single channel optical back-to-back including the CAO-Rx. (b) illustration for incident angle and height;
(c) Measured eye diagrams of a single channel 40 Gb/s OOK signal with different reverse bias voltage applied to the UTC-PD in the CAO-Rx. (d) and (e) Measured
photon-detected currents and BERs of a single channel 40 Gb/s OOK signal with different titlting angles. The curve labels are compatible for both. (f) Measured
photon-detected currents and BERs of a single channel 40 Gb/s OOK signal with different heights between a cleaved fiber and the surface grating (right). TL:
tunable laser; PC: polarization controller; OTx: optical transmitter; PM: power monitor; CF: cleaved fiber; SG-UTC-PD: surface grating coupler and uni-travelling
carrier photodiode; Bias-T: bias tee; DC Bias: direct current bias; DCA: digital communication analyzer oscilloscope; BERT: bit erroe rate analyzer; PG: pulse
generator.

40 Gb/s OOK signal with different bias voltages are shown in
Fig. 5(c). A 6.5 dBm optical carrier at 1540 nm is launched into
CAO-Rx with a 7.5° titling angle. A cleaved single mode fiber
in an angle-tunable fiber holder is employed for this on-chip
coupling. As the voltage of the reverse bias is increased, both
the photon-detected current (PDC) and the eye opening increase.
This agrees well with the measured results of the UTC-PD as
shown in Fig. 4(b). From −2 V to −4 V, the PDC increases
7.1% (from 0.816 to 0.874 V) while the eye opening increases
84% (from 25 mV to 46 mV). This indicates that not only the
PDC is increased but also the electrical bandwidth limited by the
transient time is boosted by the increased reverse bias voltage.

B. Link Performance Regarding SGC

As discussed in Section I, for practical applications, a CAO-
Rx chip will be packaged with external optics devices to extend
the FoV and the aperture of the SGC inside a CAO-Rx. The
incident angle and the focal length of these devices are usually
optimized to match with those of the SGC. However, due to the
inevitable variation, the incident angle and the focal length of
these devices may mismatch, which results in the deviated titling
angle and the beam divergence. The link performance is then
evaluated regarding these two factors. The incident angle and
height from cleaved fiber to SGC is schematically illustrated

in Fig. 5(b). To this end, the PDC and the corresponding bit
error rates (BERs) are measured. The PDC is proportional to
the coupling efficiency and it provides a reliable insight to the
link performance since the received signal-to-noise ratio (SNR)
is determined by the PDC. On the other hand, BER is used as a
direct index to scale the link performance quantitatively.

1) Tilting Angle Induced Performance Degradation: The
tilting angle induced power imbalance with regard to wave-
length will be studied. This provide an insight regarding the
implementation of WDM. Then for a fixed band of interest, the
power imbalance induced by tilting angles will be studied as
well. This is actually an indicator for the FoV of the CAO-Rx.

As shown in Fig. 5(d), the measured PDC is plotted with
the tilting angles of 1°, 2.5°, 5°, 7.5°, 10° and 12.5°, and with
different wavelengths. For each tilting angle, the fiber holder is
adjusted and re-aligned. The optical power off the cleaved fiber
is kept for 2 dBm. Fig. 5(d) suggests that a tilting angle of 7.5°
provides the highest current for all measured wavelengths. It
also suggests that at the angle of 7.5°, the optimal wavelength
is 1550 nm. This is slightly different from the peak of the SGC
coupling efficiency curve in Fig. 4(a), which may be resulted
from the slight measure variation in the re-alignment process.
The curve slopes of PDC at the tilting angles of 1°, 2.5°, 10°
and 12.5°, are much steeper than these at the tilting angles of 5°
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and 7.5°. For the cases of 1° and 2.5°, the PDC increases as the
wavelength increases. That is because the peaks of the coupling
efficiency of SGC are red shifted (move to long wavelength)
with the smaller tilting angles. Similarly for the cases of 10°
and 12.5°, the PDC decreases as the wavelength increases due
to the blue shift. The maximum photon-detection currents at
the tilting angles of of 5° and 7.5° are 0.295 and 0.31 mA,
and the minimum ones are 0.223 and 0.254 mA. The power
imbalance (= log10(max./min.)) at the angles of 5° and 7.5°
are less than 1 dB.

The BER performance coincides with the behavior studied in
terms of PDC. The BER curves measured at the tilting angles
from 1° to 12.5° are shown in Fig. 5(e) regarding different
wavelengths. For the convenience of illustration, the curves label
of Fig. 5(e) is not depicted since they are the same as those
in Fig. 5(d). The BER curve measured at the tilting angle of
7.5° exhibits the best performance. The trend of BER curves
agrees well with the trend of PDC curves. For the tilting angle
of 7.5°, the BER varies from 4.6 × 10−11 to 4.4 × 10−8 for
wavelength from 1535 to 1565 nm. The wavelength-dependent
BER difference at the tilting angles of 2.5°, 5°, and 10° are larger
than the case of 7.5°. For the cases of 1° and 12.5°, the BERs
are worse than 1 × 10−6 , which is determined by the low PDC.
The BERs at the tilting angle of 12.5° are not shown regarding
wavelengths beyond 1550 nm since they are below the BER
threshold of 1 × 10−2 . Based on the link evaluation of PDC and
BER, the tilting angles from 5° to 7.5° are preferred for its low
performance dependence with respect to wavelength.

On the other hand, the power imbalance induced by the tilting
angle is also interesting for practical application. As shown in
Fig. 5(d) and (e), two extreme cases of 1° and 12.5° provide
quite low PDCs and high BERs. As shown in Fig. 5(d), the
power imbalance of the other four tilting angles are 1.8, 1, 1,
2.1, 2.1, 2.8, 3.7 dB for the wavelengths from 1535 to 1565 nm. It
roughly suggests a−3 dB FoV of 7.5°. As shown in Fig. 5(e), the
power imbalance at all tilting angles results in a significant BER
degradation with 9 order of magnitude from 1535 to 1565 nm. It
is clear that the limited FoV of the CAO-Rx is a major challenge.
This can be solved by advanced SGC design on chip and low
cost external angle magnifier [14] on package.

2) Beam Divergence Induced Performance Degradation:
The beam divergence induced by the de-focusing disperses the
light power on an area larger than the aperture of the SGC. This
reduces the power collected by a CAO-Rx. We tune the height of
the cleaved fiber for coupling to emulate the beam divergence.
The light beam emitted from the cleaved fiber is Gaussian-like
[42], which may be a little different from the one of lenses.
However, if Gaussian beams are involved, similar behaviors
are expected for lenses. The experimental setup is shown in
Fig. 5(a), which has been detailed above. For the measurement,
the nearest height (but still off chip) is noted as 0 mm. After
height tuning in Z-axis, a fine tuning is performed in X- and
Y-axis to optimize the coupling power. A 40 Gb/s OOK signal
is modulated on a 1540 nm optical carrier. The power off the
cleaved fiber is kept for 2 dBm. As shown in Fig. 5(f), the PDCs
and the BERs are measured with different heights from cleaved
fiber to chip. The PDC decreases as the height increases. The

slope of the PDC curve at lower height is sharper than the one
at higher height. It indicates that the tolerance of height is low
when the height is small. The PDC is halved when the height
increases from 0 mm to 0.5 mm. The corresponding BER in-
creases from 7 × 10−10 to 1 × 10−4 as shown in Fig. 5 (f). The
current is reduced by half again from 0.5 mm to 1 mm. It clearly
shows that 1 mm variation in height may result in 6 dB reduction
in power. To guarantee an extra coupling loss less than 3 dB, the
height variation should be less 0.5 mm.

VI. EXPERIMENTAL DEMONSTRATION OF 200 GB/S OWC
SYSTEM BASED ON THE FABRICATED CAO-RX

Fig. 6 shows the proof-of-concept experimental setup of 5λ×
40 Gb/s indoor OWC system based on the fabricated CAO-Rx.
Five 0.8-nm spaced WDM optical carriers (1538.18, 1538.98,
1539.78, 1540.58 and 1541.38 nm) are generated from multiple
commercial semiconductor laser sources (TL in Fig. 6). Af-
ter polarization control, power combination and amplification,
40 Gb/s OOK data are modulated on five wavelengths via a com-
mercial optical external modulation module (SHF46210C, OTx
in Fig. 6). A pseudo-random binary sequence (PRBS) with a
length of 215 − 1 is generated as 40 Gb/s data by a pattern gen-
erator (SHF12100B, PG in Fig. 6). Even though de-correlation
of WDM channels is absent due to limited components in our
experiment, the dispersion induced bit offset for neighboring
channel is 34.4 ps (2.39 km × 0.8 nm × 18 ps/nm/km ), which
is larger than the duration (25 ps) of a bit at 40 Gb/s. To emu-
late independent WDM channels based on such scheme is still
reasonable. The use of simple OOK signal can significantly re-
duce receiver complexity avoiding complicated digital signal
processing. It reduces both the energy consumption, the latency
and the cost of terminal devices. The data-modulated optical
wavelengths with a total power of 8.75 dBm are then ampli-
fied to 15.8 dBm via a commercial erbium doped fiber amplifier
(EDFA). An Eigen Light 410 is used as an optical attenuator and
in-line optical power monitor (PM in Fig. 6). The WDM signal
is launched to a span of 2.39-km single-mode fiber (SMF) with
1.68 dB loss cascaded by a 2-m free space link with 1.82 dB loss.
The free space link is based on two identical triplet lens SMF
collimators with clear apertures of 10 mm and a focal length
of 18.36 mm. A commercial fiber pigtailed arrayed waveguide
grating (AWG in Fig. 6), placed between the receiver collimator
lens and the CAO-Rx, is used to de-multiplex the WDM signal.
Since the output mode field of the collimator lens is matched
to that of an SMF, this setup is equivalent to directly launching
from the collimator onto the CAO-Rx. The five WDM 40 Gb/s
channels, providing a total capacity of 200 Gb/s, have been
evaluated in terms of BER. The de-multiplexed optical signal
is attenuated for receiver sensitivity measurement before being
launched to the input end of a cleaved fiber (CF in Fig. 6). The
cleaved fiber is oriented with a 7.5° angle offset to the SGC
normal. The light signal leaving the cleaved fiber propagates in
free space before it is incident on the SGC. Since the engaged
SGC is polarization selective, a polarization controller (PC in
Fig. 6) is used to tune the lightwave polarization for an optimized
acceptance. However, in a practical system, the circularly po-
larized lightwave can be utilized at the access point to relieve
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Fig. 6. 200 Gb/s fiber infrared wireless experiment based on the fabricated cascaded aperture optical transceiver (CAO-Rx). (a) Optical spectrum of the five
wavelength division multiplexed (WDM) channels at the transmitter side. (b) Optical spectrum of the de-multiplexed five channels at the receiver side. (c, d)
Eye diagrams at a BER of 1 × 10−9 for channel 3 after transmission over 2.39 km SMF with and without 2-m FS link. (e) Measured BERs of five WDM
channels and a single channel (channel 3) with the transmission over 2.39-km SMF and 2-m FS link. TL: tunable laser; PC-A: polarization controller array;
EDFA: erbium doped fiber amplifier; OTx: optical transmitter; PM: power monitor; SMF: single mode fiber; FS: free space; AWG: arrayed waveguide grating; PC:
polarization controller; CF: cleaved fiber; SG-UTC-PD: surface grating and uni-travelling carrier photodiode; DC: direct current; DCA: digital communication
analyzer oscilloscope; BERT: bit erroe rate analyzer; PG: pulse generator.

such polarization dependence, at the cost of an extra 3-dB loss.
The electrical signal at the UTC-PD output is collected with
a high-speed ground-signal-ground (GSG) probe. A −4 V DC
reverse bias is applied to the UTC-PD. The DC component of
the detected signal is blocked via a bias-T, which is followed
by a bit error analyzer (SHF11100B, BERT in Fig. 6). A sam-
pling oscilloscope (DCA in Fig. 6) is employed for eye diagram
measurement.

The optical spectrum of the received five WDM channels
is shown in Fig. 6(a). The spectral separation between each
channels is sufficient to avoid inter-channel interference. The
optical spectra of the de-multiplexed channels are measured at
different outputs of the employed AWG as shown in Fig. 6(b).
More than 40 dB power suppression ratio is achieved which
implies very limited crosstalk between neighboring channels.
The optical signal at channel 3 (1539.78 nm) is de-multiplexed
after 2.39-km bend-insensitive SMF with 0.5 dB/km attenuation
and 18 ps/nm/km). Its eye diagrams are measured as shown in

Fig. 6(c) (w/o the 2-m free space link), and in Fig. 6(d) (w/
the free space link). Both eye diagrams are measured with a
PDC of 0.34 mA and a bit BER of 1 × 10−9 , which indicates
a received optical power of −3.1 dBm at the UTC-PD. For the
following measurement, the optical power arriving UTC-PD are
used rather than the one illuminated at the SGC. The coupling
loss of the SGC is deducted. The clear eye opening indicates the
extremely high bandwidth of the UTC-PD. Comparing Fig. 6(c)
with Fig. 6(d), it suggests that the optical wireless transmis-
sion introduces negligible frequency fading effect which are a
main limitation for non-line-of-sight radio communication. The
5λ × 40 Gb/s optical signal at five WDM channels transmit-
ted over 2.39-km SMF and 2-m free space are measured for
BER. To measure the penalty induced by WDM channels, a
single 40 Gb/s channel (channel 3) is measured as a reference
while keeping the other channels closed. In Fig. 6(e), the mea-
sured BERs versus the received optical power are presented for
five WDM channels and for the single channel 3. The receiver



CAO et al.: ULTRAHIGH THROUGHPUT INDOOR INFRARED WIRELESS COMMUNICATION SYSTEM ENABLED BY A CASCADED APERTURE 65

Fig. 7. (a) Measured bit error rates (BERs) of five wavelength division multiplexed (WDM) channels (Ch) for optical back-to-back (BtB), and for the transmission
over 2.39 km single mode fiber (SMF) and 2-m free space (FS) link. (b) Measured eye diagrams at a BER of 1 × 10−9 for five WDM channels under optical BtB,
and the transmission over 2.39 km SMF and 2-m FS link.

sensitivities at 1 × 10−9 BER of the channel 1 to 5 are −3.3,
−3.4, −3.13, −3.5, and −3.7 dBm, respectively. The differ-
ences in the receiver sensitivity are less than 0.57 dB. The one
of the single channel 3 is −3.13 dBm, which is the same as
channel 3 together with the other four WDM channels. This
may suggest that the power penalty induced by WDM is neg-
ligible. The measured BERs and eye diagrams at five WDM
channels are presented in Fig. 7(a) and (b), for optical BtB and
for the transmission through 2.39-km SMF and 2-m free space.
The receiver sensitivity differences between both cases are less
than 1 dB. For channel 2, the BERs in the case of BtB is slightly
higher than in the transmitted case mainly due to the WDM
mismatching induced by the slight time-varying frequency shift
at channel 2. The measured eye diagrams are shown in Fig. 7(b).
All the eye diagrams are measured with the PDC of 0.34 mA
except the transmitted signal at channel 5, which is with a PDC
of 0.25 mA. This is because of the limited power of the tun-
able laser at channel 5. The eye diagrams of the five channels
are clearly open for all cases. Comparing the eye diagrams of
the transmitted signal and the optical BtB signal, no obvious
additional distortion is introduced.

VII. CONCLUSION

We introduced the concept of cascaded aperture optical re-
ceiver (CAO-Rx) to allow a flexible design of optical wireless
communication receivers. Its first aperture is for light collec-
tion and the cascaded one is for light detection. This concept
avoids a design trade-off for top-illuminated photodiode (TI-
PD) between the optical collection aperture and the electrical
bandwidth. Both apertures of the CAO-Rx can be independently
optimized for optical power collection and electrical bandwidth.
A quantitative study on the capacity of the TI-PD and the CAO-
Rx is done. It suggests that the capacity of TI-PDs drops dramat-
ically when the aperture increases while the one of the CAO-Rx
keeps almost the same.

A proof-of-concept CAO-Rx is fabricated in our InP mem-
brane integrated photonics platform. The key components of
surface grating coupler (SGC) and waveguide-coupled uni-
travelling carrier photo-diode (UTC-PD) are characterized. The
UTC-PD with a bias of −4 V exhibits a −3 dB electrical band-
width of more than 67 GHz and a dark current of 153 nA. The
SGC at an optimal tilting angle of 7.5° shows a −5.5 dB cou-
pling loss at 1545 nm. With minimal design adaptions, the size
of the first aperture can be highly flexible while yielding a high
coupling efficiency. The fabricated CAO-Rx is also evaluated in
a single channel back-to-back 40 Gb/s link. For the UTC-PD,
when the bias voltage decreases from −2 V to −4 V, the eye
opening increases 84% (from 25 mV to 46 mV). For the SGC,
the tilting angle and the height of onto-chip coupling are dis-
cussed. The power imbalance at the tilting angles of 5° and 7.5°
are less than 1 dB, which suggests that the tilting angles from 5°
to 7.5° are preferred. The 7.5° field-of-view (FoV) of the SGC
inside the CAO-Rx is roughly measured at −3 dB. It is clear that
the limited FoV of the CAO-Rx is a major challenge. Assuming
a Gaussian beam is used, to guarantee an extra coupling loss
less than 3 dB, the height variation should be less 0.5 mm.

Based on the fabricated CAO-Rx, we also demonstrated a
wavelength division multiplexed (WDM) indoor optical wire-
less system with 2.39-km single mode fiber and 2-m free space.
A record-breaking 200 Gb/s capacity is realized at 1 × 10−9 bit
error rate. The receiver sensitivities of all channels are better
than −3.13 dBm. Thanks to the design flexibility of CAO-Rx,
we believe that the CAO-Rx design concept will pave the way
for future high-capacity indoor optical wireless communication
systems which requires high optical and electrical performance
simultaneously.

APPENDIX I

As discussed in Section IV, the SGCs employed in this paper
is matched to a single mode triplet collimator lens with 10.4 μm
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Fig. 8. (a) Geometry of the standard uniform surface grating coupler (SGC).
(b) Coupling efficiency for SGCs with different sizes. Solid lines present for
uniform SGCs and dot lines for apodized SGCs. (c) Geometric structure com-
parison between the uniform SGC and apodized SGC.

beam diameter. However, in practical free-space system appli-
cations, the beam waist can vary from 1–2 μm (e.g., focused
beam) up to tens of μm, based on specific system requirements.
Therefore it is important to investigate whether that the grating
design can always be adapted (e.g., stretched or squeezed) to
different beam waists. Here we demonstrate that the grating cou-
pling efficiency can be maintained at high levels (∼50%) only
by adapting the grating layout. The etch depth of the grating gaps
remains constant, ensuring no change to the fabrication process.
The schematic illustration for the geometry of the standard uni-
form SGCs in our fabricated CAO-Rx is shown in Fig. 8(a). To
match the beam waist, the size of the grating has to be adapted
by extending the number of periods. As it can be seen in the
solid curve of the Fig. 8(b), the grating efficiency drops down to
very small beam waist (1.25 μm) and very large (31.2 μm) beam
waists, mainly due to the large mismatch between the grating
near field and the Gaussian profile. This can be easily fixed by
introducing the apodization technique [43] in the grating fill-
ing factor. In this case the grating coupling strength is tuned
from weak to strong along the propagation length of the grating.
This will provide an improved mode match with the Gaussian
mode. The geometric structures between the uniform SGC and
the apodized SGC are compared in Fig. 8(c). The dotted curves
in Fig. 8(c) shows the grating efficiency for the very small and
very large beams, after using linear apodization in the grat-
ing filling factor. For original grating design for 5.2 μm waist,
the apodization has minor effect due to its already-optimized
coupling strength. It is also interesting to see that the optimal
grating size increases after apodization. This is an obvious con-
sequence since the grating pitches close to the edges are tuned
to be weaker.
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