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Abstract: An advanced transmit remote opto-antenna unit is proposed that accomplishes
impedance matching between a photodetector and a low profile antenna in a specified frequency
bandwidth, without requiring an area-consuming matching network. This results in a highly
compact design, which also avoids the losses and spurious radiation by such an electrically
large matching circuit. Instead, the photodetector is almost directly connected to the antenna,
which is designed as a conjugate load, such that the extracted and radiated power are optimized.
The required input impedance for the antenna is obtained by adopting a half-mode air-filled
substrate-integrated-waveguide topology, which also exhibits excellent radiation efficiency. The
proposed unit omits electrical amplifiers and is, therefore, completely driven by the signal supplied
by an optical fiber when deployed in an analog optical link, except for an externally supplied
photodetector bias voltage. Such a highly cost-effective, power-efficient and reliable unit is an
important step in making innovative wireless communication systems, which deploy extremely
dense attocells of 15cm X 15 cm, technically and economically feasible. As a validation, a
prototype, operating in the Unlicensed National Information Infrastructure radio bands (5.15 GHz~
5.85 GHz), is constructed and its radiation properties are characterized in free-space conditions.
After normalizing with respect to the optical source’s slope efficiency, a maximum boresight gain
of 12.0dBi and a —3 dB gain bandwidth of 1020 MHz (18.6 %) are observed.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Radio over fiber (RoF) architectures exhibit great potential for realizing next-generation wireless
communication systems [1,2]. They rely on the favorable properties of fiber-optic signal
propagation, most notably high bandwidth and low propagation loss, for the exchange of radio
signals between a central office (CO) and multiple remote antenna units (RAUs). Hardware
for routing, switching and processing of the radio signals is centralized at the CO and can be
shared to reduce cost, while also greatly decreasing the complexity of the RAU hardware. This
is especially pronounced in the case of analog radio frequency over fiber (RFoF) schemes [1],
where the radio-frequency (RF) signals are immediately modulated onto the optical carrier and
the RAUs only need to implement conversion between the optical and electrical domains. Owing
to the heavily reduced cost and complexity per RAU, RFoF architectures are prime candidates to
implement systems requiring extreme cell densification.

This letter focuses on a novel, compact transmit RAU for application in the downlink (DL)
subsystem of the ultra-high density wireless communication system introduced in [3,4]. This
novel, highly specialized communication system targets a futuristic factory that is densely
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populated by numerous autonomous robots. Each robot requires high-bandwidth, time-critical
and reliable wireless access to high-performance computing resources. To realize the resulting
density of extremely high-bit-rate mobile users, a massive amount of optically-fed RAUs are
integrated into the factory floor, operating in attocells as small as 15 cm X 15 cm. Finally, the
foreseen operation at millimeter-wave (mm-wave) frequencies guarantees the availability of
sufficient bandwidth, and helps to reduce interference between adjacent cells. The development
of low-cost and low-power RAUSs is necessary to make this massive deployment cost-effective.

To this end, this letter proposes a novel compact transmit RAU with minimal complexity and
cost. By omitting electrical amplifiers, which is justifiable when considering the low propagation
distances in the intended application [3], an extremely reliable design is obtained that only
consists of a photodetector interconnected with an antenna. The proposed low-profile unit is,
therefore, nearly passive and almost entirely driven by optical power, only requiring electrical
DC power to bias the photodetector. Specifically, this letter investigates the design of a wideband
transmit RAU with optimal power efficiency, within these constraints. This is achieved by tuning
the input impedance of the antenna to an optimal frequency-dependent impedance, rather than a
fixed 50 Q impedance, such that as much RF power as possible is extracted from the output port of
the photodetector and radiated by the antenna, within a wide specified frequency band. As a proof
of principle, we construct and validate a prototype that operates from 5.15 GHz to 5.85 GHz,
covering several Unlicensed National Information Infrastructure (U-NII) radio bands [5].

Several transmit RAUs that omit electrical amplifiers have already been proposed in literature,
including designs based on horn antennas [6, 7], patch antennas [8—10], slot antennas [11], planar
log-periodic toothed antennas [12], and tightly coupled arrays [13—16]. However, none of them
focus on optimizing the input impedance of the antenna such that it extracts as much power as
possible from the photodetector within a specified frequency range. Wideband operation allows
employing the transmit antenna for multiple functionalities [13], but, unfortunately, results in a
suboptimal RoF link gain [17], as a consequence of the Fano-Bode limit [18, 19]. In contrast, [20]
proposes a fully passive transmit RAU that accomplishes impedance matching between a low
profile antenna and a zero-biased photodetector in a specified frequency bandwidth. To this end,
a mixed lumped/distributed impedance matching network transforms the antenna’s radiation
impedance, designed to be 50 €, to match with the photodetector’s impedance in the frequency
band of interest. In contrast to [20], the design proposed in this letter achieves impedance
matching by tuning the antenna impedance itself, instead of relying on an external matching
network, thereby eliminating all distributed elements. This results in a much more compact
design, while eliminating all losses and spurious radiation associated to the radial stubs employed
in the external impedance matching network of [20].

As in [20], the antenna is based on air-filled substrate-integrated-waveguide (AFSIW) techno-
logy [21], which is essentially a planar implementation of the conventional air-filled rectangular
metallic waveguide inside a multi-layer printed circuit board (PCB). This is realized by milling
out a cavity in a low-cost single-substrate dual-layer PCB. This cavity implements the air-filled
region of the rectangular waveguide structure. To contain the electromagnetic fields, the inner
sidewalls are subsequently metalized through edge-plating, such that the fields cannot penetrate
the dielectric substrate. The final AFSIW structure is obtained by covering the milled substrate
on both sides with additional conductive layers. Electrical contact between the different layers,
as well as mechanical strength, is ensured by means of soldering [21] or tightening alignment
pins [22]. Through wideband transitions, the resulting AFSIW can be interfaced to microstrip
lines [21], or other AFSIWs [23]. Several AFSIW components have already been reported,
including filters [21] and antennas [22]. These retain the compelling advantages of conventional
air-filled metallic waveguide components, including low loss, high quality factor, and excel-
lent electrical shielding between components, while remaining compatible with standard PCB
fabrication processes.
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Fig. 1. High-level functional overview of the proposed transmit remote antenna unit.

In Section 2, the design process of the proposed transmit RAU is outlined, providing details
about the adopted RFoF scheme, the impedance matching technique, the antenna topology, and
the optimization of the entire structure. Subsequently, Section 3 presents the radiation pattern
measurements conducted on a prototype of the proposed unit. Finally, in Section 4, a conclusion
is formulated, and an outlook for further research is provided.

2. Design aspects of the transmit remote antenna unit

2.1. Overview

Figure 1 provides a functional overview of the proposed transmit RAU. On a high level, the
design consists of a photodetector that is interconnected to an antenna with a conjugate-matched
input impedance. The photodetector is reversely biased by a voltage source Vp through a bias tee,
represented by an ideal choke and an ideal coupling capacitor. A multi-mode fiber illuminates
the active region of the photodetector, which acts as the receiver in an intensity modulation and
direct detection (IM-DD) scheme. A vertical-cavity surface-emitting laser (VCSEL), biased by a
current /g, is employed as an optical source. An RF signal, whose power is contained within the
frequency band ranging from 5.15 GHz to 5.85 GHz, directly modulates the VCSEL, such that an
optical double sideband (ODSB) signal is launched into the fiber. The adoption of a VCSEL with
a direct modulation scheme and multi-mode fiber enhances cost effectiveness, such that massive
deployment of the proposed transmit RAU in the wireless communication system proposed in [3]
is facilitated. Nevertheless, the proposed conjugate-impedance matching technique can be applied
without any modification to photodetectors operating at longer wavelengths using single-mode
fiber and externally modulated optical sources. For now, the fiber link is assumed to be sufficiently
short, such that the fiber’s propagation loss and dispersion can be neglected. The antenna’s input
impedance is conjugate-matched, such that as much RF power as possible is extracted from the
photodetector within this frequency bandwidth, and subsequently radiated. This is in contrast
to [20], where the antenna was designed to exhibit a 50 Q input impedance, while an external
matching network, containing area-consuming distributed elements, transformed the antenna’s
impedance to achieve matching with the photodetector’s output impedance. By eliminating these
distributed elements, a more compact and more efficient design is obtained, in the meantime
reducing spurious radiation.

As electrical amplifiers are omitted, the power radiated by the RAU originates entirely from
the high-frequency component of the photocurrent, generated in response to the ODSB signal
illuminating the photodetector. Conjugate-impedance matching between the photodetector and
antenna is ensured to optimize the RF power extracted from the photodetector and radiated by the
antenna. This results in a power-efficient unit with reduced complexity and cost that is passive,
apart from requiring an externally supplied photodetector bias voltage. Additionally, if the
increased nonlinear response of the photodetector can be tolerated [24], the photodetector can be
operated at zero-bias, such that a fully passive transmit RAU is obtained [20]. Although electrical
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Fig. 2. Exploded view of the proposed transmit remote antenna unit. Initial and optimized
values of the design parameters are provided in Table 1. Detail A focuses on the feed PCB
which contains the photodetector resonant circuit and the bias tee, while detail B focuses on
the antenna’s capacitive feeding mechanism.

amplifiers are omitted, the radiated power can be increased by increasing the power of the RF
signal modulating the VCSEL. Nevertheless, care must be taken that the nonlinear distortion
introduced by the VCSEL [25,26] and photodetector remains limited to avoid degradation of the
link performance. This ultimately restricts the radiated power and useful communication range
of the unit. Owing to its low complexity and cost, as well as its high reliability, the proposed
transmit RAU is ideal for massive deployment in the ultra-high density communication system
introduced in [3]. The limited radiated power is acceptable when considering that the units are
deployed in attocells as small as 15 cm X 15 cm, resulting in extremely short wireless propagation
distances.

Figure 2 presents an exploded view of the proposed transmit RAU, and shows in detail the
three constituent single-substrate dual-layer PCBs, being the feed PCB, the cavity PCB, and the
slot PCB. The feed PCB is implemented on a Rogers 4350B high-frequency laminate (¢, = 3.66,
tan ¢ = 0.0023). The feed structure is responsible for providing the photodetector with a bias
voltage and a short interconnection towards the matched AFSIW antenna. This matched AFSIW
antenna structure consists of the slot PCB, also implemented on a Rogers 4350B high-frequency
laminate, along with the FR-4 (¢, = 4.08, tan ~ 0.013) cavity PCB, which implements the
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milled and edge-plated cavity filled with air. The matched antenna structure is excited by a probe
feed that interconnects the outer conducting layers of the feed and slot PCBs. Each PCB also
contains an identical set of non-plated vias, which are used for accurate alignment and tightening
of all three PCBs in a stack, by routing M2 nylon screws through them. This also guarantees a
good electrical contact between the touching conducting layers of two stacked PCBs.

2.2. Conjugate impedance matching of the photodetector

To achieve conjugate matching between the antenna and the photodetector, accurate knowledge
of the output impedance of the latter is essential. The employed photodetector is a commercial
25 Gbps PIN photodiode by Albis Optoelectronics (PDCS32T-GS), which is optimized for a
wavelength around 850 nm with a nominal responsivity of 0.53 AW~!. This device is quite
compact (350 um x 300 um, with a thickness of 150 um), and exposes two contacts, being the
cathode and anode, as well as the active region on the same side. To enable top illumination of the
active region, both contacts are wire bonded to the feed PCB. The small-signal output impedance
has been characterized in dark conditions at several reverse bias voltages, by means of a Keysight
N5242A PNA-X vector network analyzer (VNA) and a calibrated Picoprobe 40A-GS-125-DP
microwave probe. The measured output impedance only slightly changes when increasing the
reverse bias voltage from OV to 5 V. Specifically, a value of 1V is chosen. The impedance
measured at this bias voltage, shown in Fig. 3(a), is fitted to the equivalent circuit model, shown
in Fig. 3(b), which consists of a parallel connection of a photocurrent source i,,, a junction
capacitance Cp, and a resistance Rp, in series with a resistance Rg [27]. It was found that the
resistor Rp is very large and can be omitted. Analytically, the internal impedance Zpp of the
photodetector is therefore given by

1
Zpp(s) = Rs + ——, (1
sC P
with s = jw, and w the angular frequency expressed in radians per second. In order to extract
maximum power from such a generator, it should be loaded by the conjugate of its internal
impedance Z},,, [28]. This maximum available power is then given by
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When the photodetector is loaded by a different impedance, the power Pr delivered to this
impedance will only be a fraction of the maximum available power P4y . This fraction is defined
as the transducer gain Gy = Pr /P4y [28].

The challenge and novelty of the current design consists in devising an antenna structure
with an input impedance that approximates a conjugate load over the ultra-wide bandwidth
(5.15GHz - 5.85 GHz), which is not trivial. The proposed approach starts by identifying an
appropriate antenna input impedance Z4(jw) for this purpose. This is achieved by proceeding as
if a band pass Chebyshev impedance matching network is synthesized for the photodetector’s
equivalent circuit, being a resistor/capacitor series combination, according to the procedure
outlined in [29,30]. Such a lossless matching network maximizes the minimum transducer
gain within the specified frequency band [29]. As shown in Fig. 4(a), the procedure adds an
inductor Lg in series to the photodetector. This series inductor Lg and the photodetector together
form a series RLC circuit, which resonates at 5.49 GHz, being the geometrical center of the
frequency band of interest (5.15 GHz — 5.85 GHz). In what follows, this resonator is referred to
as the photodetector resonant circuit. The series inductor Lg is realized by a chip inductor and
the bonding wires, and entails electrical parasitics that slightly transform the photodetector’s
small-signal impedance, which is modeled by a very low resistance Rg and capacitance Cp. As a
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Fig. 3. (a) Measurement of the photodiode’s small-signal impedance at a reverse bias voltage
of 1V in dark conditions. (b) Photodetector small-signal equivalent circuit model for a bias
voltage of 1 V.

different photodetector impedance gives rise to a matching network with different element values,
it is important to consider the design and implementation of the photodetector resonant circuit
first. An accurate full-wave simulation model of the photodetector resonant circuit, including the
bonding wires and a model for the chip inductor, will produce an accurate estimation of its output
impedance Zpyr(jw), which is subsequently used to synthesize the full matching network. All
full-wave simulations, presented in this letter, are performed using the frequency solver of CST
Microwave Studio 2018.

The photodetector resonant circuit is implemented on the feed PCB and is shown in detail in
Fig. 2. In addition, the feed PCB also contains an RF choke and two contacts, which are used to
bias the photodetector. A functional overview of the photodetector resonant circuit is provided in
Fig. 4(a), which summarizes the different contributions to the required series inductance Lg. First
of all, the photodetector is connected to the feed PCB by two short aluminum bonding wires with
a diameter of 18 um, bridging a distance of 350 um. By placing the photodetector inside a small
cavity, milled in the substrate, its upper surface is level with that of the PCB, such that very short
bonding wires can be applied. As a result, the parasitic resistance of the bonding wires is limited,
as well as their contribution to the total required series inductance Lg, such that variations in
bonding wire profile only influence performance in a minor degree. An important contribution
to Lg is delivered by a 3.4 nH chip inductor. Additionally, a grounded coplanar waveguide
(GCPW) stub is added. The stub is terminated by a short at a variable position by applying
copper tape. The input impedance of the stub is therefore given by Zgcpw = jZ. tan(kl), with
Z. the characteristic impedance of the stub, k the wave number and [/ the stub length. Hence, the
stub can be employed as a variable inductance, provided its electrical length is kept sufficiently
short. The optimal length was found to be 1.25 mm during full-wave simulation, such that
approximately 0.75 nH of inductance can be removed by tuning the stub length. Although part of
the antenna feed structure, a final contribution Lr to the total series inductance Lg is delivered by
the feeding probe that connects the photodetector resonant circuit to the AFSIW antenna through
a 1.30 mm non-plated via. To prevent shorting the probe, a clearance hole (Fig. 2, detail A) with
a diameter of 4.20 mm is present in the feed PCB’s ground plane, which is, for the rest, entirely
uninterrupted. The AFSIW antenna employs a capacitive feeding scheme, explained in detail
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in Subsection 2.3, that allows to compensate the reactance added by the feeding probe. This is
indicated by the capacitor Cr in Fig. 4(a).

Subsequently, to enable application of the analytical procedure outlined in [29,30], the output
impedance Zopyr(jw) of the photodetector resonant circuit obtained by full-wave simulation, as
indicated in Fig. 4(a), is fitted to a lumped series RLC resonator. The resulting equivalent circuit
is shown in Fig. 4(b). The values of the capacitor Coyr and resistor Royr are slightly changed
compared to the ones of the equivalent circuit of the photodetector at a bias voltage of 1 V, shown
in Fig. 3(b). Several effects, including parasitics related to the soldering pads, parasitic resistance
of the chip inductor and wire bonds, caused by the skin effect, as well as small transmission line
effects arising from an implementation with realistically spaced components, slightly change the
values of the resistance and reactance slope of the resonator. Despite this, an excellent agreement
between the lumped model and the full-wave simulation model for Zpyr(jw) is obtained, as
proven by Fig. 4(c).

Finally, using the generator impedance shown in Fig. 4(b), a second-order Chebyshev
impedance matching network is synthesized for the frequency band ranging from 5.1 GHz to
5.9 GHz, covering the frequency band of interest with slight margins. As shown in Fig. 4(a), this
results in a parallel LC resonator (C4 || L4), resonating at the geometrical center of the frequency
band of interest, and a resistive load R4. While in [20], R4 was considered to be the antenna
with a frequency-independent resistive input impedance, and the shunt LC resonator was realized
as a shunt radial stub, here, the entire parallel RLC resonator (Cy4 || L4 || Ra) is considered to be
the input impedance of an appropriately designed antenna, instead. This results in an extremely
compact matching network, that only consists of the shorted GCPW stub, a chip inductor, and
the two bonding wires, as shown in detail A of Fig. 2.

2.3. Matched air-filled half-mode substrate-integrated-waveguide antenna

The half-mode cavity-backed slot antenna structure with conjugate-matched input impedance is
formed by the ground plane of the feed PCB, the cavity PCB and the slot PCB, as shown in Fig. 2.
A rectangular cavity of dimensions L¢ X W is milled in the cavity PCB, such that the medium
containing the cavity fields is air. The cavity’s inner sidewalls are metalized, such that the fields
do not penetrate the lossy FR-4 substrate. For the same reason, the outer sidewalls of the entire
PCB containing the cavity are also edge-plated, as indicated in Fig. 2. The ground plane of
the feed PCB and the slot PCB cover this milled cavity, and form an Lgs X W¢ rectangular
half-mode substrate-integrated-waveguide resonator, as discussed in [31,32]. Essentially, such
a half-mode AFSIW resonator is a miniaturization of the conventional rectangular waveguide
cavity [28]. By bisecting the rectangular waveguide cavity along one of its symmetry planes,
which also acts as a quasi-magnetic wall, only half of the original structure is retained, while
its modal field distribution and resonance frequency are only slightly disturbed [31,32]. The
resonator shown in Fig. 2 is designed to support a half TE ;9 mode at a resonance frequency of
5.49 GHz. Besides miniaturization, the bisection also results in radiation emanating from the
open edge, and the structure operates as an antenna. To allow the radiation to escape from the
half-mode AFSIW resonator, a 5.0 mm X W slot is also etched in the inner layer. The structure
is excited by a capacitive feeding mechanism [33], which is shown in detail B in Fig. 2. Electrical
contact between the probe and the slot PCB’s inner conducting layer is avoided by a clearance
hole with a diameter D¢. Instead, the probe is soldered to an annular ring on the slot PCB’s
outer layer. The overlap between the outer and inner conducting layers of the slot PCB forms
a capacitor, which is able to support the high-frequency current applied by the probe feed. As
shown in detail B of Fig. 2, the annular ring diameter D 4g and the clearance hole diameter D¢
allow tuning the structure’s capacitance. Therefore, they serve as additional degrees of freedom
during the optimization of the antenna structure. Furthermore, with this feeding mechanism, the
antenna structure itself incorporates the decoupling capacitor (DC block) present in Fig. 1, which



is essential for correct operation of the bias tee.

Similar to microstrip patch antennas [34], it was found that the input impedance of the proposed
half-mode AFSIW cavity could be effectively modeled near its resonance frequency as a parallel
RLC resonator [28], when adopting a series inductor as a very basic model for the probe feeding
mechanism. A parallel RLC resonator is uniquely defined by its resistance value R, inductance
value L, and capacitance value C, or equivalently, by its resonance frequency, given by

1
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and by its resistance at resonance, R. The parallel RLC resonator that achieves impedance
matching with the photodetector resonant circuit, which is shown in Fig. 4(a), has a resonance
frequency of 5.49 GHz, a resistance at resonance of 61.1 Q, and a very low quality factor of 6.8.
As the AFSIW resonator is designed to support a half TE{;¢ mode, the resonance frequency is
immediately controlled by adjusting the cavity dimensions [31,32]. Furthermore, the resonance
resistance is controlled by adjusting the probe offset P, which is indicated in Fig. 2. Owing to the
air substrate, which is almost lossless and exhibits a very low dielectric constant, practically equal
to 1, and the fairly large substrate thickness of 2.40 mm, the proposed AFSIW resonator can
achieve very low quality factors around the required value of 6.8, which was impossible to achieve
by means of dielectric-filled cavities. Additional adjustment of the resonator’s quality factor is
obtained by tuning the cavity width W, while keeping the resonance frequency f, constant by
controlling the cavity length Ly s, and keeping the resonance resistance constant by controlling
the probe offset P. Figure 5 shows the resulting quality factor, and the required cavity length
Ly pr and probe offset P, for different values of the cavity width W, while keeping the resonance
frequency constant at 5.49 GHz and the resonance resistance constant at 61.1 Q. These design
curves were generated by means of several full-wave simulations, assuming that the excitation
probe makes direct contact with the slot PCB’s inner layer. It was also found that the slot length
Lc — Ly has a slight influence on the obtained quality factor, but this dimension was fixed at
5.00 mm, in order to secure accurate fabrication. Figure 5 is used to obtain the initial dimensions
of the matched AFSIW antenna, which are summarized in the second column of Table 1. Finally,
Fig. 6(b) proves that the input impedance of the initially dimensioned half-mode AFSIW cavity,
obtained by full-wave simulation, is accurately modeled by the equivalent circuit model shown
in Fig. 6(a). The capacitance Cr, which models the capacitor formed by the overlap between
the outer and inner conducting layers of the slot PCB (Fig. 2, detail B), approaches infinity as
the excitation probe makes direct contact with the slot PCB’s inner layer. By optimizing the
parameters that control this capacitive feeding, being the annular ring diameter D gg and the
clearance hole diameter D¢, the capacitance Cr becomes finite, and the probe inductance Lp
can be counteracted.

Full-wave simulations predict excellent radiation properties, which remain stable over the
entire frequency band of interest (5.15 GHz — 5.85 GHz). The antenna’s radiation is linearly
polarized, with the YZ-plane being the E-plane, which contains the far-field electric field vector,
and the XZ-plane being the H-plane, which contains the far-field magnetic field vector. The
simulated far-field gain patterns in these E- and H-planes, at the lower frequency 5.15 GHz, center
frequency 5.50 GHz, and at the upper frequency 5.85 GHz, are shown in Fig. 7 by the black solid
lines. All patterns are normalized with respect to the maximum value. The antenna exhibits a
directional radiation pattern with a single lobe in the frontal hemisphere (z > 0). The direction
of maximum gain is contained in the YZ-plane (¢ = 90°), and is slightly tilted with respect to the
z-axis (6 = 18°), which is explained by the single radiating edge of the antenna. Nevertheless,
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by its quality factor, given by
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and a resonance resistance of 61.1 Q.

Table 1. Transmit remote antenna unit dimensions, before and after optimization.

Dimension [mm] || Optimized | Preliminary
Wc || 39.79 48.00
Ly || 12.95 11.90
P || 7.62 7.20
D¢ || 3.08 0.00
Dar || 2.72 2.80

over the entire frequency band of interest, the main lobe direction shifts by no more than 4° in the
YZ-plane. For convenience, the +z direction is defined as the antenna boresight. The far-field
gain at 5.50 GHz equals 7.06 dBi, and remains very stable, changing only by 0.36 dB over the
considered frequency interval. Furthermore, in the frontal hemisphere, the cross-polarization
level is below —30dB in the E-plane, and below —17 dB in the H-plane. Finally, the simulated
radiation efficiency amounts to over 98 %, owing to the use of the air cavity, which is practically
lossless.

2.4. Full-wave optimization of the transmit remote antenna unit

After the initial design of the constituent parts, being the photodetector resonant circuit and the
matched AFSIW antenna, the performance of the entire transmit RAU is optimized by full-wave
simulation. The number of design parameters is limited, as shown in Table 1, and their starting
values are already close to optimal, such that full-wave optimization of a combined model is
feasible. A final optimization step is necessary, because the values for the annular ring diameter
D 4r and the clearance hole diameter D¢ of the capacitive feeding that counteracts the probe
inductance Lr, have not yet been determined. Apart from being crucial for the conjugate matching
of the photodetector and the antenna, the capacitive coupling is also exploited to implement the
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Fig. 6. (a) Equivalent circuit model for the input impedance of the half-mode air-filled
substrate-integrated-waveguide (AFSIW) antenna. (b) Comparison of the input impedance
of the half-mode AFSIW antenna obtained with the full-wave simulation and with the
equivalent circuit model.

DC blocking of the bias tee. The remaining bias tee functionality is realized by a 15.0 nH chip
inductor, which serves as an RF choke. This component is also added to the simulation model.
Finally, the index-matching epoxy, which is deposited on the photodetector to attach the fiber
pigtail, is also taken into account in the full-wave simulation model. As the epoxy sits around the
bonding wires, it has an important influence on the impedance matching. To achieve accurate
alignment, the pigtail is excited by an 850 nm optical source, while positioning its cleaved end
near the active region of the photodetector where the photocurrent is maximal. Subsequently,
the cleaved end is glued to this location, by means of an ultra-violet (UV) light-cured epoxy
(EPO-TEK OG142-112). The glue is modeled by a 1.0 mm X 0.6 mm X 0.1 mm rectangular
cuboid, centered at the photodetector. Its dielectric constant is estimated to be 3. The presence
of the glue clearly influences the resonance frequency of the photodetector resonant circuit,
with a change in the glue’s dielectric constant of +2 resulting in a resonance frequency shift of
+120 MHz.

From a practical point of view, the most interesting figure of merit for the proposed transmit
RAU is the far-field boresight gain, with the reference plane at the modulation input of the
optical source, as shown in Fig. 8. A problematic consequence of this approach is that the
performance of the transmit RAU would depend on the properties of the optical source and the
optical interconnection. Yet, in the simulation model, this can be circumvented by adopting an
ideal optical source, with an input impedance of 50 Q and a slope efficiency of 1 W A~!, and
assuming a lossless optical back-to-back connection between the optical source and transmit RAU.
Using the simulation setup and with respect to the reference plane shown in Fig. 8, the far-field
boresight gain of the transmit RAU is optimized in the frequency band of interest (5.15 GHz
— 5.85 GHz), resulting in the optimized dimensions listed in the first column of Table 1. The
corresponding optimized far-field boresight gain is shown by the black solid line in Fig. 9. The
gain remains stable within 3 dB in the frequency band ranging from 5.07 GHz to 5.91 GHz (being
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Fig. 7. Normalized free-space far-field gain patterns [dB] of the half-mode air-filled substrate-
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- - - and measured - - -) at the lower frequency 5.15 GHz (top row), center frequency 5.50 GHz
(middle row), and at the upper frequency 5.85 GHz (bottom row), both in the E-plane (left
column), and the H-plane (right column).
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Fig. 9. Normalized far-field boresight gain [dBi] of the transmit remote antenna unit
(simulation, excluding and including fiber-pigtail coupling efficiency, and measurement), as
a function of frequency.

over an ultra-wide bandwidth of 840 MHz or 15.3 %). The simulated normalized far-field gain
patterns in the E- and H-planes, at the lower, center, and upper frequency, are shown by the red
dashed lines in Fig. 7.

By applying the proposed conjugate-impedance matching procedure, the amount of RF power
extracted from the photodetector and, thereby, the transmit RAU’s far-field gain is increased
significantly. This is proven by Fig. 10, which compares the simulated transducer gain (defined
as the fraction of the maximum power available from the photodetector that is actually delivered
to the antenna) of the proposed conjugate-matched design to the nominal case where the
photodetector is directly interconnected to a 50 QQ antenna. In the nominal case, a very low
transducer gain is obtained in the frequency band of interest (on average 0.8 %), as a result of the
large impedance mismatch. By contrast, a much higher transducer gain is obtained in case of the
proposed conjugate-matched design (on average 19.2 %), which is specifically enhanced in the
frequency band of interest.

3. Validation and measurements

A prototype of the optimized transmit RAU is deployed inside the anechoic chamber, as shown in
Fig. 11. It is experimentally validated by measuring the free-space radiation pattern at several
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Fig. 10. Simulated transducer gain [%] (defined as the fraction of the maximum power
available from the photodetector that is actually delivered to the antenna) as a function of
frequency in case the photodetector is directly interconnected to a 50 Q antenna (solid line),
and in case of the proposed conjugate-matched design (dashed line).

frequencies. The employed measurement setup is shown schematically in Fig. 12. The first port
of a VNA, located in a shielded room, directly modulates an 850 nm optical source. The reference
plane for the radiation pattern measurement is located at the modulation input of the optical
source, as indicated in Fig. 12. Specifically, a 12.5 Gbps VCSEL by Finisar (HFE6192-761) is
employed as the optical source, which is biased by a current of 6 mA, resulting in an average
optical output power of —3.33 dBm. The slope efficiency of the employed VCSEL is characterized
in the frequency band of interest by means of an Optilab PD-40-MM-M photodetector, resulting
in an average value of 0.043 W/A. This is somewhat reduced compared to the nominal value
listed in the VCSEL’s datasheet, as a result of additional losses and parasitics occurring in the
connectorized PCB assembling the VCSEL. While such a low slope efficiency is detrimental to
the gain of the analog optical link [35], this VCSEL is only used for validation and not considered
part of the transmit RAU. Therefore, all subsequent measurements are normalized with respect to
the measured slope efficiency of the VCSEL. To evaluate the photodetector’s responsivity, the
VCSEL is first directly connected to the transmit RAU. A photocurrent of 0.159 mA is observed,
indicating a fiber-coupled responsivity of 0.34 AW~!. As the nominal responsivity amounts
to 0.53 AW~!, the fiber pigtail achieves a high coupling efficiency of 64 %. Subsequently, the
VCSEL is attached to a 10-meter long multimode fiber, which is routed inside the anechoic
chamber and connected to the 2-meter long multimode pigtail of the transmit RAU prototype.
The VNA'’s second port is connected to a standard gain horn (MI-12-3.9 or MI-12-5.8), located
in the far-field of the transmit RAU, in order to evaluate its far-field gain pattern through the gain
comparison method.

Initially, the boresight gain bandwidth of the prototype was too low and shifted towards lower
frequencies, such that the frequency band of interest was not covered. This is attributed to a
higher amount of index-matching epoxy that is deposited around the photodetector’s bonding
wires than foreseen during design. Nevertheless, by completely shorting the GCPW stub by
means of copper tape, operation in the correct frequency band could still be obtained. The
resulting boresight gain as a function of frequency is depicted by the blue dotted curve in Fig. 9.
This measurement is normalized with respect to the measured slope efficiency of the VCSEL,



in order to enable comparison to the simulation, which is shown by the red dash-dotted curve
in Fig. 9 and employs an ideal optical source, with an input impedance of 50 Q2 and a slope
efficiency of 1 W A~!. Despite the necessary tuning, a good agreement between simulation
and measurement is observed. A maximum normalized boresight gain of 12.0dBi and a -3 dB
gain bandwidth of 1020 MHz (18.6 %), which ranges from 4.98 GHz to 6.00 GHz, are measured,
covering the frequency band of interest. Furthermore, the measured far-field gain patterns,
normalized with respect to the maximum value, are shown in Fig. 7 by the blue dotted lines,
for the E- and H-planes at multiple frequencies, being the lower frequency of 5.15 GHz, the
center frequency of 5.50 GHz, and the upper frequency of 5.85 GHz. While a good agreement
between simulation and measurement is observed in the H-plane, the measured E-plane beam
width is considerably wider as compared to the simulation. This discrepancy is attributed to the
antenna measurement fixture, shown in Fig. 11. As the E-plane coincides with the vertical plane
in Fig. 11, the measurement fixture affects the E-plane radiation pattern more than the radiation
pattern in the H-plane. In Table 2, measurements of several important far-field performance
metrics are summarized and compared to the simulated values, again at the lower, center, and
upper frequency. These include the normalized boresight gain, the boresight cross-polarization
level and the 3 dB beam widths in the E- and H-planes, which are defined as the angle between
the points on the main lobe where the gain has decreased by 3 dB with respect to the maximum
value.

Furthermore, Table 2 lists the equivalent isotropic radiated power (EIRP) that was transmitted
by the prototype when the optical source was excited by an RF power of 0 dBm. The relatively low
EIRP realized by the prototype is caused by the extremely low slope efficiency of the employed
VCSEL (HFE6192-761), which significantly degrades the gain of the analog optical link [17].
When a more suitable optical source is employed, such as a V50-850M multi-mode VCSEL
by Vertically Integrated Systems with a nominal slope efficiency of 0.375 W A~!, higher EIRP
values over 0 dBm are obtainable.

Finally, it is verified that dispersion-induced power fading [36] resulting from the multi-mode
fiber does not severely impact the performance of the prototype. As the proposed transmit RAU
is intended for application in the novel communication system proposed in [3], where the RAUs
are embedded in a factory floor, the fiber length is expected to remain relatively short, up to a
few hundred meters. In Fig. 13, the measured normalized boresight gain is presented for several
fiber lengths up to 512 m, indicating that the gain slightly decreases with increasing fiber length.
This does not only result from the losses in the additional fiber segments, but also from the
increased connector losses. As a result, the proposed transmit RAU is validated for use with
multi-mode fiber with a length up to 512 m and a directly modulated VCSEL at the considered
RF frequencies.

Table 2. Measured (simulated) far-field radiation properties and equivalent isotropic radiated
power (EIRP) of the transmit remote antenna unit at several frequencies.

Characteristic | 5.15GHz 5.50 GHz 5.85GHz
Boresight Gain [dBi] | 11.6 (11.5) 10.5 (10.3) 12.0 (10.4)
Cross-polarization level [dB] | —35.2 (-59.1) | —31.0 (-56.6) | —20.0 (-53.6)
E-plane beam width [°] | 116 (90) 117 (102) 127 (112)
H-plane beam width [°] | 58 (72) 62 (68) 63 (64)
EIRP (HFE6192-761) [dBm] | —17.4 -18.3 -17.1
EIRP (V50-850M) [dBm] | (1.8) 0.5) (1.9)
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Fig. 11. Prototype of the proposed transmit remote opto-antenna unit deployed in the
anechoic chamber.
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Fig. 12. Measurement setup for the far-field radiation pattern of the transmit remote antenna
unit prototype.
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Fig. 13. Normalized far-field boresight gain [dBi] of the transmit remote antenna unit as a
function of frequency, measured for several fiber lengths.

4. Conclusion and outlook

We have proposed a novel transmit RAU, that achieves conjugate matching between a photodetector
and a high performance half-mode air-filled substrate-integrated-waveguide antenna. As electrical
amplifiers were omitted, the unit only requires an externally supplied bias voltage for the
photodetector and is, therefore, nearly passive. When deployed in an analog optical link, the
radiated power is extracted entirely from the optical signal supplied by a multi-mode fiber. A
novel co-design strategy was described, in which the photodetector is almost directly connected
to the antenna, which is designed as a conjugate-matched load, such that the radiated power is
optimized in a specified bandwidth. A novel half-mode air-filled substrate-integrated-waveguide
antenna topology was proposed, which is able to realize the required input impedance. With
respect to previous designs, this novel approach avoids the use of area-consuming distributed
elements, leading to a more compact design with fewer losses and less spurious radiation. Owing
to its cost effectiveness, power efficiency and robustness, the unit is ideally suited for massive
deployment in innovative wireless communication systems, featuring extremely dense attocells
of 15cm X 15cm.

As a next step, the proposed transmit RAU should be extended towards mm-wave frequencies.
The resulting compact mm-wave transmit RAU would be particularly suitable for deployment
in large antenna arrays, since optical beam forming networks [37-40] could be employed.
These offer compelling advantages over full electrical array feeding networks, including smaller
size, lower weight, immunity to electromagnetic interference, and squint-free beam steering
of broadband signals by exploiting optical true-time delay units. To scale the design towards
mm-wave frequencies, a limited number of adjustments are required, in particular replacing the
chip inductor by a more viable alternative, such as a microstrip spiral inductor, and adopting
another antenna feeding mechanism, such as aperture coupling. Furthermore, the power of
multiple photodetectors could be combined to increase the transmit power of the unit. When
absolutely necessary, the use of amplifiers could be reconsidered to increase transmit power.
Finally, the functionality of the proposed transmit RAU could be significantly extended by
applying metalenses to generate vortex beams carrying orbital angular momentum [41] or
meta-deflectors [42].
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