
2588 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

An Approach to Single Optical Component Antenna
Base Stations for Broad-Band Millimeter-Wave

Fiber-Radio Access Systems
Ken-Ichi Kitayama, Senior Member, IEEE, Andreas Stöhr, Member, IEEE, Toshiaki Kuri, Member, IEEE,

Robert Heinzelmann, Dieter Jäger, Senior Member, IEEE, and Yoshiro Takahashi

Abstract—To realize a cost-effective and practical antenna
base station (BS) for 60-GHz-band millimeter-wave fiber-radio
access systems, an approach toa single optical component BSis
presented in this paper. The external modulation technique will
allow to replace the pair of a photodetector (PD) and a laser diode
with an external modulator at the BS by an optical transceiver.
Two system architectures using different types of optical trans-
ceivers are studied in detail: one employs an electroabsorption
transceiver (EAT), and the other employs an electroabsorption
transceiver/mixer (EATX). The EAT serves simultaneously as a PD
and an external light modulator in 60-GHz-band millimeter-wave
region. The EATX furthermore acts as an IF-to-RF upconverter
and an RF-to-IF downconverter. It will be shown that both
system architectures have good prospects to realize cost-effective
fiber-radio access systems.

Index Terms—Electroabsorption, optical fiber communication,
optical millimeter-wave devices, radio communication, trans-
ceivers.

I. INTRODUCTION

M ILLIMETER-WAVE fiber-radio access system will
meet the demands for awireless last hopto the cus-

tomers, which can support broad-band and portable services.
It will also resolve the scarcity of the available RF resource.
The only feasible option to connect the central control station
(CS) and the microcellular or picocellular antenna base stations
(BSs) will be an optical generation and transport technique of
millimeter-wave radio signals over optical fiber links. In the
fiber-radio access system, over a thousand BSs are likely to
be located under the coverage of a single CS. Therefore, it is
foreseen that the low-cost BS is the key to the successful initial
deployment of the system. A possible strategy to realize a
low-cost BS is a highly centralized CS along with less-equipped
BSs, in which expensive optical and millimeter-wave compo-
nents and equipments are shared with a number of BSs.
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The cost of the BS critically depends upon the system ar-
chitecture. There have been various system architectures based
upon different optical millimeter-wave generation and transport
techniques. A desired system has to be the most cost effective
among them, while, on the other hand, it satisfies the required
performance.

In this paper, an approach toa single optical component BSis
presented. Two system architectures using different types of op-
tical transceivers are studied; one employs an electroabsorption
transceiver (EAT), and the other employs an electroabsorption
transceiver/mixer (EATX). A newly developed 60-GHz-band
EAT module is introduced, and a full-duplex broad-band mil-
limeter-wave transmission experiment adoptingdual-lightwave
channel allocation for the downlink and uplink will demonstrate
that the EAT is a promising candidate for a near-term solution.
Although the EATX is still in the phase of proof-of-concept and
requires challenges to realize a practical device, an edge will
be shown in that it allows an IF-band optical signal to transmit
and, thus, alleviates the signal fading caused by the fiber disper-
sion problem. The proposed two-system architectures will show
good prospects to realize the concept of a single optical compo-
nent at the BS.

II. SINGLE OPTICAL COMPONENT MILLIMETER-WAVE

ANTENNA BS

Millimeter-wave generation and transport techniques, thus far
investigated, are classified into the following four categories:

1) optical self-heterodyning [1]–[6];
2) external modulation [7]–[11];
3) up- and down-conversion [12]–[15];
4) optical transceiver [16]–[19].

The advantages and disadvantages of the above techniques have
been discussed from technical viewpoints in [20]. As our goal
will be a single optical component antenna BS, a major step to-
ward this solution is to replace the photodetector (PD) and laser
diode pair with an external light modulator at the BS by a single
optical transceiver, as shown in Fig. 1. A promising candidate
for this is an EAT consisting of a multiquantum well (MQW)
III–V semiconductor active waveguide. As shown in Fig. 2, the
absorption edge of the MQW waveguide changes with the ap-
plied reverse-bias voltage owing to the quantum-confined Stark
effect. This yields a large extinction ratio for the light with a
wavelength slightly above the absorption edge. On the other
hand, the light with a wavelength far below the absorption
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Fig. 1. Architectures of millimeter-wave fiber-radio access systems. (a) Conventional system with a PD and laser diode with an external modulator atthe BS. (b)
System with a single optical component BS, in which an optical transceiver replaces a pair of optical transmitter and receiver.

Fig. 2. Absorption of EAT consisting of a MQW III–V semiconductor
active waveguide as a function of wavelength. The absorption edge of the
MQW waveguide changes with the applied reverse-bias voltage owing to
the quantum-confined Stark effect. A large extinction ratio for light with
a wavelength� is slightly above the absorption edge while, on the other
hand, light with a wavelength� far below the absorption edge is completely
absorbed.

edge is completely absorbed. Therefore, a single EAT can si-
multaneously serve as the optoelectronic (OE) and electrooptic
(EO) converter by employing a dual-lightwave channel alloca-
tion for the down- and uplink.

Let us turn our focus on the total cost of optical and
millimeter-wave components required to construct a BS. In
Table I, optical and millimeter-wave components, which con-
sists of a BS, are counted, and the total costs of the required
millimeter-wave and optical components located in a BS are
summarized for the above four techniques, and the total costs
of the BS in the short and long term are evaluated [20]. A
reduction in device costs up to a factor of 1/1000 until the
year 2010, as introduced in Table I, might not be groundless
because there is a good prospect for a drastic price reduction
of optical and millimeter-wave components in the near future.
The carrying vehicles are intelligent transportation systems
(ITS) [21] and fiber-to-the-X (FTTX) [22]. The price reduc-
tion of millimeter-wave components is due to the transfer
of the monolithic microwave integrated circuit (MMIC) from

customized technology to mass-production technology. The
price reduction of optical components is already underway,
indicated by low-cost optical network units (ONUs) in the
customer’s premise. Considering a target price of less than
$100.00 for a single BS by 2010, the optical transceiver ap-
pears to be the most promising candidate. Therefore, we will
focus on the optical transceiver-based solution in the fol-
lowing sections.

III. 60-GHz EAT

For transmission experiments, a 60-GHz-band EAT module,
shown in Fig. 3, with individual RF input and output ports has
been developed [23]. The EAT chip consists of three regions: a
photodetection, passive waveguide, and modulation section. It
was grown on an InP substrate and the active region consists of
a ten-well tensile strained InGaAsP/InGaAsP MQW core. The
EAT employs impedance-matching circuits for both RF ports
to minimize the RF return losses around 60 GHz. As shown in
Fig. 4, the RF return losses are reduced to42 dB and 22 dB
for the photodetection and modulation ports, respectively. The
output optical power of the EAT is shown in Fig. 5(a) versus
wavelength for different output port bias voltages. The input
port bias and the optical input power were fixed to1.8 V and
0 dBm, respectively. From this figure, it can be concluded that
the optimum wavelength of photodetection is below 1550 nm
where the optical power is almost completely absorbed. To iden-
tify the optimum modulation performance, the RF insertion loss
was measured. In Fig. 5(b), the RF insertion loss is plotted as a
function of the reverse dc bias. As can be seen, high modulation
is achieved within the wavelength region 1550–1590 nm with
an optimum value at 1575 nm.

In the module, fiber-chip coupling is accomplished by a
lens system. A further reduction of the EAT component price
can be envisaged by eliminating the costly alignment process
of the required lens system and the EAT chip. In principle,
the lenses are used to match the large circular modal spot
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TABLE I
COSTS OF ASINGLE-ANTENNA BS

Fig. 3. 60-GHz-band EAT module with individual RF input and output ports. The size of the module is 21 mm (W)� 13 mm (D)� 11.3 mm (H). The EAT chip
consists of three regions: a photodetection, passive waveguide, and modulation section.

( 10 m) of the standard single-mode fiber (SMF) to the
small elliptical mode profile of the EAT waveguide (1–3m)
for high coupling efficiency. If the lens system is omitted, the
fiber could be aligned directly to the chip and, thus, the align-
ment procedure would drastically be simplified. However, the
challenge remains to adiabatically transform the fiber mode to
abolish or at least drastically reduce the modal mismatch be-
tween the fiber and EAT chip. Here, we demonstrate that this
can indeed be achieved by employing a special fabrication
process for low-loss tapered SMFs, shown in Fig. 6(a), with
a modal spot diameter of 1.5m [24]. This straightforward
technique neither requires sophisticated fabrication processes,
nor any additional lenses and, thus, it offers large potential for
further cost reduction. For the experimental verification, a ta-
pered SMF has been coupled to single-section EAT chips. For
the simplified fiber alignment, a V-groove is introduced. An

SEM picture of the fabricated EAT including the V-grooves is
shown in Fig. 6(b). To investigate the fiber-to-chip coupling
efficiency, tapered fibers with different modal spot diame-
ters were coupled to the EAT, and the fiber-to-chip coupling
efficiency was deduced from photocurrent measurements con-
sidering an internal quantum efficiency of 100%. In Fig. 7,
the measured and calculated coupling efficiencies are shown
versus the modal spot diameter of the tapered fiber. For
smaller diameters, the coupling efficiency is increased due
to the reduced modal mismatch. From the numerical calcu-
lations, a minimum coupling loss of 0.56 dB is obtained.
Experimentally, we determined an optimum coupling loss of
1.1 dB for a spot diameter of 1.4m. We consider it an ex-
cellent value by taking into account the fact that the coupling
efficiency for a cleaved SMF with a spot diameter of about 10

m is only 20%.
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Fig. 4. RF return losses of the PD and modulator ports of the 60-GHz-band
EAT as a function of RF.

(a)

(b)

Fig. 5. (a) Output optical power of the EAT as a function of wavelength for
various output port bias voltages. The input port bias and optical input power
were fixed to�1.8 V and 0 dBm, respectively. (b) RF insertion loss as a function
of the reverse bias voltage for various wavelengths.

IV. FIBER-RADIO ACCESSSYSTEM ARCHITECTURE

EMPLOYING EAT

The architecture of a 60-GHz-band millimeter-wave
fiber-radio access system employing an EAT at the BS is shown
in Fig. 8. In the CS, two laser diodes and are used to

Fig. 6. Simplified fiber alingnment using a V-groove. (a) Low-loss tapered
SMF with a modal spot diameter of 1.5�m. (b) V-groove fabricated on a
single-section EAT chip for the coupling with the tapered SMF.

Fig. 7. Measured and calculated coupling efficiencies as a function of the
modal spot diameter of the tapered SMF.

generate the optical downlink and uplink carriers, respectively.
The downlink carrier ( ) is intensity-modulated with a
millimeter-wave subcarrier-multiplexed RF signal using a
60-GHz-band electroabsorption modulator (EAM) [25], and
it is delivered to the BS along with the continuous-wave
(CW) optical uplink carrier ( ). As discussed above, the
dual-lightwave approach requires the downlink wavelength
( ) to be shorter than the uplink wavelength ( ). In
the BS, the EAT detects the optical downlink signal and
generates a millimeter-wave RF signal, and at the same time, it
intensity modulates the optical uplink carrier with the uplink
millimeter-wave RF signal and loops it back to CS.

The external modulation basically generates the mil-
limeter-wave optical double-sideband (DSB) signal. One
problem with the optical DSB signal transmission in SMF
in the wavelength region around 1550 nm is that it causes a
periodic fading of the millimeter-wave signal along the fiber
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Fig. 8. Architecture of a 60-GHz-band millimeter-wave fiber-radio access system employing an EAT at the BS.

Fig. 9. Experimental and theoretical results of the amplitude of a 60-GHz RF signal generated by the optical DSB signal as a function of the fiber length. The
optical spectrum of the DSB signal along with the generated 59.6-GHz millimeter wave is also shown in the inset. The group delay dispersion of the SMF is
17 ps/nm/km.

due to the fiber chromatic dispersion [26]. The fading occurs
at the length

(1)

where is the fiber dispersion, is the wavelength, is the
RF carrier frequency, andis the light velocity in free space. In
Fig. 9, the experimental and theoretical results of the amplitude
of a 60-GHz RF signal generated by the optical DSB signal are
plotted as a function of the fiber length. The optical spectrum of
the DSB signal along with the generated 59.6-GHz millimeter
wave is also shown in the inset. This will hinder from installing
BSs at desired distances from the CS in practical system instal-
lation. However, the signal fading has been overcome by com-

pensating the fiber dispersion by inserting into the optical fiber
link either a fiber Bragg grating, which has the same dispersion
value as the fiber with an opposite sign [27], or an optical phase
conjugator [28].

V. FIBER-RADIO ACCESSSYSTEM ARCHITECTUREEMPLOYING

EATX

Here, we propose another architecture of a 60-GHz mil-
limeter-wave fiber-radio access system, as shown in Fig. 10.
It only requires optical IF transmission and is, thus, almost
completely free of the chromatic dispersion effects. There
is also just a single optical component at the BS, but it is
distinct from the EAT used in the previous system of Fig. 8
in that an EATX is used. The EATX simultaneously acts as a
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Fig. 10. Architecture of a 60-GHz millimeter-wave fiber-radio access system employing an EATX at the BS.

Fig. 11. Electrical output spectra of the DSB signal for the downlink,
generated by the EATX.

millimeter-wave PD, an IF-band external modulator, and an
IF-to-RF upconvertor and RF-to-IF downconvertor. Optical
heterodyning is used to deliver the millimeter-wave RF carrier
to the BS. This is intended to alleviate the signal fading due to
the chromatic dispersion effect of the above system architec-
ture. Thus, the two lasers and are located in the CS,
whose beat frequency is equal to the desired millimeter-wave
RF carrier frequency (57 GHz). is furthermore directly
modulated by the downlink IF signal (2.6 GHz). For downlink
transmission, to generate the millimeter-wave RF carrier,
the EATXand simultaneously upconverts the transmitted IF
signal to the millimeter-wave region for subsequent wireless
transmission. The measured electrical output spectrum of the
EATX for downlink transmission is shown in Fig. 11. The
electrical DSB signals centered at 57 GHz with the 2.6-GHz IF
modulation frequency. In the uplink transmission, the EATX
downconverts the received RF antennas signal (60 GHz) to
the IF band (3 GHz) using the generated heterodyne signal at
57 GHz. Furthermore, it performs intensity modulation of the
optical uplink carrier with the downconverted IF signal.
Finally, the modulated optical uplink signal is received by
an IF-band PD in the CS. Both the wavelengths of and

are set to be shorter than the wavelength of the optical
uplink carrier ( ). In our approach, the wavelengths of
and are within the optical -band, whereas the uplink
wavelength ( ) is within the optical -band.

Due to the multifunctional EATX, the system setup is further
simplified. As can be seen from Fig. 10, especially the com-
plexity of the CS is simplified in that no millimeter-wave local
oscillator (LO), no millimeter-wave mixer, no millimeter-wave
amplifier, no millimeter-wave EAM, and no millimeter-wave
PD are required. Moreover, it seems feasible to integrate the
EATX with a millimeter-wave amplifier and a planar antenna
in order to fabricate a single-chip BS. The transmission of
IF-band optical signals substantially alleviates the signal fading
problem. For example, the first null of the fading can be
extended by a factor of 400 resulting in a fiber span extension
from 0.6 km at 60 GHz RF signal shown in Fig. 9 to 240 km at
3 GHz IF signal, according to (1).

VI. FULL-DUPLEX TRANSMISSIONEXPERIMENTS

In this section, transmission experiments employing the
two-port EAT are presented [23]. The experimental system
setup, shown in Fig. 8, was used. In detail, the CS consists
of two DFB LDs for uplink and downlink, a 60-GHz-band
EAM, a 3-dB optical coupler, EDFA1 and 2 for the up- and
downlink optical carriers, an optical bandpass filter (BPF), and
a high-frequency PD. For simplicity, the BS and the CS are
connected with each other by short SMF, and optical attenuators
with 5.5-dB attenuation are inserted, equivalent to the fiber’s
loss of the length of 27.5 km. For downlink transmission,
a 155.52-Mb/s differential phase-shift keyed (DPSK) signal
centered at an IF of 2.6 GHz are upconverted to 59.6 GHz by
an LO in the CS. The optical downlink carrier at 1530 nm is
intensity modulated with the millimeter-wave downlink signal
using a high-frequency EAM. The optical downlink signal is
then amplified by EDFA-1 and transmitted to the BS. In the BS,
the optical downlink signal is detected by the two-port EAT.
The millimeter-wave signal received in the mobile terminal
(MT) is downconverted to IF and demodulated to recover the
155.52-Mb/s data and extract the clock signal. For the uplink
transmission, a 155.52-Mb/s DPSK signal centered at an IF of
3 GHz are upconverted to 60-GHz millimeter-wave frequency
by the LO in the MT. The optical uplink carrier at 1570 nm
is intensity modulated with the millimeter-wave uplink signal
by the EAT. The resulting optical uplink signal is looped back
to the CS where it is detected by a high-frequency PD. The
received RF signal is amplified, downconverted to 3-GHz IF,
and demodulated to recover downlink data and clock. For
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Fig. 12. Measured bit error rates and the optical spectra of uplink and
downlink signals. The received optical powers were measured before the EAT
for downlink and before the PD for uplink transmission.

measurement purposes, the BS is connected to the MT by
coaxial cables.

Fig. 12 shows the measured bit error rates (BERs) and the
optical spectra of uplink and downlink signals. Received op-
tical powers were measured before the EAT for downlink and
before the PD for uplink transmission. For the photodetection
of the downlink signal, a dc bias of0.3 V was applied to the
RF output port of the EAT. For the modulation of optical uplink
carrier, a dc bias of 1.8 V and an RF power of 2.2 dBm were
applied to the RF input port of the EAT. A BER below 10
has been achieved for both links. The received optical powers
for uplink and downlink transmissions required for

were 2 and 1 dBm, respectively. For the downlink, the
BER abruptly becomes worse as the received optical power de-
creases. This is due to an interchannel interference from the up-
link signal inside the module, although an isolation between RF
input and output ports in the module was maintained to be 32
dB.

VII. CONCLUSION

An approach toa single optical component at the BShas
been presented in this paper. Two system architectures using
different types of optical transceivers have been studied: one
employs an EAT and the other employs an EATX. The 60-GHz
EAT has been realized, and the 156-Mb/s 60-GHz-band full-du-
plex transmission experiment adopting dual-lightwave channel
allocation for the downlink and uplink has confirmed that the
EAT is a promising candidate for a near-term solution. Although
the EATX has not yet been implemented into the full-duplex
transmission system, it has already been used for heterodyne
IF downlink transmission, alleviating the signal fading caused
by the fiber dispersion problem. Both system architectures have
been shown to provide good prospects to realize cost-effective
fiber-radio access systems.
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