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Millimeter-Wave Fiber Optics Systems for Personal
Radio Communication

Hiroyo Ogawa, Member, IEEE, David Polifko, Member, IEEE, and Seiichi Banba

Abstract—System concepts for millimeter-wave personal
communication systems and the advantages of millimeter-wave
band usage are briefly described. Demonstration of broad-band
millimeter-wave subcarrier transmission concepts over fiber
optic links is performed. Several fiber optic link architectures,
including one using a combination of direct laser modulation
and indirect (external) optical modulation, are outlined with
respect to signal transmission at millimeter-wave frequencies.
Several configurations are experimentally investigated using 70
MHz, 300 MHz and 26 GHz subcarriers which transmit either
FM or QPSK data signals. Additionally, the use of optical
MMIC technology, which can result in the design of compact
and cost-effective optical receivers, is described with respect to
personal communication radio base station equipment. MMIC
HEMTS operating as photodetectors are newly characterized in
terms of digital and analog signal reception with excellent per-
formance being observed.

INTRODUCTION

IBER OPTIC signal feeds in microcellular radio sys-

tems have been investigated for mobile and personal
communication systems [1]-[6]. Because the average cell
is usually less than several hundred meters in diameter, a
large number of remote radio base stations (cells) are re-
quired for effective signal distribution over a given area.
Therefore, it is important to develop cost-effective tech-
nology for miniaturized radio base stations and the signal
distribution paths which will feed into them. Typically,
each base station consists of a transceiver module, con-
taining electrooptic and optoelectric converters and re-
lated electrical components, as well as an optical link to
connect it to the central base station. Similar systems have
been demonstrated using UHF-band subcarrier frequen-
cies (radio frequencies or RF) which are transmitted via
optical fiber and then subsequently propagated within the
microcell zone. Commercially available optical devices
have been successfully utilized to demonstrate these low

frequency fiber optic microcellular mobile systems [2],

[S]. However, broadband distribution, such as FM video
signals, at millimeter-wave frequencies has not yet been
realized within the above system configuration.

In this work, millimeter-wave subcarrier transmission
by fiber optic links is investigated for the purpose of sup-
plying broadband signals to a large number of personal
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communication terminals. Broadband video distribution
networks have been previously demonstrated using sub-
carrier multiplexing techniques which utilize the advan-
tages of fiber optic links, e.g. low transmission loss and
potential bandwidth [7]-[10]. Conversely, in several ra-
dio transmission systems, millimeter-wave distribution
networks have been investigated for video signal trans-
mission [11]-[12]. In these cases, the millimeter bands
are very attractive in terms of large bandwidth and short
frequency reuse distances. In our proposed radio distri-
bution systems composed of fiber optic millimeter-wave
subcarrier transmission links, we exploit the advantages
of both optical fibers and millimeter-wave frequencies to
service broadband communication systems. Several fiber
optic link configurations are characterized for transmis-
sion of analog video signals as well as digital data signals.

Another key issue to realizing personal millimeter-wave
radio systems is the development of compact and cost-
effective radio base station hardware. Monolithic micro-
wave integrated circuit (MMIC) technology has the po-
tential to reduce both size and cost of electrical transceiv-
ers [13]. However, personal communications systems
require an interface between the optical signals and RF
signals to and from the mobile personal terminals. Al-
though the concurrent use of MMICs and discrete optical
devices is one solution for this interface, such hybrid in-
tegrated circuit (HIC) technologies have cost, size and
performance limitations due to the essential differences
between the MMIC and discrete device fabrication pro-
cesses [14]. Optoelectronic integrated circuit (OEIC)
technology is another alternative for inexpensive hard-
ware., However, despite many potential advantages of
monolithic integration, OEICs have yet to outperform
HICs because of their complicated fabrication process and
inherent circuit limitations [15]. MMIC compatible opti-
cal device technology is still the best alternative to con-
figure monolithic transducer modules [16]-[17]. MMIC-
type photodetectors are currently integratable with micro-
wave circuitry using a standard MMIC fabrication pro-
cesses [18]. This paper demonstrates millimeter-wave
subcarrier data signal transmission for the first time using
custom fabricated MMIC HEMT optical detector circuits.

Transmission characteristics of the fiber optic links are
evaluated using both 0.83 um and 1.3 um wavelength op-
tical carriers which are intensity modulated by either 70
MHz and 26 GHz band QPSK modulated subcarriers or
300 MHz and 26 GHz band FM modulated subcarriers.
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The HEMT optical detectors are characterized within a
0.83 pm optical carrier system and are then compared with
the experimental results of devices operating at 1.3 pm.

MILLIMETER-WAVE FIBER OpTic FEED CONCEPT

The system concept of the fiber optic millimeter-wave
subcarrier transmission link is shown in Fig. 1. A large
number of modulated millimeter-wave subcarriers are
combined electrically by power combiners. The optical
carrier is intensity modulated by this composite signal,
transmitted by single-mode fiber, and is then optically di-
vided at each radio base station. The tapped optical signal
is directly detected by a high-frequency photodetector and
amplified by MMIC amplifiers. The amplified millimeter-
wave signals are subsequently radiated into the microcell
zone (down link) and received by portable communication
terminals.

Each radio base station also receives millimeter-wave
signals from the portable terminals and down-converts
them to RFs by using a frequency converter and local os-
cillator signal. The down-converted signals are used to
intensity modulate a relatively inexpensive and low fre-
quency laser diode. The optical signals from each radio
base station are combined and then transmitted back to
the central base station over singlemode fiber. The re-
ceived optical signals are detected, amplified and demul-
tiplexed (up link).

Because of the site-specific location of each radio base
stations (e.g., light posts, telephone boxes, sides of build-
ings, etc.) they must be small and should broadcast over
limited (less than several 100 meters) and well defined
areas (within a city block or within one floor of a building
for example). To avoid frequency interference between
adjacent zones, different millimeter-wave subcarrier fre-
quencies are utilized within two adjacent zone. Simulta-

neous use.of fiber optic distribution links and millimeter- .

wave frequencies provide the following advantages within
microcellular systems:

1) Fiber optic transmission lines have practically zero
loss for lengths less than one kilometer. Thus cell spacing
is limited only by the millimeter-wave radio signal trans-
mission range, propagation effects such as multipath fad-
ing, and attenuation due to rain. Additionally, the tech-
nology for fiber optic communication is maturing to the
point of being financially and technologically competitive
with all electrical broadcast systems.

2) Millimeter-waves are essentially broadband frequen-
cies which can transmit a large number of video/voice
subcarriers. For example, an FM-modulated 4.2 MHz
NTSC video signal requires a 36 MHz transmission band-
width [19]. If the channel separation is 40 MHz [7] with
100 channels being transmitted, the resultant radio fre-
quency bandwidth is 4 GHz. At a 60 GHz subcarrier fre-
quency, the relative bandwidth is only 7 percent.

3) Millimeter-waves are readily absorbed by oxygen
and water molecules [20]. At 60 GHz there is an absorp-
tion peak (16 dB/km) due to atmospheric oxygen. At a
transmission frequency of 60 GHz for example, this ab-
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Fig. 1. Conceptual diagram of fiber optic millimeter-wave subcarrier
transmission link system.

sorption effect can be selectively exploited to limit signal
propagation beyond the microcell boundaries. However,
local regulations governing frequency usage need to also
be considered in choosing subcarrier frequencies in the
final system implementation.

4) The system control functions, such as frequency al-
location and a modulation/demodulation scheme, can be
located within the central base station. This simplifies the
design of the radio base station, more so if the subcarrier
frequency is distributed from the central base station. The
primary functions of the radio base stations are optical/
RF conversion, RF amplification, RF down conversion,

~and RF/optical conversion. Because all of the components

required for these functions are analog devices, mono-
lithic integration technologies can be adopted to configure
radio base station hardware.

LINK CONFIGURATIONS

Millimeter-wave signal transmission over fiber optic
links has been attempted using external modulators, in-
direct subharmonic injection-locking techniques, laser
diode nonlinearity [21], photodiode nonlinearity [22] and
heterodyne techniques [23]. The laser diode’s fundamen-
tal modulation response is limited to frequencies below
its relaxation oscillation frequency (typically <20 GHz
for high-speed commercial devices). Conversely, external
optical modulators, such as LiNbOj; integrated devices,
are capable of modulation into the millimeter-wave bands
despite their typically high driving voltages and optical
insertion losses [24]. In this work, we combine both the
advantages of direct laser diode modulation and LiNbQ;
external modulation to develop a unique fiber optic link
architecture suitable for economical millimeter-wave sub-
carrier transmissions.

Several fiber optic down-link configurations (i.e., the
link from the central base station to the radio base station)
are shown in Fig. 2. The fiber optic up-link from the radio
base station to the central base station is shown concep-
tually in Fig. 3. In all of these fiber optic links, the low
frequency data (or control) signals are transmitted by con-
ventional direct laser diode current modulation [235].
Technology for directly modulated laser links is well de-
veloped and can provide substantial benefits over external
modulation techniques at low frequencies. These advan-
tages include potentially higher link gain, reduced num-
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Low frequency lasers and photodiodes are utilized. MMW oscillator signal

can be obtained from central base station.

ber of components and reduced system cost when the link
is specifically optimized for a particular frequency and
bandwidth [27].

The millimeter-wave subcarrier frequency is optically
generated by using an external optical modulator such as
a Mach-Zehnder interferometer realized in LiNbO;, or by

“using a local oscillator in the radio base station as in Fig.
2(c). Generating the millimeter-wave subcarrier in the
central base station however, reduces the overall cost and
complexity of the radio base stations as well as centralizes
the local oscillators. Because the bandwidth of the laser
diodes does not cuirently extend into the millimeter-wave
band, EOMs are the most simple and cost-effective de-
vices for providing these subcarrier frequencies.

Although the conventional link architecture shown in
Fig. 2(a) is the simplest to implement, the high link in-
sertion loss can sometimes deteriorate multiplexed milli-
meter-wave signals [26]. The architecture shown in Fig.
2(b) improves the performance of the overall system by
optimizing the two separate links. Unfortunately, sepa-
rating the subcarrier and the data signals results in an in-
crease in components, complexity and cost. This.is an
unwelcome characteristic in systems as diverse as multi-
cellular signal distribution.

A beneficial compromise between performance and
system complexity is presented in Fig. 2(d). This archi-
tecture combines the simplicity of single laser/fiber/de-
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tector transmission in addition to preserving the perfor-
mance at the millimeter-wave subcarrier frequencies. Al-
though there is additional loss in the laser generated data
signal due to the EOM insertion loss, this should not
translate into a significant deterioration in fidelity if high
output power laser diodes are utilized for the EOM optical -
source. Commercial laser diodes with modulation band-
widths up to 5 GHz can typically have >5 mW output
power, which is comparable to solidstate lasers that can
be used in EOM driven links. Thus, only one optical
source is required to produce a data and subcarrier-fre-
quency modulated optical carrier for an economical and
compact optical transmitter.

In the link architecture of Fig. 2(d), the EOM is a key
component for realizing millimeter-wave transmission.
Within this configuration, the data signal can be used to
modulate the laser diode, while a single frequency sub-
carrier can modulate the EOM. In this situation, the EOM
need not operate over a substantial bandwidth, thus sim-
plifying its design. Conversely, in the case where the sub-
carrier multiplexed data directly modulates the EOM, the
EOM design becomes more complex, considering the re-
quired bandwidth for successful data transmission. How-
ever, the laser can still be modulated with control signals
for use in communicating with each of the base stations.
We are currently investigating the processes for accurate
design of millimeter-wave EOMs [35]. '

The up-link architectural configuration is shown in Fig.
3. Conventional microwave heterodyne techniques are -
adopted at the radio base station for simplicity. The re-
ceived millimeter-wave signals are down-converted to IF
signals by the frequency mixer. The local oscillator signal
can be supplied by the down-link through filtering and
amplification. After aniplification of the down-converted
IF data signals, these signals modulate a low bandwidth
laser diode and are subsequently transmitted to the central
base station through singlemode optical fiber. All of the

ap-link RF components, except for the laser diode, can

be monolithically integrated using the MMIC process,
thus reducing the size and potential cost of the radio base
station.

HEMT PHOTODETECTION

MESFETs and HEMTs have received much attention
for realization of photodetector functions [29]-[31]. The
monolithic integration of optical and microwave/milli-
meter-wave circuits has great potential reducing the com-
plexity of optical front ends for millimeter-wave systems
[28], [32]. That which displays the greatest potential is
the photodetection function. The optimization of MMIC
active devices requires few alterations for optical opera-
tion.

To demonstrate the principles of monolithic integration
of optical and microwave/millimeter-wave circuits and to
demonstrate their performance in optical receivers, cus-
tom MMIC circuits are designed around Mitsubishi pro-
cessed n-AlGaAs/InGaAs HEMTs [36]. The HEMTs are
designed for 0.83 um wavelength photodetection and have
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Fig. 4. Micro-photograph of ATR designed circuit with common source
HEMT photodetector fabricated on a GaAs substrate.

a cutoff frequency of approximately 40 GHz, gate length
of 0.25 um, and gate width of 100 um. A photograph of
common source HEMT photodetector circuit fabricated
on a GaAs substrate is shown in Fig. 4. The relative fre-
quency response of the HEMT photodetector is graphed
along with a PIN photodiode (which includes a 50 Ohm
matching resistor), both with identical optical transmit-
ters, in Fig. 5(a). At zero gate bias, the HEMT has an
optical dc responsivity of 2.1 mA /mW. The ultra-wide-
band PIN photodiode (New Focus 1001) has 3-dB band-
width and responsivity of 40 GHz and 0.52 mA /mW,
respectively.

A LiNbO; external modulator is used as the optical
transmitter. Optical insertion loss is 9 dB and the voltage,
V, for 100% modulation is 2.3 V. The optical power is
delivered to each detector via a single mode fiber with a
spot diameter less of than 10 um in the case of the HEMT.

Link insertion loss is significantly improved at lower fre-

quencies with the HEMT photodetector because of the de-
vice’s internal gain. However, the advantages of using the
HEMT photodetector, based on frequency response alone,
are soon outweighed by the flat response of the PIN diode
after 15 GHz. Additionally, as will be seen in the BER
measurements, the noise floor of the HEMT link is sub-
stantially higher than that of the PIN diode. Therefore, at
this time there is not a particularly significant improve-
ment in the link dynamic range for higher frequency
bands.

In order to improve the performance of the HEMT as a
photodetector, increasing the optical coupling, improving
the electrical characteristics and using impedance match-
ing techniques will all prove to be beneficial. Addition-
ally, a longer optical wavelength could be used as a car-
rier by choosing a different device material such as InP
[15]. Again, the primary benefit of HEMT usage will
come from the ability to monolithically integrate these
type of detectors within other millimeter-wave circuitry
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as well the potential for improved performance as this
technology matures.

FiBer OpTIC LINK FREQUENCY RESPONSE

The fiber optic link’s swept frequency response at 1.3
pm is characterized with commercially available laser and
photodiodes (architecture in Fig. 2(d)). The results are
shown in Fig. 5(b) for direct and external modulation
schemes. In both cases an InGaAsP laser diode, which
has threshold current of 16 mA and cw output power of
3.3 mW at a forward bias current of 50 mA (Ortel 1530A)
is used. The laser diode’s 3 dB electrical bandwidth is
approximately 10 GHz at this same bias point and in-
cludes a 45 Q broadband matching resistor. A 40 GHz
bandwidth photodetector (New Focus 1011) is used,
whose responsivity is 0.48 mA /mW. It also includes a
broadband matching resistance. The length of fiber in all
examples is 1 km.

For the externally modulated link, a Mach-Zehnder,
Z-cut LiNbO; EOM with coplanar waveguide electrodes
is used. The optical insertion loss is approximately 5 dB
and the voltage Vx for 100% modulation is 5.4 V. Al-
though' the link insertion loss is larger than that of the
directly modulated link below 12 GHz, it does not expe-
rience the characteristic rolloff due to the relaxation os-
cillation frequency of the laser diode at very high fre-
quencies. Also, as shown in the same figure, increasing
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on the laser diode increases the directly modulated link
bandwidth. However, direct modulation is still limited to
microwave frequencies. Thus, the combination of the laser
diode for low frequency transmission and the external

- modulator for millimeter-wave carrier transmission has
great potential for realization of fiber optic millimeter-
wave subcarrier transmission links.

It should also be pointed out that improvements in the
basic link performance can be realized by methods such
as impedance matching components, using devices opti-
mized for the particular frequency of interest, and in
choosing the operating point of the electrooptic compo-
nents in terms of bias, input and output powers, etc. The
purpose of this work is to demonstrate principles of op-
eration of these link configurations as well as to perform
a relative comparison between different two photodetec-

“tion methods. The results could be significantly improved
for certain operating conditions by implementing the
above mentioned methods,

FBErR OprTic DaTA LINK PERFORMANCE

In order to demonstrate the principles of millimeter-
wave subcarrier transmission over fiber optic links, we
configured the link shown in Fig. 3(d) with both 0.83 um
and 1.3 um optical devices. The fiber optic link’s per-
formance is characterized both in terms of digital and an-
alog signal transmissions as shown in the experimental
setup in Fig. 6(a). All system impedances are 50 Q. A bit
. error rate (BER) measurement is used to characterize both
the directly modulated IF link and the externally modu-

lation RF link. An FM analog modulation scheme is also

used to evaluate both links. In all measurements, the Tx
(transmitter) consists of amplifiers and filters, and where
appropriate, an up-converter, all optimized to the fre-
quency in use. The Revr. (receiver) contains similar com-
ponents.

IF Link Evaluation

The IF data portion of the link is first evaluated, using
70 MHz (QPSK) and 300 MHz (FM) subcarriers. The
QPSK IF data link portion consists of 1.3 um optical de-

vices. The clock frequency of QPSK modulator is 6.312 -

MHz with the IF frequency 70 MHz. The detected IF data
signal is amplified and then supplied to the demodulator
through the noise and interference measurement test set
(HP3708A). The BER performance is shown in Fig. 7(a).
A CNR degradation from the theoretical value. is within
1.5 dB at an error rate of 10~ *. Because the data with the
fiber optic link is the same as that without (direct trans-
mission—all electrical), no CNR degradation is caused by
the fiber optic link.

The FM IF data link portion is composed of 0.83 um
optical devices and a HEMT detector. The base-band-
width and required RF bandwidth of the FM modulator
are 4.2 MHz and 36 MHz, respectively. Fig 7(b) shows
the weighted SNR performance of this IF link versus Ids.
The link performances for a MMIC MESFET detector and
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PIN photodiode are also shown in the same figure for
comparison. A weighted SNR of 62.5 dB is achieved by
a PIN photodiode. The average weighted SNRs by HEMT
and MESFET detectors are about 60 dB and 59 dB, re-
spectively. The difference of the weighted SNR of the
HEMT and MESFET detectors arises from the device’s
transconductance [33]. Although a SNR fluctuation is ob-
served in the experiment due to a large forward current
Ids, a high SNR is attained by the MMIC HEMT detector.
This fluctuation can be decreased by reducing the input
optical power, as shown in Fig. 7(c). In this figure it is
shown that as the optical input power is reduced, the mag-
nitude of the SNR fluctuations decrease. It should be noted
that at these same frequencies, the HEMT detector has
higher responsivity than the PIN photodiode. However,
as observed by the SNR, the HEMT noise floor is much
higher than that of the PIN photodiode, hence the similar
SNRs.

RF Link Evaluation ,

The RF portion of the fiber optic link is characterized
by a 26 GHz subcarrier which transmits either QPSK or
FM signals. Availability of the 26 GHz modulators is the
primary reason this frequency is used. The LiNbO; ex-

«ternal modulators described in the previous section are

also used in this experiment. Ideally, frequencies much
higher could be used as long as the external optical mod-
ulator met the bandwidth requirement.

The 1.3 pum optical links are evaluated using both dig-
ital and analog signals. Fig. 8 shows the BER and
weighted SNR performance of links employing a PIN
photodiode. The external modulator is modulated by the
26 GHz subcarrier signal. The BER performance is mea-

-sured using the same QPSK modulator/demodulator as
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of link in 7(b). . .

was used in the IF link. CNR degradation from the theo-
retical value is within 2 dB and the value is the same as
that obtained without the fiber optic link (Tx-Rcvr.),
showing no degradation from link insertion. The BER
versus the received optical power is shown in Fig. 8(b)
for a modulation index of m = 0.66, 0.33, 0.17, and 0.08.
The modulation index is a function of the subcarrier am-
plitude and V7 of the external modulator [34]. The re-
quired optical power at the receiver is inversely propor-
tional to the subcarrier input power. ,
Fig. 8(c) shows the weighted SNR versus the modula-
tion input power (Tx output power). The SNR is first
measured by a direct connection of thé transmitter (Tx)
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and receiver (Revr.) and then subsequently measured us-
ing the fiber optic link inserted. The average weighted
SNR of the Tx-Rcvr. link is approximately 64 dB, while
that of the fiber optic link is 63 dB at a modulation input
power of 12 dBm. The frequency spectrums of the 26 GHz
band subcarrier signals are shown in Fig. 8. The QPSK
modulated spectrums are shown in Figs. 9 (a) and (b), and
the FM modulated spectrums which utilize a standard
color bar pattern are shown in Figs. 9(c) and (d). The
cause of the amplitude reduction is from the fiber optic
link insertion loss. Insertion loss can be overcome pri-



OGAWA et al.: MILLIMETER-WAVE FIBER OPTICS SYSTEMS

(a)

Fig. 9. Frequency spectrums of 26 GHz
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marily by using a higher power laser diode and optimizing

the modulator for operation at the desired frequency.
The RF link composed of HEMT detectors is next char-

acterized with the 26 GHz band subcarrier using the ex-

pertmental setup shown in Fig. 6(b). The direct Tx-Rcvr,
link and the fiber optic link which has a PIN photodiode
as a detector are first measured. Next, the link with a
HEMT detector is evaluated. The CNR degradation from
the PIN photediode link is less than 0.5 dB and 1 dB at
error rates of .10™* and 1073, respectively as shown in
Fig. 10. These results as well as those obtained with the
IF link indicate that MMIC HEMT photodetectors are.
noisier than PIN photodiodes primarily because of the rel-
atively high forward current in the HEMT.

CONCLUSION

Several fiber optic link configurations for the millime-
ter-wave subcarrier transmissions are discussed and ex-
perimentally investigated. The personal communication
system concept which utilizes the above described optical
links is also outlined. The combination of direct and ex-
ternal modulation is successfully employed to configure
both IF and RF links within the same architecture, and
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excellent performance of 70 MHz, 300 MHz and 26 GHz
subcarrier transmission has been observed.

MMIC HEMT detectors are also introduced for real-
ization of compact and cost-effective optical receivers and
are characterized by both digital and analog 26 GHz band
subcarriers for the first time. The degradation caused by
the insertion of the HEMT fiber optic link is within 2.5
dB from theory. Although the experiments are performed
at 26 GHz, the fiber optic links discussed in the this paper
can be expected to transmit higher millimeter-wave fre-
quencies by choosing an appropriate external modulator
such as a resonant electrode modulator or phase reversal

type [35]
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