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2.1 MILLIMETER-WAVE FIBER OPTIC FEED CONCEPT

The system concept of the fiber optic millimeter-wave subcarrier
transmission link is shown in Fig. 2.1. 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 divided 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 oscillator signal. The down-converted signals are used to intensity
modulate a relatively inexpensive and low frequency laser diode. The optical
signials from each radio base station are combined and then transmitted back to
the central base station over singlemode fiber. The received optical signals are
detected, amplified and demultiplexed (up link).

Because of the site-specific location of each radio base stations (e.g. light
posts, telephone boxes, sides of buildings, 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 frequencies are utilized within two adjacent zone. Simultaneous 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 transmission range, propagation effects such as multipath fading, and
attenuation due to rain. Additionally, the technology 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 frequencies 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
bandwidth. If the channel separation is 40 MHz with 100 channels being



transmitted, the resultant radio frequency bandwidth is 4 GHz. At a 60 GHz
subcarrier frequency, the relative bandwidth is only 7 percent.

3. Millimeter-waves are readily absorbed by oxygen and water molecules. At
60 GHz there is an absorption peak (16 dB/km) due to atmospheric oxygen. At a
transmission frequency of 60 GHz for example, this absorption effect can be
selectively exploited to limit signal propagation beyond the microcell boundaries.
However, local reglﬂations 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 allocation 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, monolithic integration technologies can be
adopted to configure radio base station hardware.

2.2 ARCHITECTURAL CLASSIFICATION

It is generally assumed that the typical signal format for a very high-speed
fiber optic link will be a baseband data signal modulating a microwave/
millimeter-wave (MMW) carrier reference. We can also assume that the data
format is irrelevant and that the data bandwidth is the primary concern for most
applications. Typically, F.O. link architectures are designed to be broadband.
Alternatively, by designing for narrowband operation, improved performance can
be realized, especially at millimeter-wave frequencies. Frequently, the extent of
the carrier frequency is considered the most important criteria in selecting
opto-electronic devices. Thus, in establishing a common basis on which to
compare several microwave F.O. links, we realize that the ultimate goal should be
to deliver as much undistorted information as possible over a specified distance at
a given carrier frequency.

The twelve F.O. link architectures under consideration are shown in Fig.
2.2. The length of each optical fiber is application-dependent and can span from
several meters to a few kilometers (<3 at 50GHz - single mode). Likewise, each
amplifier and mixer has characteristics particular to the bandwidth and gain
needs for its architecture. Architectures 1 through 6 are of the direct modulation
types and architectures 7 through 12 are considered externally modulated links.
For two-way communication links, two separate F.O. links would be required.
Within the scope of this study, only unidirectional communication is considered
for each architectural format. The architectures are named and described as



follows:
1. Local data mixing, direct modulation
Dual fiber remote data mixing, direct modulation
Laser diode mixing
Photodiode mixing, direct modulation
Remote LO control, direct modulation
Single fiber remote data mixing, direct modulation
‘Local data mixing, external modulation
Dual fiber remote data mixing, external mod.

© ® ok 0N

Photodiode mixing, external modulation

10. Single fiber remote data mix., dual modulation
11. Dual modulation, amplitude modulation

12, Dual modulation with carrier suppression

2.2.1 Directly Modulated F.O. Links

Link No.1is a conventional F.O. link in which the data signal is up-converted by
the MMW carrier reference before laser bias current modulation. Of the twelve
architectures, this one in principle is the most elementary to design, fabricate,
install and maintain. However, when operated at MMW frequencies, this
architecture suffers numerous limitations. The foremost limitations are high
insertion loss, high noise figure, and poor dynamic range. The later two problems
arise from the proximity of the MMW carrier fre'quency to the relaxation
oscillation peak of the laser diode. The link insertion loss is a function of device
responsivity, impedance mismatch and light coupling. Additional concerns over
operational reliability are introduced when the value of the laser diode's bias
current is driven high to obtain the desired bandwidth response by extending the
diode's relaxation oscillation frequency. Even with reactive impedance matching
of the devices and good light coupling, insertion loss can still be as lafge as -35dB
with a noise figure of about 65dB near 20GHz for a 3 percent bandwidth6. In this
design, there is a notably large trade-off between simplicity and system |
performance. The laser diode is the limiting factor of system performance in this
architecture.

Architecture No. 2 is a well known alternative to link architecture No. 1. By
transmitting the data signal and carrier reference separately over different F.O.
links, the performance of each link can be optimized for each particular frequency
and bandwidth. Separation of these signals can significantly increase dynamic
range. Up-converted system insertion loss can be reduced to zero, if high gain data
links and a carrier reference post detection amplifier are used as shown in the
figure. This would require a data link gain equal to the mixer conversion loss, a
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situation preﬁously demonstrated. Once again, the laser diode in the carrier
reference link is the limiting component that prohibits ultra-wideband
performance. Using a sub-harmonically injection-locked oscillator in the carrier
reference link could also extend the bandwidth considerably, but this would make
the link complex and increase the cost.

By using the optical diode as a MMW mixing element, architectures Nos. 3
and 4 can be implemented. J.J. Pan has demonstrated laser diode nﬁixing
properties that show potential for efficient mixing in both an up and down
" conversion configuration in the lower microwave bands20. D.K. Donald et al.,
however, not only showed good mixing efficiency, but also demonstrated extended
bandwidths of the photodiode up to 80GHz. Once again, arguments similar to the
first two apply to links 3 and 4, with respect to the mixing location. Injecting a
high frequency up-converted data signal into the laser is not as beneficial as
optimizing separate links and then mixing after the two signals are detected in
separate photodiodes. Of the two architectures, poorer performance is therefore
expected from the laser diode mixing architecture at MMW frequencies.
Additionally, the photodiode is well suited to MMW mixing, being less sensitive to
the high LO power than the laser diode. The possible benefits of these two
configurations lie within the simplicity of their circuit designs. Essentially, MMW
mixers are not needed, reduced local oscillator power can sometimes be used in
the mixing process, and conversion gain is possible. _

Architecture No. 5is unique in that no MMW signals need to be transmitted
by fiber. This eliminates the need for high speed lasers and photodetectors.
Numerous stable, high-power output, miniature MMW oscillators are
commercially available. The price, reliability, and frequency ranges are typically
better than those for high-speed laser diodes. Low-frequency control signals or
even crystal time-base signals for the remote oscillator can be sent over the same
fiber by the same low-speed (a few GHz bandwidth) laser diode that transmits
the data signal. For antenna remoting applications and personal communication
cellular distribution networks, this configuration is quite beneficial. Signal
distortion and noise arising from the laser are reduced by using low-frequency
distributed feedback (DFB) lasers with low RIN. Alternatively, very low-frequency
microwave signals can be sent to the optical receiver to be wused for
subharmonically injection locking the remote oscillator. For directly modulated
links, this architecture has virtually unlimited high-frequency potential. It is
interesting to note that this link architecture could be used in an externally
modulated configuration. However, the additional cost and bulk required make
this option less attractive.

The final directly modulated F.O. link architecture, No. 6, is very similar to
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links 2 and 5. The major differences lie within a signal separating circuit at the
electrical output of the photodetector. Filtering and amplification of the carrier
reference are required. Subsequently, the amplified data and carrier signals are
mixed in a conventional MMW mixer. More complicated methods that use the
photodiode as a mixer in this configuration are also possible by applying feedback,
thus eliminating the need for the external mixer. This architectures major benefit
is that the laser diode is modulated with relatively low power levels, thus
distortion is minimized and only one fiber is required. This scheme is also more
economical than that of link No. 5 because the carrier reference is centrally
located, and thus multiple remote oscillators are not needed for diverse systems.
Using a sub-harmonically injection-locked oscillator in the carrier reference link,
as suggested in architecture No. 2, could extend the bandwidth. In architecture
No. 6, however, since only one laser and one photodiode are used, adding the
additional circuitry would be more economical..

2.2.2 Externally Modulated F.O. Links
Link Nos. 7, 8 and 9 can be compared with their direct modulation counterparts,
Nos. 1, 2 and 4. Within these externally modulated links, the laser (either diode or

solidstate) is operated in a cw mode and therefore does not experience frequency

chirping or produce additional link distortion. Linearity and power consumption
of the external modulator become the primary concerns when implementing these
architectures. Best performance,  irrespective of the external modulator, is
obtained when low-noise and high-power solidstate lasers are incorporated, which
can significantly lower the noise figure and increase gain and dynamic range.

As in the architectures requiring two separately optimized links,
architecture Nos. 8 and 9 also benefit from separately optimized modulators.
Unfortunately, the need for dual fibers, lasers, photodiodes and modulators makes

these configurations costly and bulky. However, in configuration 9, the data signal:

EOM could be removed, allowing the laser (diode) source to be directly modulated
and thus slightly decreasing the number of components and the cost.

The improved configuration of link No. 10 utilizes only one photodiode and
fiber with a filter to separate the carrier and data at the output of the photodiode.
Similar to link Nos. 7, 8 and 9, link distortion is dependent on the external
modulators. However, in link No. 10, either the data or the carrier signal can be
produced with the laser diode, and the remaining signal can be generated by the
external modulator. This allows the designer to utilize the optimal components for
each particular purpose. For example, a laser diode optimized for data frequency
transmission could produce modulated data output, while a high-frequency,
narrowband external modulator could be used to supply the carrier frequency
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reference. In this example, the bandwidth of the external modulator can be as
narrow as possible, thus reducing the driving voltage and improving the gain of
the overall link.

Simplified versions of link No. 10 are given by link Nos. 11 and 12. Here, only
one laser diode, one fiber and one photodetector are utilized. By injecting the
directly modulated laser light into the external modulator, both signals emerge
from the photodetéctor in addition to the up-convertéd data signal. A post-detection
filter is all that is needed to choose the desired signal. In architecture No. 12, a
~ short piece of fiber is used to feed-forward the original laser diode carrier signal.
When that signal and the one from the EOM are combined, total cancellation of
the original carrier occurs. Therefore, the photodiode only receives the
up-converted sidebands and post-detection filtering is further simplified.

Unfortunately, architecture No. 12 can only reach frequencies within the
bandwidth of the particular laser diode. Thus, unless laser diode harmonics are
used, millimeter-wave frequencies are difficult to obtain. Architecture No. 11 is
not limited by the laser diode's frequency response when the carrier frequency is
applied to the EOM. This combination directly/externally modulated link shows
the most promise for reaching MMW frequencies and does not limit the
bandwidth of the data signal.

All which is required is a single frequency, resonant type high frequency
- EOM to obtain the desired carrier reference. The bandwidth of the laser diode
determines the maximum bandwidth of the data signal. Also, cellular type
distribution networks incorporating this architecture are very economical because
the MMW source is centrally located. The EOM output power can be further
divided and/or amplified in the optical domain to service a multitude of locations
using the same transmitter. Therefore fewer oscillators are required per zone.
This architecture is simple and economical and demonstrates a very high
frequency potential.

2.3 ANALYTICAL COMPARISON METHOD

For this study, commercially available optical transmitters and optical
receivers are used in each architecture. In configurations where two links are
required (No.s 2, 4, 8, and 9), the second link is replaced by a direct coaxial
connection. Any degradation in gain or noise performance due to the absence of
the second link is taken into consideration. In this study only up-conversion
configurations are discussed. Alternately, with the proper injection of signals,
some of the links can be operated in a down-conversion configuration.

In all other studies analyzing directly and externally modulated F.O. links,
parameters such as gain, noise figure, dynamic range, and linearity were
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measured or calculated from the laser's input to the photodetector's output. Since
many of the architectures being considered in this paper include several diodes,
fibers or links in general, these parameters are redefined. |

F.O. link gain is defined over the whole system, i.e. from the input data
signal level to the output of the up-converted signal level. Thus, for example,
conversion loss of external mixers or filter insertion loss, if present, is also
included in the gain definition. This provides a better system comparison than the
individual optical link gain (from laser input power to photodiode output power)
because the F.O. links within each architecture could have potentially different RF
gains when optimized for specific applications. Other figures of merit such as
noise figure, linearity, bandwidth and conversion loss (or system gain) are also |
described in terms of the whole system architecture.

Each of the F.O. links is characterized with respect to gain, noise figure,
dynamic range, and linearity for frequencies within the opto-electronic device's
operating bandwidths. All values obtained are considered representative for
generally available devices and are the foundation of this study. Additiohally, a
separate analysis is performed which considers the many possible system
improvements and the incorporation of state-of-the-art devices. These results are
considered to indicate the optimal performance that can now be accomplished.
Finally, each link is evaluated on the basis of its millimeter-wave performance
potential.

2.4 EXPERIMENTAL SYSTEM COMPONENTS

Commercially available transmitter and receiver modules from Ortel are
“used. The 1.3um laser diode packages have SMA connectors for RF signal input,
and light is output through pigtailed 9/125um fibers. Broadband matching is
employed through a series 47 Ohm resistor. Threshold currents range from 16 to
21mA, and the diode's 3dB electrical bandwidths are approximately 5GHz (at 3Ith
with a corresponding 2.9mW dptical output power) and 10GHz (at 4Ith with a
corresponding 7mW optical output power). The InGaAs PIN diodes have
responsivities of approximately 0.9mA/mW and 3dB electrical bandwidths of
11GHz. The detector is a also broad-band resistively matched, and a short length of
single mode fiber is pigtailed to the module. A short length of single mode fiber
connects the two optical modules and careful attention is given to insure minimal
reflection from the fiber optic connectors. For calibration and verification, 40GHz,
1.3um photodetector modules from New Focus are also used. Sumitomo Cement
Corp. traveling wave LiNbO3 Mach-Zehnder modulators are used for the
externally modulated links. They have usable bandwidths of 256GHz and optical
insertion losses of approximately 6 dB. Operating voltages are 7-8Volts with



extinction ratios approaching 20dB. .

A standard diode mixer with a conversion loss and noise figure of 8dB at
10GHz is used for link configurations 1, 2, 5, 6, 7, 8 and 10. A local oscillator power
of approximately 10dBm is needed to drive the mixer efficiently. For link
configurations 3, 5, and 6, the data and carrier signals are combined in a 0-40GHz
microwave power combiner and are then supplied to the laser diode. In
configuration 4, the local oscillator signal is supplied to the photodiode through a
three port microwave circulator at port one. The photodiode is located at port two
~ and the up-converted output is taken from port three. Wideband (0.5 to 26.5GHz)
amplifiers from Hewlett Packard are used when required. Optical fiber losses are
considered negligible.

An IF (data frequency) of 500MHz was chosen. As previously stated, all link
configurations are operated in an up-conversion configuration. Similarly, the
links could be used in a down-conversion configuration, but it has been observed
that the optical devices, when used as mixers, are not as efficient under these
conditions. This can be explained by the laser's decreased responsivity in
transmitting signals around the relaxation oscillation frequency. Likewise, the
photodiode exhibits reduced responsivity in detecting high-frequency signals
because of package parasitics and carrier transit time limitations.

2.5 DISCUSSION OF RESULTS
Table 2.1 shows the summarized results of the twelve architectures. The
comparison is divided into several areas explained as follows:

* Carrier Frequency - The frequency to which the data signal is up-converted.
This number, for the present, represents what can typically be accomplished in
laboratories. It is not necessarily the best ever obtained, but it is a repeatable value.
For the future, it represents what could be achieved with expected advances and
refinements in optical and electrical link components.

* Gain at Carrier Frequency - The link gain, or more typically the link
insertion loss. This is defined from input data signal level to output level of the
up-converted sidebands. '

* Noise Figure and Dynamic Range - Both of these figures of merit are
presented in a relative manner. Both numbers are highly dependent on the optical
source and are compared by using the best and most appropriate optical source for
each particular architecture. A low noise figure is considered less than 30dB,
whereas medium and high noise figures are 30-45dB and >45dB respectively.
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Dynamic range (either spurious free or compression) is a function of the system
gain, noise, and linearity. It is more difficult to estimate given the wide range of
the system variables, but as a reference, the largest spurious signal-free dynamic
range reported to date by Ackerman et. al. is 117dB*Hz2/3.

Overall, the system performance limitations of each architecture have been
found to depend on either the optical source or the external modulator. Laser
bandwidth, RIN and nonlinearity are three factors which limit the maximum
carrier frequency and other characteristics. These factors are functions of the bias
current and, to a lesser extent, the modulation index. Only in the case of the laser
mixer is nonlinearity beneficial. Thus, when laser diodes are used, the bias point
greatly affects performance and should thus be carefully chosen to exploit the
optimal laser characteristics. When solidstate sources are used,‘ typically the
noise (RIN <-165dB/Hz) is very small. In this case the optical output'power and the
external modulator switching power are important. )

The photodiode bandwidth or nonlinearity is not a matter of concern,
considering the commercial availability of 60GHz detectors. Optical illumination
power must be chosen carefully so as not to saturate the detector, thus limiting the
gain and dynamic range of externally modulated architectures (gain
column,Table 2.1).

Use of laser or photodiode harmonics is one wéy to achieve high-frequency
operation without the need for high bandwidth lasers and photodetectors. This
reduces system complexity and cost, but can sometimes compromise the reliability
of the devices as well as degrade system performance through the addition of noise
and additional nonlinearities. This is particularly true of the laser diode mixer
whose potential in the millimeter-wave bands is limited.

The system‘ gain of most of the architectures can be significantly improved
with such methods. Most of these capabilities now exist and require minor
modification of design techniques. In this study, it has been shown that carrier
frequency extension is primarily dependent on the development of narrowband
external modulators. LiNb03 design processes are mature and should continue to
yield higher operating frequencies. Although, the use of alternate materials, such
as nonlinear optical polymers (NOP) or semiconductor substrates have much
potential and should also be considered. A recent NOP modulator has been
fabricated and has demonstrated 3dB bandwidths greater than 40GHz. As shown
‘in Table 2.1, carrier frequencies approaching 60GHz are feasible within the next
several years.

* Complexity - The number of general components (mixers, power combiners,
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etc.), power supplies, MMW sources, filters and optical components (lasers,
photodetectors, fibers, etc.) are compared to give a relative measure of system
complexity. Additionally, the extent of the control circuitry, as in architecture No.
5,1s considered to increase the complexity by requiring data processing elements
to control the local oscillator frequency, phase and amplitude.

e Relative Cost - The primary consideration in evaluating cost is the optical
source and/or external modulator. Additionally, the required device bandwidths,
number of amplifiers, MMW sources and other costly components contribute to
this measure.

A major difference between the architectures presented is using one or two
fibers to transmit the various signals. Obviously choosing only one laser, fiber and
detector is preferable for simplicity and reliability. Cost is also an important issue
for commercial applications of F.O. links. In diverse systems such as personal
communication cellular distribution networks, costs quickly escalate when many
links are implemented. The price of high-speed components is still prohibitively
high, and in many cases, they are still commercially unavailable. Methods used
in architecture Nos. 5 and 11 which only require 1 fiber however, demonstrate the
potential for single-fiber systems which compare with or outperform their dual
fiber counterparts.

Consideration must also be given to packaging the optical and electrical
portions of the transmit and receive modules. Research has been performed by
others that shows improved system performance by the integrating the optical and
electrical portions of the modules. Reduced parasitics as well as overall reductions
in size have been accomplished. Future trends will be based on the
miniaturization of the optical hardware and replacement of hybrid circuitry with
MMICs. This will reduce system complexity and cost and improve reliability.

* Millimeter-wave Potential - This percentage reflects the potential of the
particular architecture to achieve millimeter-wave data transmission.

Given the obvious limitations of the laser diode modulation bandwidth
(currently and in the near future), it is not foreseen that direct laser current
modulation at fundamental frequencies will be feasible at millimeter wave
frequencies. Although quantum well lasers are promising, adequate performance
has not yet been demonstrated. Also, diode parasitics will continue to restrict the
useable frequency response. Thus, architectures such as Nos. 2, 4, and 6-12 are
prospective alternatives which, through either fundamental modulation,
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harmonic generation, or external modulation, can provide the needed carrier
reference frequencies.

The best of these alternatives (other than No. 5, which doesn't require direct
MMW signal transmission) are the architectures using low noise laser sources
and high-frequency external modulators. Laser diode chirp and high distortion in
these architectures is essentially reduced due to the low modulation frequency.
Likewise, performance is further enhanced in architectures such as No. 8,
because of the ability to separately optimize each sub-link.

The best compromise between simplicity and performance though, occurs in
architecture No. 11, where the data signal modulates the laser diode. In this
architecture, a minimum number of components are required. Also, the
availability of high power, low RIN and low bandwidth laser packages with optical
isolators has increased. The remaining carrier frequency limitation depends
“solely on the EOM. Up-conversion performance for this architecture is
data-bandwidth independent. This link is further analyzed to demonstrate its
potential. '

In the first experiment, the EOM carrier frequency is varied from 1 to 20GHz
while the data signal (a 0.5GHz sinusoid) modulates the laser diode. Laser diode
bias current and EOM bias voltage are optimized to obtain the highest
up-converted power levels. Fig. 2.3 shows the resulting electrical power measured
at the photodiode output. Data signal gain for this un-optimized link is
approximately -43dB.

In the second experiment, shown in Fig. 2.4, video data at a sub-carrier
frequency of 91.26278MHz directly modulates a low noise laser diode. The laser
output is up-converted by the EOM to a microwave carrier frequency. The
microwave carrier is incremented from 2-25GHz with the resulting system
performance evaluated every GHz. Since the up-converted video signal power
remains virtually at the same level across the EOM bandwidth, errorless signal
transmission is obtained until 25GHz. It is concluded that if a narrow-band MMW
modulator were available, similar performance would be obtained. We are
currently designing such modulators with operating frequencies greater than
40GHz.
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Table 2.1. Comparison of Potential Millimeter-wave Fiber Optic Links

Noise

Carrier Gain at : Dynamic | Complexity | Relative | MMW
Frequency Carrier Figure Range (# Components) Cost Potential
Arch, Frequency L-low L-low L-low L-low
No. GHz dB M-med H-high | M-med H-high | M-med H-high | M-med H-high{ % | Units
20 B 27 H ¢ L L M 40 | present
1

10

11

..................

12

..................

@

<

Notes: O Laser diode bandwidth limited

O Carrier frequency can be extended by laser diode harmonics
W Dependent on optical source responsivity and/or noise
@ Laser diode RIN limited

Present - best estimate of current technological

capabilities

Future

- best estimate of technological
capabilities within span of several years

+ MMW Potential (Millimeter-wave carrier frequency potential)
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3.1 b/~ A4 7 aikgERAR (Optica/Microwave Monolithic Integrated Circuits)

Optoelectronic Integrated circuits (OEICs) have received much attention
since monolithic integration offers significant advantages in cost reduction,
compactness and performance improvement. The GaAs-based OEICs are
developed for short wavelength systems such as optical LAN and CATV rietworks,
while the InP-based OEICs for long-haul and large-capacity transmission
systems using long wavelength carrier. There have been proposed many kinds of
OEICs which use different devices and different fabrication process. The
performance of these devices becomes comparable to that of hybrid integrated
circuits (HICs). 'However, despite many potential advantages of monolithic
integration, OEICs have yet to outperform HICs because of their complicated
fabrication process. In this paper, we are going to introduce the use of electronic
devices (HEMT, HBT) as photodetectors which are made by monolithic
microwave/millimeter-wave (MMW) integrated circuit (MMIC) process. The
purpose of this work is not optimization of photodetector devices but monolithic
integration of photodetector with MMW circuits on a single chip using the
conventional MMIC fabrication process. This kind of MMICs is named as
"Optical/Microwave Integrated Circuits" in this report.

~ MMIC technology has the potential to reduce the size and cost of electrical

transceivers. Many MMW circuit functions have been realized by MMICs, and
design, fabrication and measurement technologies for MMICs are becoming
matured. These components are being utilized to configure not only MMW
transceivers for radio but also opticalMMW transducers for fiber optic subcarrier
transmission links. One of hardware alternative of optical/MMW- transducer is
an utilization of OEICs. However, the frequency range is limited below 10GHz. To
overcome the above frequency problem, high-speed photodetectors can be
integrated with MMW components in hybrid (HIC). In spite of the performance
improvement by HIC technologies, they have cost, size and perfbrmance
limitations due to the essential differences between the MMIC and discrete device
fabrication process. Thus if the photodetection circuits can be fabricated by the
current MMIC process, this technology is most promising to realize compact and
cost-effective opticallMMW transducer.

In the following sections I will review photodetector technologies which can
integrate other MMW devices. We will also describe the optical response of
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MMIC-based photodetectors (HEMT, HBT), and show the experimental results of
subcarrier transmission using LiNbOS3 optical external modulator (EOM).

3.1.1 Monolithically Integrated Photodetecotrs

There have been a number of attempts to integrate photodetectors with
amplifiers. The high-speed photodetector devices are classified into two groups,
i.e. two terminal devices (diode) and three terminal devices (transistor). Two
terminal devices are PIN diodes, Schottky barrier diodes (SBD), photoconductors
(PCD), and metal-semiconductor-metal photodiodes (MSM-PD). Since PIN diodes
are basically vertical structural devices, the fabrication process becomes more
complicated than planar structural devices such as SBDs, PCDs and MSM-PDs.
Although the PCDs have a large photocurrent gain, the available frequency
bandwidth is lower than that of other SBDs and MSM-PDs. These two devices
have demonstrated a 3-dB bandwidth in excess of 100GHz. Integration of MSM-PD
with monolithic amplifiers are investigated for optical receiver applications.

As for the three terminal devices, HPT, MESFET, and HEMT have been
studied for photodetectors. These devices .except HPTs can realize not only
photodetection functions but also MMW amplification or frequency mixing. Since
all receiver components can be fabricated by the same MMIC process,
monolithically integration of compact and cost-effective optica/MMW transducer
is possible. HPTs have not been developed for MMW devices so far, it is difficult to
produce opticalMMW transducer by HPT précess. However, HBT devices are
being developed for high-speed digital and high-frequency analog devices as
electronic devices. If these electronic process-based HBTs can operate as
photodetectors, HBT-based monolithic optical/MMW transducer is feasible. This
will be discussed in following section. Other two devices, MESFET and HEMT are
widely used in the commercial equipment and the performance of these devices is.
continuously improved using new material, new process and new circuit design
methods. A lot of results are appeared in Ref.[5]. In addition to the application of
MESFET and HEMT as MMW devices, these devices can be used as MMW
optoelectronic devices which utilize the high-speed and high-frequency
characteristics in the electrical domain.

3.1.2 Basic Performance of HEMT Photodetectors
The basic performance of HEMT and HBT photodetectors are evaluated using
0.83-um wavelength carrier and LiNbO3 external optical modulator (EOM).
Fig.3.1 shows the experimental setup for MMIC devices. Since the devices are
fabricated on a GaAs wafer, we use an on-wafer probe station to measure the
optical response. The input optical beam is focused within a spot diameter of




10pm. Fig.3.2 shows the schematic configuration of HEMT photodetector
composed of three electrodes. A n-AlGaAs/InGaAs HEMT with a cutoff frequency
of approximately 40GHz has a gate length of 0.25um and gate width of 100um.

A LiNbO3 EOM is used as the optical transmitter. Optical insertion loss is
about 9dB and Vp for 100% modulation is 2.3V. Although a 3-db bandwidth of the
EOM is 4GHz, the increase of the link loss is less than 10dB in the frequency range
up to 20GHz. An ultra-wideband PIN photodiode (New Focus 1001) whose 3-dB
bandwidth and responsivity are 40GHz and 0.52mW/mA, respectively, is used for-
~ comparison of HEMT detectors. Fig.3.3 shows the frequency response of HEMT
detector as well as PIN device. At zero gate bias, the HEMT detector has a
responsivity of 2.1mA/mW. Due to the difference of responsivity, the link loss of
HEMT is 12-dB smaller than that of PIN. However, the experimental result shows
22-dB link loss improvement at 1-GHz subcarrier frequency. This large
improvement is attained by the internal gain which decreases as frequency
increases. At the frequency range above 15GHz, the link loss of HEMT becomes
larger than that of PIN device. This frequency depends on the coupling efficiency
which is defined how much optical power is supplied into GaAs layer. The
electrode structure of HEMT is not suitable for optical beam input because of the
straight pattern. Since the frequency response of MMW HEMT detector is not yet
analyzed in detail, further investigation is required for realizing MMW
photodetector.

3.2 Fiber Optic 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.3.4 with
both 0.83um and 1.3um optical devices. The fiber optic link's performance is
characterized both in terms of digital and analog signal transmissions as shown
in the experimental setup in Fig.3.4(a). All system impedances are 50 Ohms. A bit
error rate (BER) measurement is used to characterize both the directly modulated
IF link and the externally modulation 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 frequency in use. The Rcvr. (receiver) contains similar
components.

3.2.1 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 1.3um
optical devices. The clock frequency of QPSK modulator is 6.312 MHz with the IF
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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. 3.5(a). A CNR degradation
from the theoretical value is within 1.5 dB at an error rate of 10-4. Because the data
with the fiber optic link is the same as that without (direct transmission - all
electrical), no CNR degradation is caused by the fiber optic link.

The FM IF data link portion is composed of 0.83um optical devices and a
HEMT detector. The base-bandwidth and required RF bandwidth of the FM.
modulator are 4.2 MHz and 36 MHz, respectively. Fig.3.5(b) shows the weighted
SNR performance of this IF link vs. IDS. The link performances for a MMIC
MESFET detector and PIN photodiode are also shown in the same figure for
comparison. A weighted SNR of 62.5dB is achieved by a PIN photodiode. The
average weighted SNRs by HEMT and MESFET detectors are about 60 dB and 59
dB, respectively. The difference of the weighted SNR of the HEMT and MESFET
detectors arises from the device's transconductance. Although a SNR fluctuation
is observed 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.3.5(c). In this figure it is shown
that as the optical input power is reduced, the magnitude 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.

3.2.2 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 fr'equency is used. The LiNbO3 external
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
modulator met the bandwidth requirement. _

The 1.3um optical links are evaluated using both digital and analog signals.
Fig.3.6 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 measured using the same QPSK modulator/demodulator
as was used in the IF link. CNR degradation from the theoretical value is within 2
dB and the value is the same as that obtained without the fiber optic link
(Tx-Revr.), showing no degradation from link insertion. The BER versus the
received optical power is shown in Fig.3.6(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 amplitude
and Vp of the external modulator [34]. The required optical power at the receiver is
inversely proportional to the subcarrier input power.

Fig.3.6(c) shows the weighted SNR versus the modulation input power (Tx
output power). The SNR is first measured by a direct connection of the transmitter
(Tx) and receiver (Revr.) and then subsequently measured using the fiber optic
link inserted. The average weighted SNR of the Tx-Revr. link is approxiinately 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.3.6. A

The RF link composed of HEMT detectors is next characterized with the 26
GHz band subcarrier using the experimental setup shown in Fig.3.4(b). The direct
Tx-Revr. 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 photodiode link is less than 0.5dB and 1 dB at error
rates of 10-4 and 10-8, respectively as shown in Fig.3.7(a). 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 relatively high forward
current in the HEMT.

The link described above is further investigated in terms of analog signal. A
25-GHz FM modulated signal with baseband width of 4.2 MHz and required RF
bandwidth of 36MHz is supplied to the EOM. Two amplifiers whose total gain is
51.3dB at 25-GHz band are connected to the HEMT detector output to amplify the
- low detected power level. The optical input power of the detector is -5.7dBm. The
SNR larger than 50dB was attained at a drain bias voltage of 5V because the signal
level is improved by an increase of the drain voltage. The signal level is not
strongly dependent on the gate bias voltage. The SNR fluctuated within 1dB due to
the instability of the laser diode output power and the optical beam vibration.
Fig.3.7(b) shows the weighted SNR versus the optical input power of HEMT. The
weighted SNR is proportional to the input power of EOM and is not saturated at an
input power of 15dBm. Higher input power of EOM can improve the SNR. The
PIN used is the same as that in Fig.3.3. The averaged SNR at an optical input
power of -6dBm is 55dB by PIN and 49dB by HEMT. Because the detected
amplitude difference of two detectors at 25-GHz band is approximately 9dB, 3-dB
noise degradation by PIN detector could be observed in the experiment. In spite of
the poor coupling efficiency of HEMT devices, the high SNR value was achieved by
HEMT.
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4.1 Laser Diode Links

A number of fiber optic links have been investigated for microwave and
millimeter-wave signal transmissio. The performance of optical devices is being
improved and the maximum operating bandwidth has exceeded the Ka-band.
Another technique which can extend the bandwidth of fiber optic links is the
utilization of the inherent nonlinearities of the optical devices, i.e. laser diodes and
photodiodes. A laser diode modulated by a high RF signal power near the
relaxation oscillation frequency generates harmonics. The generated harmonics
can then be used as the carrier reference signal. A photodiode nonlinearity can
also produce harmonics and these can be used to convert the detected modulation
signal frequency. Harmonics not only extend the fiber optic link bandwidth, but
often generate undesired spurious signals. To suppress undesired spurious
signals, microwave filters must be used.

In this section, three fiber optic link configurations are proposed, that utilize
the combination of microwave functional components (e.g. in-/out-of-phase
combiners/dividers) and optical devices (e.g. laser diodes and photodiodes). These
links can suppress undesired spurious frequencies generated by the laser diode
nonlinearity. The phase of the RF signals supplied to the laser diode is
determined by the microwave circuits. In addition to the fundamental laser diode
RF frequency, harmonics or converted frequencies are received in the photodiodes.
The RF signals detected by the photodiodes are then recombined using microwave
circuits. This recombination process suppresses the undesired signals. The
three fiber optic links proposed in this paper utilize these technologles of signal
suppression and are summarized as follows:

Balanced Laser Harmonic Generation Link: Even and odd harmomcs of RF
frequencies generated by the laser diode nonlinearity are added and suppressed,
respectively. One configuration consists of two laser diodes, two photodiodes, an
out-of-phase divider, an in-phase combiner and two fibers. The other utilizes an
optical combiner or an optical divider to reduce the number of fibers and optical
devices from two to one, respectively. The primary objective of the link is to extend



the link bandwidth which is beyond the relaxation oscillation limit of the laser
dicdes. The link can be applied to transmit the carrier reference signal which is
used for the injection locking of local oscillator or the local oscillator power of
frequency mixer. '.

Balanced Laser Mixing Link: The laser diode nonlinearity is utilized to up-/
down-convert signal frequencies in the links.  The link configurations not ‘only
suppi'ess local frequencies but also add the converted frequencies from each laser
diode. The links are composed of two laser diodes, one or two photodiodes,
out-of-phase dividers, in-phase combiners, and one or two fibers. Two fibers and
two photodiodes can be reduced to one, respectively, by connecting an optical
combiner. The objective of the laser mi:dng link is to eliminate electrical mixers
in the optical receiver. This makes it possible to configure the receiver compact
and cost-effective. The balanced laser mixing link can realize more compact and
inexpensive optical receiver hardware than conventional laser mixing links.

Image Cancellation Laser Mixing Link: The up-converted frequencies, e.g.
upper sideband and lower sideband frequencies are obtained separately from each
output port. The link is composed of two laser diodes, two photodiodes, an
out-of-phase divider, two in-phase combiners, two 90° hybrid circuits, and two
fibers. The objective of the image cancellation laser mixing link is the same as
that of the balanced laser mixing link.

The fundamental behavior of these configurations is discussed and their
basic performance experimentally investigated at microwave frequency bands
using commercially available optical devices.

4.1.1 Link Analysis
To describe the basic idea of the proposed fiber optic links, several equations
have been derived in this section. The intensity modulated light output of the laser
- diode is generally written as .
P=P0 * [1+m * cos(ot)] (1
where PO is the average light output, m is the optical intensity modulation index
and o is the modulation RF angular frequency. If the RF signal is split by the
out-of-phase divider and supplied to each laser diode, the light output P1 and P2
from each diode is written as
P1=P01 * [1+m1 * cos(wlt)] ' . (2)
P2=P02 * [1+m2 * cos(@1t+7)] | 3)
where P01 and P02 are the average light outputs, m1 and m2 are the optical
intensity modulation indices. The output of large-signal modulated laser diodes is
expressed as ,
P1=P01*[1+m1*cos(wlt)+A2*{m1*cos(wlt)}2+A3*{m1*cos(wlt)}3+~-- -]



=P01*[1+m1*cos(w1t)}+A2*{m12*cos(2w1t)}+A3*{m13*cos(B8wlt)}+ - - - -] 4)
P2=P02*[1+m2*cos(o1t+n)+B2*{m2*cos(wlt+m)}2+B3*{m2*cos(wlt+m)}3+ - - -]
=P02*[1+m2*cos(wlt+mn)+B2*{m22*cos(20w1t)}+B3*{m23*cos(Bwlt+n)}+ - - - 1. (5)
If two optical signals are detected by photodiodes and combined by an in-phase
combiner, and the amplitude coefficients are equal, the fundamental and odd
harmonics are suppressed and even harmonics added, due to the out-of-phase and
in-phase relationship, respectively. Thus, both high frequency transmission
above a relaxation oscillation frequency of laser diodes and suppression of
undesired spurious frequencies is feasible using the laser diode nonlinearity and
an RF-signal phase shift. A link with a function determined from Eqs. (4) and (5)
will be proposed using a combination of optical devices and microwave passive
components.

If two modulation signals are superimposed onto the bias current of the laser
diodes, the laser diodes can operate as an optical source and a frequency converter
simultaneously. The intensity modulated light output of the laser diode is
expressed as

P=P0*[1+m1*cos(wlt)+m2*cos(w2t)] 6)

where ©l and ®2 are the modulation angular frequencies. If the laser diode
nonlinearity is used, Eq.(6) is expanded to:
P=P0*[1+m1*cos(®lt)+m2*cos(w2t)+A2*{m1*cos(wlt)+m2*cos(w2t))
+A3*{m1*cos(wlt)+m2*cos(@2t)’+ - - - -]
=P0*[1+m1*cos(wlt)+m2*cos(w2t)+A2/2*m12¥cos(2w1t)+A2/2¥*m22*cos(2m2t)
+A2*m1m2*cos(01tn2)t+3/4*A3*m12m2*cos(201+w2)t
+3/4*A3*m1m22*cos(w1F2w2)t+ - - - -]. - @)
If both signal frequencies of wl and w2 are divided out-of-phase and supplied to
two laser diodes, the modulated light output of one diode is given by Eq.(7), while
that of the other diode is expressed as
P'=P0"*[1+m'1*cos(wlt+p)+m'2*cos(w2t+p)+A2*m'12*cos(2w1t)
+A2'/2*m'22%cos(2w2t)+A2'/2*¥m'1m'2*cos(w1tw2)t
+3/4*A'3*m'12m'2*cos(201tw2+m)t
+3/4*A'3*m'1m'22*cos(@12m2+7)t+ - - - -]. , (8)
If two optical signals, P and P', are combined in-phase, the fundamental
frequencies of w1l and w2 are cancelled, and the sum and difference frequencies of
wltw2 added. This balanced behavior is achieved using laser diode nonlinearities
and microwave out-of-phase dividing functions. If one signal is divided by a 90°
hybrid circuit, Eq.(8) is rewritten as
P"=P0"*[1+m'1*cos(®wlt+n)+m'2*cos(w2t+n/2)+A2'/2*m'12*cos(2m1t)
+A2'/2*¥m'22%cos(202t+p)+A2'*m'1m'2*cos(wl+w2+3m/2)t
+A2*m'Im'2*cos(01-w2+7/2)t+3/4*A'3*m'12m'2*cos (201 +w2+71/2)t



+3/4*A'3*m'12m'2*cos(2w1-w2+31/2)t
+3/4*A'3*m'1m'22*cos(w1+2m2)t+ - - - -1. (9)
If two optical signals, P and P", are combined by a 90° hybrid circuit, the upper
and lower sideband signals are obtained separately from the output port of the 90°
hybrid circuit. This operation is the same as that of the image cancel microwave
mixer[17]. These functions are accomplished utilizing a combination of the laser
diode nonlinearity and the phase shift of modulation frequencies.

4.1.2 Link Configuration ’
A. Balanced Laser Harmonic Generation Link

The configurations of the balanced laser harmonic generation link are
shown in Fig.4.1. The single-fiber links consist of an out-of-phase divider, one or
two laser diodes, an optical combiner or divider, one or two photodiodes, and a
fiber cable. The 180° RF signal phase shift is achieved using the out-of-phase
divider which is connected to laser diodes in link A, while in link B the detected
RF signals are combined by the out-of-phase combiner. Links C and D consist of
‘two laser diodes, two photodiodes, an in-phase combiner, an out-of-phase divider
and two fiber cables. The disadvantage of link B which uses only one laser diode is
a 3-dB increase in link loss. The others could have the same link loss, if the laser
diode and photodiode characteristics are equal.'

As the basic behavior of the single-fiber link is the same as that of the
twin-fiber link, the mechanism to cancel undesired signals is discussed below
using the single-fiber link as an example for both. The input microwave signal is
divided out-of-phase and then it modulates the laser diodes. Two intensity
modulated optical signals which contain input RF frequency harmonics are
combined by an optical combiner and detected by a photodiode. These two optical
signals are expressed by Eqs.(4) and (5), respectively. The fundamental and odd
harmonics are czincelled due to a 180° phase difference. The even harmonics are
added due to the .in-phase relationship. The basic behavior of Figs.4.1(b) and (d) is
different from that of Figs.4.1(a) and (c). The out-of-phase combiner is designed to
give np phase shift to the fundamental (n=1) and odd harmonics (n=0odd number),
and mp phase shift to the even harmonics (m=even number). This circuit is
configured simply using a quarter wavelength distributed transmission line
whose length is designed at the fundamental frequency. Thus, in principle the
detected microwave frequencies include only the even harmonics of the input RF
frequency. Although the same idea was demonstrated using an optical
interferometer, the link configuration proposed here utilizes microwave
functional circuits such as out-of-phase dividers and combiners, and a couple of
optical devices. '



B. Balanced Laser Mixing Link

Since the laser diode can operate as an optical source as well as a microwave
frequency mixer, the laser diode mixer generates up-/down-converted signals and
a local frequency, if two frequencies (local and IF/RF signals) are supplied. The
output power level at the local frequency is larger than that of the upper and lower
sideband signals if the IF signal level is low. To suppress the local frequency, a
microwave filter must be connected to the photodiode output.. The balanced laser
mixing link shown in Fig.4.2 can eliminate local frequency without using filters.
Two out-of-phase dividers and two in-phase combiners are required to supply the
out-of-phase local frequencies (wl) and out-of-phase IF signals (®2) to the laser
diodes. The light output of the laser diodes is expressed by Eqs.(7) and (8). Since
two detected local frequencies have a phase difference of 180°, they are cancelled at
detector output. Thus in principle, the detected output does not include the local
frequency, only the up-/down-converted signals.

C. Image Cancellation Laser Mixing Link

If the out-of-phase divider for the IF signal is replaced by a 90° hybrid circuit,
the link can transmit the upper and lower sideband signals separately. The
configuration of the image cancellation laser mixing link is shown in Fig.4.3. The
image cancellation configuration is based on the image cancel microwave mixer.
The local frequency (w1)is divided out-of-phase, while the IF signal (w2)is divided
at a 90° phase difference. These divided frequencies are supplied to the laser
diodes and then the frequency is mixed using the laser diode nonlinearity. The
optical output power of the laser diodes is written in Egs.(7) and (9). Two
photodiodes detect the modulated optical power, and the detected microwave
frequencies are combined using the 90° hybrid circuit. The upper and lower
sideband signals are obtained separately from each output port.

4,1.3 Experimental Results

To verify the fundamental behavior of fiber optic links, the balanced laser
harmonic generation link, the balanced laser mixing link and the image
cancellation mixing link are experimentally investigated. Two InGaAsP laser
diodes (Ortel 1515A) are used as harmonic generators and laser mixers. The first
and second laser diodes have a threshold current of 19mA and 15mA and a cw
output power of ImW at a forward bias current of 36mA and 38mA, respectively.
The InGaAs pin photodiode (Ortel 2515A) has a 3dB bandwidth of 10GHz and a
responsivity of 0.6mA/mW. A conventional microwave 180° hybrid circuit is used
as the out-of-phase divider. The optical coupler is used as the optical power
combiner with a 3dB optical power loss.

The detected harmonic levels of the balanced laser harmonic generation
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links (Figs.4.1(a) and (c)) are shown in Figs.4.4 and 4.5. The fundamental
frequencies of the single- and twin-fiber links are 3GHz and 2.5GHz, respectively.
The detected second, third and fourth harmonic levels of the single-fiber link at an
RF input power level of 12dBm are -35.8dBm, -52dBm and -47.8dBm, respectively.
As the detected fundamental frequency level is less than -80dBm, the suppression
ratio of the fundamental and second harmonic is greater than 44dB. Frequency
response of the single-fiber link is shown in Fig.4.4(b)> Although this link is

balanced at the fundamental frequency of 3GHz, the third-order suppression is
| worse than that of the fundamental because of the imbalance of components at the
third-order frequency. Detected harmonic output of the twin-fiber link is shown in
Fig.4.5(a). The second harmonic level is improved due to the absence of an optical
combiner. Its value is -30.6dBm at an input power level of 12dBm. Since the
detected power level of the fundamental is -76dBm; the suppression ratio of the
fundamental and second harmonic is 45.4dB. Frequency responses of each
harmonic are shown in Fig.4.5(b). The odd harmonics are suppressed in the
vicinity of the fundamental frequency of 2.5GHz, as the even harmonic level
increases.

Balanced laser mixing link performance is shown in Fig.4.6. The frequency
responses of the upper and lower sideband frequencies as well as local frequency
are shown in Fig.4.6(a). The balanced mixing link is optimized at an IF frequency
of 1.3GHz. The detected power of the local frequency is -80.5dBm, while that of the
upper and lower sideband frequencies is -38.6dBm and -39 dBm, respectively. A
suppression ratio greater than 41.5dB is obtained. Detected output power versus
local input power of laser diodes is shown in Fig.4.6(b). Since the two laser diodes
used in the experiment have a different light output, the detected local power at
photodiodes is strongly dependent on the local input power level of the laser diodes.

The frequency response of the image cancellation laser mixing link is shown
in Figs.4.7(a) -and (b). In Fig.4.7(a), the upper sideband frequency corresponds to
an RF frequency and the lower sideband frequency to an image frequency. On the
other hand, in Fig.4.7(b), the lower sideband frequency corresponds to an RF
frequency and the upper sideband frequency to an image frequency. The bias
condition of the two laser diodes is optimized at a local frequency of 8GHz, a local
input power level of 14dBm, and an IF frequency of 1.25GHz. An image rejection
of 39.3dB and 23.4dB is achieved in Figs.4.7(a) and (b), respectively. The detected
up-converted (9GHz) and down-converted (7GHz) output power versus the IF
(1GHz) input power is shown in Fig.4.7(c). The detected power is proportional to
the input local and IF power level of the laser diodes.

4.1.4 Discussion



Signal suppression is feasible at microwave frequency bands using a
combination of microwave functional circuits and optical devices. The proposed
configurations use the phase relationship between the input signals of laser
diodes and the output signals generated from laser diode nonlinearities to
eliminate microwave filters. Experimental results of the three fiber optic links are
summarized in Table 4.1. The suppression ratio of the fundamental and second
harmonic is greater than 40dB at the balanced laser harmonic generation link.
The balanced laser mixing link achieves a high suppression ratio (>40dB) at the
6-GHz band. Therefore, these balanced configurations can operate as undesired
signal suppression filters. »

The frequency response deviation of laser diodes, and the amplitude and
phase deviation of each microwave circuit causes an imbalance in the
suppression ratio in the image cancellation link. However, despite the large
number of circuit components in the optical links, a suppression ratio greater
than 20dB is obtained at the 8-GHz band. The disadvantage of these proposed links
is the narrow transmission bandwidth. The frequency responses of each fiber
optic link are shown in Figs.4.4(b), 4.5(b), 4.6(b), 4.7(a) and (b). The bandwidth
obtained is between 200MHz and 400MHz. Because of the limited bandwidth, these
links are suitable for use as carrier transmission links which transmit an RF
frequency or a local frequency. The imbalance of components will be significantly
improved using monolithic integrated circuit technologies which make optical
devices uniform and also incdrporate optical devices and microwave passive

circuits.

4.2 Laser Diode Receiving Link

Optical device nonlinearities of laser diodes and photodiodes have received
much attention since these nonlinearities can not only extend the fiber optic
transmission bandwidth but also make transmitter/receiver hardware simple and
cost-effective. The laser diodes can operate as an optical source and a microwave
mixer simultaneously if the electrical local power is supplied to the laser diode.
The frequency conversion characteristics of laser diodes have been utilized to
make the configuration of fiber optic links simple. As for photodiodes, they can
operate as a optical detector as well as a microwave frequency mixer. The
sufficient electrical local power must be supplied to the photodiodes to convert the
detected frequency to the RF-band. Since the photodiode mixing receiver can
eliminate an electrical mixer, the receiver hardware can be simplified.
Additionally, the photodiode mixing architecture can extend the equivalent
bandwidth of fiber optic links because the detected frequencies are up-converted by
the local oscillator power whose frequency is in the RF-band.



Despite their advantages such as simplification and bandwidth extension, .
the fiber optic links which have been investigated for bidirectional communication
networks require several optical devices, as shown in Fig.4.8(a) and (b). Although
the space division multiplexing link is simple, two fiber cables are needed for
bidirectional communications. In the wavelength division multiplexing system,
two laser diodes whose wavelength is different and two wavelength multiplexers
are used to configure the bidirectional transmission systems. To avoid above
complexity, the time compression multiplex transmission system was proposed,
as shown in Fig.4.8(c). It is named as the LD-LD link in this paper. The optical
devices required for this system are only two laser diodes which operate as not
only an optical source but also a photodetector. The transmitted frequency is
strongly dependent on the laser photodetection capability. It is difficult to transmit
high subcarrier frequencies because of relatively large junction capacitance of
laser diodes. o ‘

In this section, new fiber optic bidirectional links (LD-LD MIX link) which
utilize laser diode photodetection and frequency mixing capabilities are proposed
to extend the transmission bandwidth of the LD-LD links. The frequency mixing
performance is achieved by the nonlinearity of the laser diode. The laser diode
that has two functions, i.e. an optical detection and a frequency mixing is called
an LD receiving mixer in this paper. Additionally, two fiber optic links which
utilize the combination of LD receiving mixers and microwave components are
proposed. The one is the LO suppression link which suppresses the undesired
electrical LO power at mixer output ports, and the other is the image cancellation
link where the upper and lower sideband signals are obtained at the different
output port.

4.2.1 Link Configuration
A. LD-LD MIX Link
The LD-LD MIX link configuration is shown in Fig.4.8(d). The link consists
of two laser diodes, two electrical local oscillators, two broadband microwave
switches, and one fiber cable. Although data signals are transmitted in burst
mode (ping-pong transmission) in the LD-LD link, the proposed LD-LD MIX link
carries analog subcarrier frequencies in burst mode. The control signals are
supplied to the local oscillators and switches. When the D1 is in the emitting
mode, i.e. the LD1 operates as a direct intensity optical modulator and the LO1
power is in off-state, the LD2 is in the receiving mixer mode which up-converts the
detected subcarrier. The 102 is in on-state and the up-converted frequency is
obtained from the SW2 output. On the other hand, when the LD2 is in the emitting
mode, the LD1is in the receiving mixer mode, and the LO1 and LO2 are in on- and
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off-state, respectively.

The disadvantage of the LD-LD link is the limited frequency response. The
reduction of the active layer length of the laser diodes is proposed to decrease the
large capacitance of the laser diodes. But this might modify or damage the
performance of the laser diodes. The LD-LD MIX link is proposed to extend the
fiber optic link bandwidth as well as to simplify the fiber optic link configuration.
The laser diode has the inh'erenvt nonlinearities which are utilized to transmit
high frequencies. Additionally, the laser diode has a rectifying performance, as
shown in Fig.4.9(a). The experiment was done using a commercially available
laser diode which will be explained in the next section. This electrical
nonlineaﬁty can be exploited to realize frequency mixing functions which have
‘been achieved by PIN photodiode devices. The rectified current of the local
oscillator is used to up-/down-convert the detected subcarrier frequency, as shown
in Fig.4.9(b). Fig.4.9(b) shows the schematic I-V characteristics of the laser diode.
The frequency mixing process is the same as that of the photodiode mixing. The
transmission bandwidth extension of an LD receiving mixer is dependent on the
frequency conversion efficiency as an electrical mixer as well as the responsivity
as a photodetector.

B. Balanced LD-LD MIX Link

The output frequencies of an LD receiving mixer are upper and lower
sideband frequencies as well as a local frequency. Microwave filters must be
connected to the laser diode to suppress the undesired spurious frequencies. Since
the LD-LD MIX link is the bidirectional transmission link and the input and
output ports are commonly used, it is difficult. to suppress the undesired
frequencies by filters which are connected to the input/output port. In order to
solve the problem, two novel fiber optic link conﬁg*urétio'ns that utilize the
combination of microwave functional circuits and optical devices are proposed.
This technique ‘was successfully applied to cohﬁgure the laser mixing links.
Fig.4.10 shows two bidirectional link configurations, i.e. the local suppression link
and the image cancellation link. The difference between two links is the splitter /
combiner circuits which divide the input signal to the laser diodes and combine
the output signals from the laser diodes. The local suppression link consists of a
180° hybrid circuit, while the image cancellation link a 90° hybrid circuit.

The basic behavior of the image cancellation link is described as follows: The
IF signal is first divided by a 90° hybrid circuit and then two divided signals are
respectively supplied to D11 and LD21. The local oscillator LO1 is in off-state.
Two laser diodes are intensity modulated by the IF signal. Two transmitted
optical carriers P1 and P2 are expressed as A

P1=P01 * [1+m1 * cos(wt)] ' (10)



P2=P02 * [14+m2 * cos(wt+n/2)] 11
where P01 and P02 are the averaged light output, m1 and m2 are the optical -
ihtensity modulation index and o is the modulation IF angular frequency. Two
optical carriers are detected by LD21 and LD22, respectively. The local oscillator
power from LO2 whose angular frequency is @0 is first divided and then supplied
to LD21 and LD22. The output frequéncies S1 and S2 are expressed as
S1=A1 * cos(wOtw)t + A2 * cos(wOX2w)t +--- - - (12)
S2=A'1 * cos(0+w+n/2)t + A'l * cos(0-0-mt/2)t +---- - . (13)
If S1 and S2 are combined by a 90° hybrid circuit, the upper and lower sideband
signals are separately obtained from each output port. If the 90° hybrid circuit is
replaced by a 180° hybrid circuit, the local frequency component is suppréssed at
the output port. Thus in principle, the desired and undesired frequencies can be
selected without microwave filters.

4.2.2 Experimental Results ‘

To verify the basic behavior of proposed fiber optic links, the LD-LD MIX link
and the image suppression LD-LD MIX link are experimentally investigated
using commercially available devices. The 1.3-um laser diodes (FU-42SLD) were
used for the experiment. The light is output through a pigtailed fiber. The
electrical matching is employed by a series 47-ohm resistor. Avéraged threshold
current is 10mA and the 3-dB electrical bandwidth is approximately 4GHaz.
Conventional microwave components were used as the 90° or 180° splittef/
combiner circuits. '

The static characteristics of the laser diode is shown in Fig.4.9(a). The light
current is proportional to the optical input power. The laser diodes have an
averaged responsivity of 0.3mA/mW. The frequency résponse and the bias
dependence of the LD-LD MIX link is shown in Fig.4.11. The performance of the
LD-LD link is also shown in Fig.4.11(a) for reference. The IF frequency is fixed at
70MHz. The increase of the detected output power at a frequency of 3.6GHz is due
to the relaxation oscillation frequency of the laser diode. The laser diode has a
strong nonlinear behavior in the vicinity of relaxation oscillation frequencies. The
upper and lower sideband signal levels are higher than that of the LD-LD link at
3.6GHz. The frequency mixing efficiency is strongly dependent on the bias
condition of the laser diode. Fig.4.11(b) shows the upper sideband signal level and
the detected current of the laser diode versus the applied bias voltage at a local
frequency of 3.6GHz and a local input power of 15dBm. The frequency mixing
efficiency becomes maximum at a forward bias voltage of 0.6V. This voltage is
determined from a turn-on voltage of the laser diode. The turn-on voltage is
estimated to be 0.8V from Fig.4.9(a). The detected current of the laser diode
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consists of the light current of the optical power and the rectified current of the
local oscillator power. Thus the important design parameters for an LD receiving
mixer are the relaxation oscillation frequency and turn-on voltage of the laser
diode.

The LD-LD MIX image cancellation link is configured using four laser
diodes, two local oscillators, two in-phase dividers and two 90° hybrid circuits, as
shown in Fig.4.10(b). The frequency response of the lower and upper sidebands is
shown in Fig.4.12. The upper sideband frequency corresponds to an RF signal
and the lower sideband frequency to an image, in Fig.4.12(a). On the other hand,
the lower sideband frequency corresponds to an RF signal in Fig.4.12(b). The local
frequency is fixed at 3.6GHz. An image cancellation ratio of 26dB and 23dB is
achieved at an IF frequency of 90MHz in Fig.4.12(a) and 100MHz in Fig.4.12(b),
respectively. Fig.4.13 shows the image cancellation characteristics of the link.
The IF frequency is fixed at 90MHz. The suppression ratio is not sensitive to the
local frequency change, because the direct detection performance of the laser diode
in the frequency range of 2-4GHz has the small amplitude deviation
characteristics less than 5dB. However, since the frequency amplitude response
of the LD detector in the frequency range less than 1GHz varies large as the
frequency increases, the IF frequency response of image cancellation has the
limited bandwidth.

4.2.3 Link Performance

The LD-LD MIX link is characterized using the QPSK modulated subcarrier
frequency. Fig.4.14 shows the experimental setup for QPSK transmission. The
output and clock frequencies are 70MHz and 6.312MHz, respectively. The local
oscillator frequency and power are 3.8GHz and 10dBm, respectively. The applied
bias voltage of the laser diode is 0.6V. The BER was measured by the noise and
interference measurement test set (HP3708A). The MIX-MIX link (Fig.4.14(b))
which consists of microwave mixers and an electrical local oscillator is first
characterized for reference. Then the LD-LD+MIX link which is composed of the
LD-LD link and MIX-MIX link is measured using the same expérimental setup to
evaluate the influence of the laser diode intensity noise. Fig.4.15 shows the BER
performance of these links. The same performance is achieved by the MIX-MIX
and LD-LD+MIX links. Since the local oscillation frequency of 3.8GHz is
determined from the large nonlinearity of the laser diode, the signal
transmission characteristics of the LD-LD MIX link is influenced by the laser
diode nonlinearity. This is the reason why the local oscillation frequency of
3.8GHz is selected. A CNR degradation from the theoretical value of the LD-LD
MIX link is 1.7dB larger than that of LD-LD+MIX or MIX-MIX links. Although
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the QPSK transmission characteristics are deteriorated by the nonlinearity of the
laser receiving mixer, a CNR degradation from the theoretical value is within

3.2dB.

4.3 Harmonic Mixing Links

The basic configurations of the fiber optic links proposed in this section are
shown in Figs.4.16, 4.17 and 4.18. The functions of the central terminal are
modulation /demodulation, and E/O - O/E conversion. The data signal is obtained
by the electrical modulator, and then converted to the optical signal by the optical
modulator (laser diode). The intensity modulated optical signal from.the laser
diode is transmitted to the sub-central terminal through the fiber optic link and
detected by the photodetector. The data signal is converted to the rf frequency in
accordance with the following link architectures.
 A. Harmonic Laser Diode Mixing Link -Link E-

Although the laser diode can operate as an optical source and a microwave
mixer simultaneously, the transmitted microwave frequency is limited by the
‘bandwidth of the laser diodes. The use of harmonics permits the modulation
capability of the laser diode to be extended beyond the relaxation oscillation
frequency limit. This allows better utilization of the fiber optic link bandwidth
capability. The fiber optic link shown in Fig.4.16 exploits both laser diode
harmonics and laser diode mixing, i.e. laser diode nonlinearities. The baseband
- signal is converted to the data signal and supplied to the laser diode mixer. The
laser diode is biased to produce high harmonic levels. The harmonics are used as
the laser local oscillator power for the laser mixer. The data signal and
microwave harmonics are mixed in the laser diode. The intensity modulated
optical signal from the laser diode contains the upconverted and down-converted
signals as well as microwave harmonics. These signals are transmitted to the
sub-central terminal and detected by the photodiode. The desired frequency is
selected by the microwave filter. The frequency multiplicafion factor 1s
determined from the laser diode harmonic order. The relationship between the
output frequency fs of the sub-central terminal and the laser local oscillation
frequency fl is expressed as

fs=M1 flxfd . (14)

where MI is the frequency multiplication factor of the laser diode and fd is the
data signal frequency. To increase the output frequency of the sub-central
terminal, a laser diode with a high relaxation oscillation frequency must be used.
The received rf signals at the sub-central terminal are amplified, then are
converted to the intermediate frequency which can drive the optical modulators.
The optically modulated signal is transmitted to the central terminal and then



detected by the photodiode.
B. Photodiode Mixing Link -Link F-

The fiber optic link using harmonic generation and optoelectronic mixing is
shown in Fig.4.17. The mixer local oscillator power for the optoelectronic mixer is
obtained from the harmonic generator in the central terminal. The amplitude of
the harmonics is optimized using the bias condition of the laser diode, the input
laser local oscillator power level and laser local oscillator frequencies. The
received harmonics are detected by the photodiode and the desired frequency is
selected by the microwave filter. The data signal is transmitted by another fiber
cable and supplied into the optoelectronic mixer, then mixed with the mixer local
oscillator power. The up- or down-converted signals are obtained from photodiode
nonlinearities. Since the photodiode mixing efficiency strongly depends on the
bias condition of the photodiodes, the photodiode bias wvoltage must be
approximately zero. The output frequency is determined from the mixer local
oscillator frequency and the data signal frequency. More explicitly, the
relationship between the output frequency fs of the sub-central terminal and the
mixer local oscillator frequency fl is expressed as

fs=Ml Mm fltfd (15)

where Mm is the frequency multiplication factor of the optoelectronic mixer.
Mm =1 corresponds to fundamental optoelectronic mixing and Mm >1
corresporids to subharmonic optoelectronic mixing.

C. Photodiode Mixing Link -Link G-

In Fig.4.18, it is the optically pumped mixer rather than the optoelectronic
mixer that is used for generation of microwave signals. Harmonics generated
from the laser diode are detected by the mixer and used as mixer local oscillator
input power. The data signal is detected by the photodetector and supplied into the
optically pumped mixer, then mixed with mixer local oscillator power. The up- or
down-converted signals are obtained by photodiode nonhneantles The
relationship between the output frequency fs of the sub-central terminal and the
mixer local oscillator frequency fl is expressed as

fs=M1 fl + fsub. (16)

Eq.(16) is the same as Eq.(14). However, the inherent nonlinearities of the
photodiode are exploited in Link G.

4.3.1 Experimental Results
Three fiber optic links are experimentally investigated. The harmonic laser
mixing and harmonic modulation are accomplished with an InGaAsP laser diode
(Ortel 1510A). The laser diode has a threshold current of 20mA and an cw output
power of 0.6mW at a forward bias current of 50mA. The laser diode's 3dB

cy



electrical bandwidth is approximately 7GHz at a bias current of 35mA. The
InGaAs pin photodiode (Lasertron QDEUHS-035) used as the mixer has a 3-dB
bandwidth of 10GHz and a responsivity of 0.58A/W. In the laser diode mixing
experiment, a microwave power divider was used to combine the laser local
oscillator power and data signal frequency. The microwave 3-dB hybrid was used
to separate the mixer local oscillator/data signal input power and the
upconverted/down-c_bnverted output signals of the optoelectronic mixer and the
optically pumped mixer. To compare the characteristics of three fiber optic links,
the local oscillator frequency of the laser diode is fixed at 4GHz, and the data
signal frequency at.0.9GHz. |

The nonlinear frequency response of the laser diode is shown in Fig.4.19.
The modulated optical power is detected by the photodiode. The harmonic level is
optimized by adjusting the modulation frequencies and the bias current of the
laser diode. The link loss of the 2nd harmonic at 8GHz is 40.4dB, while that of the
3rd harmonic at 12GHz is 45.2dB, both measured with laser local oscillator input
power equal to 10dBm, and at a laser diode bias current of 35mA. The significant
link loss reduction of the harmonics is achieved under the large-signal
modulation close to the relaxation oscillation frequency. The performance of the
harmonic laser diode mixer is shown in Fig.4.20. Fig.4.20(a) shows the output
power of the 2nd harmonic (8GHz) and the upconverted signal (8.9GHz). The
maximum signal output pdwer is -36.1dBm at a signal input power of 0dBm, and
the minimum signal link loss of 31.4dB is achieved at a signal input power less
than -10dBm. Since the link loss of the 0.9-GHz signal is 42.5dB, a conversion gain
of 11.1dB from the 0.9-GHz signal to the 8.9-GHz upconverted signal is obtained.
Fig.5(b) shows the output power of the 3rd harmonic (12GHz) and the upconverted
signal (12.9GHz). Due to the reduction of the 3rd harmonic level as shown in
-Fig.4.19, the output power of the upconverted signal decreases. However, a
conversion gain of 7.9dB from the 0.9-GHz signal to the 12.9-GHz upconverted
signal is obtained. The maximum output power is -41.3dBm at a signal input
power of -4dBm, and the minimum link loss of 34.6dB is achieved.

An other important parameter of the harmonic laser diode mixer is the
third-order intermodulation product (IM3). The IM3 of the harmonic laser diode
mixer is experimentally evaluated. Fig.4.21 shows the output power of the
upconverted signal and IM3. Two équal-amplitude signals at 0.9GHz and
0.91GHz are used to examine IM3 at 9.89GHz and 9.92GHz for the 2nd harmonic,
and at 12.89GHz and 12.92GHz for the 3rd harmonic. The power ratio of the
upconverted signal and IM3 using the 2nd and 3rd harmonics is 30dB and 24.8dB,
respectively, at a signal input power of -12dBm. Although the ratio can be
improved by reduction of the signal input power, IM3 deteriorates at higher order



harmonics. : , »

The output power of the optoelectronic mixer and subharmonic
optoelectronic mixer is shown in Fig.4.22. The data signal input power and the
bias current of the laser diode are 13dBm and 45mA, respectively. The mixer local
oscillator frequency is fixed at 8GHz. Minimum conversion loss is achieved at the
reverse bias voltage of 0.5V, as shown in Fig.4.22(b). The mixing efficiency is
optimized when the bias voltage is approximately zero, because the mixer local
“oscillator power generates photodiode nonlinearities. An output power of
-37.6dBm is obtained at a mixer local input power of 7dBm. This corresponds to a
link loss of 50.6dB. The intrinsic conversion loss of the mixer is estimated to be
8.1dB because the link loss of the data signal at 0.9GHz is 42.5dB. Since the second
order local harmonic is generated in the photodiode, the mixer can function as a
subharmonic mixer. Fig.4.22(a) also shows the characteristics of the
subharmonic optoelectronic mixer. The second harmonic frequency of the mixer
becomes 16GHz. The link loss of the upconverted signal (16.9GHz) is 60dB, and the
obtained output power is -47dBm. The conversion loss of the subharmonic mixer
is 17.5dB. Fig.4.23 shows the other experimental results of the subharmonic
mixer. The link loss of the upconverted signal (12.9GHz) is 51.7dB at a mixer local
oscillator input power of 13dBm, and a mixer local oscillator frequency of 6GHz.
An output power of -37.7dBm is obtained. The upconverted signal (17.1GHz)
generated by the 3rd order mixer local oscillator power (18GHz) is observed in the
experiment. The link loss is 63.7dB and the output power is -49.7dBm at a data
signal input power of 14dBm.

The signal output power and the b1as voltage dependences of the optically
.pumped mixer are shown in Fig.4.24. The 2nd harmonic at 8GHz and the 3rd
harmonic at 12GHz are directly detected by the mixer and used as mixer local
oscillator frequencies. The 0.9-GHz data signal is directly supplied to the mixer
diode. The signal conversion loss of 47.7dB and 57dB is achieved at a local
frequency of 8GHz and 12GHz, respectively. The output power of the mixer is
-40.1dBm at 8.9GHz, and -45.9dBm at 12.9GHz. Since the mixer local oscillator
input power is dependent on the harmonic level generated in the laser diode, the
signalxconversion loss of the optically pumped mixer is larger than that of the
optoelectronic mixer. In order to decrease the conversion loss, higher laser diode
output power is required. The mixing efficiency is optimized at a bias voltage of
approximately zero.

4.3.2 Discussion .
The feasibility of frequency multiplication by harmonic laser mixing,
optoelectronic mixing or optically pumped mixing is demo_nstrated in the X band.
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Table 4.2 summarizes and compares the experimental results of three fiber optic
link configurations. Link E has features high conversion gain, low link loss and
simplification of the fiber optic link architecture. Conversion gain and output
power decrease as the harmonic order increases. To extend the effective
bandwidth of Link E, laser diodes capable of generating high harmonic levels
must be used. Although the laser diode mixing link has the advantage of
reducing the number of microwave components at the central terminal and the
- number of fiber cables between the central terminal and the sub-central terminal,
the dynamic range of the link is limited by low intermodulation product distortion.

The output power of the optoelectronic mixer is larger than that of the
optically pumped mixer, because the local lével for the optoelectronic mixer is
much larger than that for the optically pumped mixer. The local input power of
the optoelectronic mixer can be amplified by microwave amplifiers, while that of
the optically pumped mixer is directly detected by the mixer itself. To increase the
output power of the optically pumped mixer, high harmonic levels must be
transmitted from the harmonic generator (laser diode) in the sub-central
terminal. Since the photodiode in Link F is driven by the electrical local oscillator
power, the harmonics of the mixer local oscillator frequency can be generated
from photodiode nonlinearities. These harmonics are exploited to extend the fiber
optic link effective bandwidth. The photodiode mixing link configuration can
eliminate microwave frequency converters in the sub-central terminal. This
makes it possible to realize a small and cost-effective sub-central terminal. The
photodiode mixing link can extend the link bandwidth up to millimeter-wave
frequencies under the frequency limitation of opto-devices as well as of achieve
simple and inexpensive equipment. Although Link F is composed of three fiber
cables, each link can be optimized to have a wide dynamic rang. The photodiode
mixing links realize signal conversions at the sub-central terminal, while the
laser diode mixing link does so at the central terminal. ‘The photodiode frequency
conversion can eliminate the influence of the laser diode relative intensity noise.
This helps to decrease the noise floor of the converted signals. The system noise
figure is based on the operating condition of the laser diode. The relative intensity
noise contributes to noise figure when the laser diode is operated near the
relaxation oscillation frequency. The photodiode mixing link is usually the least
sensitive to laser noise because of the low frequency signal transmission.
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Fig.4.1. Link configurations of balanced laser harmonic generation. (a) Single-fiber link
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diode. (c) Twin-fiber link configuration C. (d) Twin-fiber link configuration D.
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Table 4.1 Expeimental Results of Three Fiber Optic Links

Balanced laser harmonic generation link  Balanced laser mixing Image cancellation

_ Single-fiber link Twin-fiber link ~ twin-fiber link mixing link

Fundamental frequency (RF) 3GHz 2.5GHz
Local frequency (LO) - 6GHz 8GHz
Intermediate frequency (IF) 1.3GHz 1.25GHz
Upper sideband frequency (Upper) 7.3GHz 9.25GH
Lower sideband frequency (Lower) 4.7GHz 6.75GHz
Suppression Ratio

2nd harmonic/RF >44dB 45.4dB

3rd harmonic¢/RF >28dB 29.7dB

4th harmonic/RF >33dB 35dB

Upper/LLO 41.9dB

Lower/LO 41.5dB

Upper/Lower ‘ 39.3dB

Lower/Upper 23.4dB
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(¢) Time compression multiplexing using LD detector (LD-LD link). (d) Time compression multiplexing
using LD receiving mixer (LD-LD MIX link).
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(¢) Time compression multiplexing using LD detector (LD-LD link). (d) Time compression multiplexing
using LD receiving mixer (LD-LD MIX link).
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Fig.4.24. Performance of optically pumped mixer (Laser local oscillator
frequency=4GHz, Laser local oscillator input power=15dBm, Laser diode bias
current=35mA, Data signal frequency=0.9GHz). (a) Photodiode bias
voltage=-0.7V. (b) Data signal input power=15dBm. -



Table 4.2 Comparison of three fiber optic links.
(Data signal frequency=0.9GHz, Laser local oscillator frequency=4GHz,
Mixer local oscillator frequency=6GHz and 8 GHz)

3 C

Link Upconverted Local Output  Conversion  Tjink
Signal Frequency Frequency - Power Loss Loss
Link E 8.9GHz 4GHz -36.1dBm -11.1dB 31.4dB
12.9GHz 4GHz -41.3dBm -7.9dB 34.6dB
Link F 8.9GHz 8GHz -37.6dBm 8.1dB 50.6dB
12.9GHz* 6GHz -37.7dBm 9.2dB 51.7dB
16.9GHz* 8GHz -47dBm 17.5dB 60dB
Link G 8.9GHz 4GHz -40.1dBm 47.7dB —
12.9GHz 4GHz -45.9dBm 57dB —

* Subharmonic optoelectronic mixing
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