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EDITORIAL

high frequency signals is among the fastest growing

technologies in telecommunications. On the long
term, there is the possibility of monolithic integration
of optical and microwave components to produce self-
contained devices and subsystems preforming functions in
communications, computer networks, process control, test
procedures, and other areas. In the near future, hybrid mi-
crowave optoelectronic components presumably will lead
to new applications such as low cost broad band, distribu-
tion networks of high definition television signals (HDTV),
high speed chip to chip optical interconnects, microwave-
optical links in commercial satellites, high speed subcar-
rier multiplexed optical local area networks and numerous
other applications which cannot be achieved with present
technologies. Key, to these developments is the high speed
optoelectronics. As a rapidly expanding and maturing
area, optoelectronics has many potential applications in
the near future.

T he optical transmission and distribution of high speed,

For enhanced transmission capacities there is an in-
creasing interest in the interfaces of microwaves and light-
waves. This interest has been generated partially by the
avaibality of new, high speed, electrooptic devices (diode
lasers, modulators, switches, etc.) and partially by the de-
velopment of more sophisticated microwave and millime-
ter wave circuits and systems. The present special issue
addresses some specific problems of these emerging tech-
nologies.

There is a strong trend to apply more and more mono-
lithic microwave-photonic integrated circuits for communi-
cations. In the fields of optical transmission and distribu-
tion of high speed signals new modulation and detection
methods are introduced. The recently developed low noise
optical amplifiers extend the application field of the optical
transmission of high speed, high frequency signals. These
topics are discussed in detail in the present special issue
devoted to optical communications.
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MONOLITHIC MICROWAVE-PHOTONIC INTEGRATED
CIRCUITS FOR COMMUNICATIONS

P. HERCZFELD

DEPT OF ELECTRICAL AND COMPUTER ENG.
DREXEL UNIVERSITY
PHILADELPHIA, PENNSYLVANIA, 19104 USA

Some ideas on chip level integration of microwave and photonic
components will be presented. The approach is rooted in GaAs MMIC
technology, which, however, will require refinement and extension. To
confine light into guiding regions will require a more extensive use of
heterostructures, resulting in a more complex structure in the vertical
direction. With the increasing sophistication of molecular beam
epitaxy and related techniques, this should not present a problem.
In some cases, feature sizes for the photonic devices in the lateral
direction have to be in the order of a half wavelength, or just over .2
microns in GaAs. Fortunately, nanostructure fabrication is a rapidly
developing technique, and, in the near future, submicron feature sizes
should become more feasible.

1. INTRODUCTION

Two communication technologies will dominate the fu-
ture developments: satellite and fiberoptic. The new gen-
eration of “Advanced Communications Technology Satel-
lites” (ACTs) will provide high quality, high data rate ser-
vices. In fiberoptic communications we will have mega-
meter transmission systems with no repeaters, better local
area networks in offices and factories, and interconnects
with high speed computers.

In terms of applications two trends are prevalent. Ex-
pansion in global communications through satellite and
fiberoptic systems will enhance the integration of third
world (and former communist countries) into the western
communication manifold. In the western world, empha-
sis will be on “personal” communications using low orbit
satellites and “fiber to the home”.

One of the challenges of the future is the development
of better interfaces between electronic (microwave) and
optical communications, including the chip level merging
of photonic and electronic components on III-V com-
pounds.

Maturing of a sophisticated new technology, monolithic
microwave integrated circuits (MMIC), marks one of the
most important current developments in devices. This new
technological base for the design and production of III -V
compound-based integrated circuitry is now complete, with
sophisticated computer aided design techniques, material
and device processing hardware and methodology, testing
and packing procedures — all backed by a cadre of expert
scientists and engineers.

As a rapidly expanding and maturing area, photonics has
many potential applications, both civilian and military. The
notion of integrating photonic and microwave devices on a
single chip, the theme of this paper, derives from their in-
herent similarities in terms of material, structure, and fab-
rication. A key feature of photonic devices and circuits is
the invariable interaction between electrons and photons.
Therefore, the interface between photonic and high speed
electronic processes presents a pivotal scientific and tech-

nological challenge, which, in the long term, will lead to
new devices and applications. The discussion emphasizes
ideas related to chip level integration of microwave and
photonic components and subsystems.

2. NOVEL MICROWAVE-PHOTONIC DEVICES

The motivation of the research discussed here is the
merging of photonic and microwave componentry on an
MMIC substrate, illustrated in Fig. 1. The concept in-
volves addressing MMMICs by optical means to control
various microwave functions. Alternatively, the inter-
est lies in retrieving information from MMICs by optical
means and routing them via fibers to other microwave cir-
cuits. One approach in interfacing MMICs with fiberop-
tics involves partitioning a section of the standard GaAs
chip for the photonic devices, detectors and modulators,
while leaving the rest of the MMIC in its normal con-
figuration. This notion supports the constraint that the
inclusion of photonic devices on the MMIC chips require
minimal changes in standard MMIC design and fabrication
practices: a critical point if costs are to be kept in line.
The following sections present a discussion of the problem
of optical input and output ports on MMICs, augmented
by examples.

" FUNCTIONAL
1‘: Y, i MICROWAVE CHCUT
' :
1 ™
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Fig. 1. Control and data signal inputs to MMIC via optical fibers.
Standard MESFETs, HEMTs or HBT are used as optical input
ports (detectors). External modulator as an optical output port on
MMIC chips.

3. OPTICAL INPUT PORT ON MMIC

The optical control of hybrid and monolithic microwave
circuits, such as switches, attenuators, phase shifters and
mixers, has been described by several investigators [1]—
[5]. Madjar and Paolella [6], [7] studied the internal
photovoltaic effect in the MESFET, which gives rise to
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photoresponse in the device. In the internal photovoltaic
effect, illustrated in Fig. 2, the absorbed plhiotons modulate
the episubstrate barrier, thereby modulating the channel
height. In effect, the light acts as an “optical gate”. The
simplified form of the photoresponse, the drain current, is

Ida = ngph = Rsub(qFAeﬂ' P= Ibar) (1)

where g,y is the transconductance of the device and Vpp, is
the optically induced photovoltage, Rs,}, is the substrate
resistance, F' is the incident photon flux, A.g is the
effective area between the gate and drain and the gate and
source metalization where the light is absorbed. I}, is the
dark current through the barrier.

Fig. 2. Internal photovoltaic effect in GaAs MESFET. The difference
in doping level between the epi and substrate layers produces a
potential barrier in the standard MESFET, as shown in Fig. 2a.
When illuminated, the potential barrier is reduced, as depicted in
Fig. 2b, thereby increasing the channel height (optical gate).

The frequency response of a standard MMIC GaAs
MESFETS has been studied analytically and experimentally
in the range of 10 MHz to 10 GHz, and compared to a
high-speed PIN photodetector [7]. At lower frequencies
(below 1000 MHz), the MESFET has a significantly larger
response (in excess of 10 dB) than that of the PIN diode,
which makes the MESFET desirable as an optical port
on MMICs for the detection of low data rate signals. To
enhance the high frequency response of the MESFET to
the level of the PIN diode, several steps can be taken. The
optical coupling efficiency, the fraction of the absorbed
to incident photons, is about 60% for the PIN diode, but
less then 10% for the MESFET since the metal electrodes
block most of the light from entering into the GaAs. By
altering the geometry of the device (shorter but larger
number of gate fingers), by providing an elliptical spot size
(oylindrical lens), and by an antireflection coating on top
of the MESFET, the optical coupling efficiency could be
enhanced to 40% or higher. This corresponds to a 12
dB increase in the photoresponse resulting in a cross-over
point between the MESFET and the PIN responses in the
vicinity of 6 to 8 GHz.

Further optimization in the frequency response of the
MESFET can be achieved by modifying the doping profile
and by increasing the doping ratio between the epi layer
and the substrate to reduce the barrier capacitance. This
would reduce the RC time constant associated with the
internal photovoltaic effect or optical gate and extend
the corner frequency. A well designed matching network
connecting the MESFET to the microwave circuitry, when
implemented in a MMIC configuration, would further
reduce cost and improve performance. These measures,
when combined with improved coupling efficiency, would
result in excellent MMIC optical ports up to 10 GHz.

In a more general sense, a better understanding of
photoinduced processes in the MMIC active elements,
MESFET, HEMT or HBT, may lead to the design and
fabrication of excellent optical ports on MMIC chips.

4. OPTICAL OUTPUT PORTS ON MMICS

The function of an optical output port, as illustrated in
Fig. 1, is to bring information out of the MMICs by optical
means. The concept introduced here involves sending
an optical carrier via a fiber to the GaAs chip where
the MMIC generated information is superimposed on the
optical carrier. Finally, the coded optical signal is brought
out of the chip via the fiber for processing or routing it
onward as necessary. This requires the development of an
MMIC based external modulator or switch.

Commonly used external modulators are based on the
principle of the electrooptic effect to “slow down” the
photons. Unfortunately, the electrooptic effect is very
small; therefore, either large fields or long interaction
lengths, or both, are required to introduce substantial
phase modulation. Most devices use an interferometric
layout to convert the phase (velocity) modulation into
amplitude modulation. The choice of material is LINbO3,
which is not a semiconductor and therefore not suitable
for chip level integration with electronics.

An alternate avenue for the index modulation is the use
of carrier injection or depletion (i.e., the photo-refractive
effect). The dielectric constant, and hence the index of
refraction, is a function of the plasma frequency, wp, or
the carrier density, /V, that can be changed by injection or
depletion of electrons or holes. For GaAs, at an cptical
wavelength of 1.3 um, the change in index of refraction
is

n—no = An = (.5ng) - (wp/w)? & =2.5-10"'ecm 3 AN,
(2)
where AN, represents the injected carriers. The max-
imum voltage required to deplete carriers at a Schottky
junction is

2 ¢ (3)

where d is the Schottky and ohmic contact electrode sep-
aration and Np is the doping density. Carrier injec-
tion/depletion can yield a larger change in the index of
refraction than can the electrooptic effect. R. Soref et al.
[8] have already used the carrier induced solid state plasma
effect to make photonic devices.

One of the several device configurations now un-
der consideration is shown in Fig. 3. The structure
consists of two vertically integrated optical waveguides
fabricated on a semi-insulating substrate (SI-InP). The
lower waveguide consists of a 0.4 pm-thick core layer
of Ing 77Gag 23As0.50P0.50 (n1 = 3.4261), which is
grown on a 1.0 um-thick InP (n3 = 3.2091) buffer
layer acting as a passive cladding. The upper waveg-
uide consists of a 0.4 um-tick waveguide core layer of
Ing 81Gag.19As0.40Po.60 (74 = 3.3766). The two core
layers are separated by “active” and passive clads. The
active cladding is a 0.66 um-thick 10'® cm~3 n-doped
Ing.79Gag 21As0.45Po 55 (n2 = 3.39) layer, and the pas-
sive cladding is a 0.2 pm-thick InP layer. On top of the
upper waveguide is the final InP layer with a thickness of
1.0 um. A periodic electrode pattern formed on top of the
device provides Schottky contacts while the ground elec-

Vmax =
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trode at the bottom of the buffer layer is deposited using a
via hole.

@ (b)

Fig. 3. Optical switch/modulator structure. With no applied electric
field, Fig. 3a, light is guided through the upper waveguide. The
electric field depletes carriers under the Schottky contacts forming a
grating through this grating both waveguides are coupled and light is
switched from the upper to the lower waveguide.

A preliminary, and greatly simplified, computer simula-
tion of this structure was carried out by M. Silva [9]. The
dispersion diagrams for the first two guided modes in the
upper and lower guides were simulated with active cladding
thickness @ = 0.06 pm.

EFFECTIVE REFRACTIVE INDRX (nef)

o1

"l‘l:‘l‘l“luul‘lul U TR I T VI VA VR U T IO
THICKNESS () IN MICRONS THICKNESS (T) [N MICROKS
® L]
Fig. 4. Dispersion diagrams of the upper optical waveguide, Fig. 4a,
and lower optical waveguide, Fig. 4b, with the above data

EFFECTIVE REFRACTIVE INDEX (nefh)

The simulation results, shown in Fig. 4, reveal that the
upper waveguide is single-mode for 0 < ¢t < 1.2 um
while the lower waveguide is single-mode in the range
0 < T < 0.5 um. For a thickness of 0.4 um the
effective refractive index of the upper and lower waveguide
is 3.2878 and 3.3326, respectively.

Simulations for the optical intensity and lower wave-
guide confinement factor were also carried out (Fig. 5).

It can be seen in Fig. 5a that both propagating modes
of the structure interact strongly with the electrically
generated grating. In Fig. 5b, it can be noted that the
lower waveguide confinement factor in the grating region
is 7%.

The structure is composed of two nonidentical wave-
guides and transfer of energy between them occurs via the
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N MR, (4)

Teff2 — Teffl

where n.g2 and neq; are the effective refractive indices
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wavelength of 1.3 um the period of the structure is 29 um,
ie. 14.5 pm of metal fingers separated by 14.5 um gaps.
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Fig. 5. Optical intensity versus thickness for both waveguide, Fig. 5a,
in this figure the intensity profile at right is for the upper waveguide.
The confinement factor versus thickness of the lower waveguide is
shown in Fig. 5b.
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The voltage required to deplete carriers in the active
cladding is approximately 2 volts. Detailed calculations
considering the electronics of the complex heterostructure
is in progress. Preliminar results indicated that the
modulation bandwidth of the device is the GHz range.

This example should be considered as an illustration of
the type of novel ideas and devices that may be developed.

5. CONCLUSIONS

Ideas on chip level integration of microwave and pho-
tonic components were presented. The approach is rooted
in GaAs MMIC technology, which, however, will require
refinement and extension. To confine light into guiding re-
gions will require a more extensive use of heterostructures,
resulting in a more complex structure in the vertical direc-
tion. With the increasing sophistication of molecular beam
epitaxy and related techniques, this should not present a
problem. In some cases, feature sizes for the photonic
devices in the lateral direction have to be in the order of
a half wavelength, or just over .2 micron in GaAs. For-
tunately, nanostructure fabrication is a rapidly developing
technique, and, in the near future, submicron feature sizes
should become more feasible [10]. As feature sizes shrink,
the transport of free carriers will be dominated by quantum
effects, changing the basic interaction between electrons
and photons. All these developments represent exciting
scientific challenges to be fulfilled by the emergence of
novel devices and new applications, ranging well beyond
what is envisioned at present.
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The paper examines the feasibility of using optical amplifiers in
the signal distribution networks of optically controlled phased array
antennas. First there is a discussion about which analogue signals
need optical amplification in a phased array. Then there is a
description of the structure and the principles of operation of the two
main types of optical amplifier, the semiconductor laser and the doped
fibre structure. Finally, as a specific example, the feasibility of using
semiconductor laser amplifiers in the forward link of a satellite-based
phased array is analyzed. Using a computer model developed to model
analogue optical systems, the optimum position of the amplifiers
inside the network in terms of RF link loss, S/N ratio, and total use
of semiconductor laser amplifiers can offer reduced electrical power
consumption, improved S/N ratio and reduced circuit complexity.

1. INTRODUCTION

Following the successful development of optical ampli-
fiers for the telecommunications industry [1], [2] their use
in other applications has been proposed. One of them is
in optically controlled microwave phased array antennas
for the distribution of the various signals to the elements
of the array [3]. One of the main limitations of the pas-
sive optical networks currently under research for use in
optically controlled phased arrays is the small number of
elements (usually about 30) which can be fed from a single
optical source. To overcome this problem most designers
use many optical sources, each one of them feeding a
small number of elements [4], [S], [6]. A microwave net-
work is used to distribute the RF signals to these sources.
However, as antenna applications move to higher frequen-
cies the optical sources and other microwave components
become more expensive. Also, new, more complicated
sources such as laser heterodyne systems are being consid-
ered for use in phased arrays [7] with control circuits which
are difficult and expensive to construct. So there is a desire
to use a single optical source to feed all the elements of
the array. This can be done if the output optical signal of
this source can be amplified in the optical domain. This
can be achieved using optical amplifiers.

Although in the literature the use of optical amplifiers
has been extensively examined for digital telecommunica-
tions links [1], [8] and cable television distribution systems
[9], [10] a recent literature survey has shown that there is
no paper which examines the use of laser amplifiers in op-
tically controlled phased array antennas. The object of this
paper is to meet that requirement. The paper is organized
as follows: first there is a discussion about which signals
need optical amplification in a phased array. Then there
is a brief description of the structure and principles of
operation of the two main types of optical amplifiers, the

semiconductor and the erbium doped fibre structure. The
characteristics of the two types are discussed with respect
to their fabrication methods, polarization and temperature
gain sensitivity, optical bandwidth, modulation and noise
performance. Finally as a specific example, the feasibility
of using semiconductor laser amplifiers in a satellite-based
phased array is examined.

2. SIGNALS WHICH MAY REQUIRE OPTICAL
AMPLIFICATION IN A TYPICAL PHASED ARRAY

In a typical phased array antenna, both analogue and
digital signals need to be distributed from the array
processor to the elements and vice versa. The optical
technology for the distribution of digital signals is well
established and will not be a discussion subject of this
paper. The analogue signals which are candidates for the
use of optical amplifiers are the following:

2.1. RF and LO signals

These are attractive candidates for optical amplification
for two reasons:

o Since these signals need to be distributed to every
element of the array, if a passive optical network is used
the intensity of the optical carriers will be reduced by
splitting and other component losses. So due to the
limitations from thermal noise, only a limited number
of elements (usually ~ 30) can be fed from a-single
optical source. However, if optical amplifiers are used,
the splitting losses will be compensated by the gains of
the amplifiers and so it may be possible to feed all the
elements of the array from a single optical source.

e The frequency of these signals is usually very high.
So at these frequencies RF amplifiers and electro-
optic converters (laser diodes, electro-optic modulators
or heterodyne systems) are difficult and expensive to
construct. In contrast the gain of optical amplifiers
is not dependent on the modulation frequency. So
especially if high RF frequencies are involved it is easier
to amplify the signals in the optical than in the electrical
domain.

2.2. The return IF signal

In this case it is very unlikely that optical amplifiers
will offer any advantage. If a separate optical link with
its own dedicated laser and photodiode is used for the
transmission of every element signal as suggested in [3],
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optical amplifiers are not required, since the link distances
under consideration are small and there are no losses due
to optical splitters or combiners. If the return signals are
combined in the optical domain [4], then although there
are high excess losses due to the optical combiners these
are compensated for by combination gain.

2.3. The IF transmit signal

This signal only exists in certain (usually communica-
tion) systems where the mixing is done at the array ele-
ment level. In such cases as with the RF and LO signals
it needs to be distributed to all the elements of the ar-
ray. So again optical splitting losses will be present, and
optical amplifiers will be required if the signal of a single
electro-optic source is to be distributed to all the elements
of the array. However, since the bandwidth of this signal is
usually less than 1 GHz, analysis shows that if semiconduc-
tor laser amplifiers are used nonlinearities in the response
of the amplifiers may introduce harmonics and third order
intermodulation products [11]. To avoid this, the input op-
tical signals to the semiconductor laser amplifiers must be
of sufficiently low level that the amplifiers do not operate
in their saturation region or the modulation indices of the
optical signals must be small. However, if fibre amplifiers
are used in the distribution network then the response will
be linear for all frequencies of interest.

3. GENERAL CHARACTERISTICS
OF OPTICAL AMPLIFIERS

In the literature various types of optical amplifiers have
been demonstrated. From these the most important and
most widely used are semiconductor laser amplifiers [1], [8]
and rare earth doped fibre amplifiers [2]. There follows a
discussion af the general characteristics and particularities
of these two types of amplifiers with respect to their use in
optically controlled phased arrays.

3.1. Structure of semiconductor laser amplifiers

The semiconductor laser amplifier has essentially the
same structure as the laser oscillator, but anti-reflection
coatings are applied to the laser facets to reduce their
reflectivity. In the literature semiconductor laser amplifiers
are usually divided into two types: Fabry-Parot (FP) and
travelling wave (TW). They differ in their facet reflectivity.

FP amplifiers have high facet reflectivities (0.01 — 0.3)
and operate in resonant mode usually just below threshold.
Their 3 dB gain bandwidth are small (typical value ~ §
GHz) [1] so in order to keep the gain constant, the device
temperature and current, and the wavelength of the input
signal have to be tightly controlled. FP amplifiers also
exhibit gain saturation at a lower input power level than
TW amplifiers and have lower gain.

TW amplifiers have low facet reflectivities (< 0.01)
arising from anti-reflection coatings applied to their facets.
TW amplifiers offer wide bandwidth (~ 10 THz) while the
gain in less affected by temperature. For these reasons
only TW amplifiers will be considered for applications in
optically controlled phased arrays.

If a laser amplifier has exactly the same structure as
a laser oscillator (ie. the planes of the facets are at
90° to the waveguide) then very tight control of the

anti-reflection coating process is needed to achieve low
reflectivities [12], [13], [14]. A better way to achieve low
facet reflectivities is to make the facets of the amplifier
at an angle to the waveguide [15], [16], [17]. In this way
the light reflected by the cleaved facets does not couple
back into the waveguide [15]. This results in an effective
facet reflectivity of about 0.02 without anti-reflection
coating. The effective facet reflectivity is further reduced
to 1.10~* — 8.10~* by the application of conventional
0.01 anti-reflection coatings to both facets [16], [17].

Light is usually coupled into and out of the amplifier’s
waveguide through lens-ended fibres. This requires precise
alignment of the fibres and results in optical losses of the
order of 3 dB — 5 dB per facet. This considerably reduces
the effective gain of the amplifier.

3.2. Structure of fibre amplifiers

Fibre optical amplifiers use optical fibre whose core
is doped with a rare earth element, usually erbium or
neodymium. Typical doping concentrations vary from a
few tenths to a few hundred parts per million [2], [9]. Fibre
amplifiers work on the following principle: A pump signal
of shorter wavelength than the amplified signal is injected
into the fibre. This excites the rare earth ions into a higher
energy level thus causing a population inversion. When
the signal to be amplified enters the fibre, it stimulates the
emission of photons of the same frequency and phase and
so is amplified. The pump optical signal can be removed
before the receiving photodiode (so that it does not induce
extra shot noise) by using an optical filter.

The optimum length of the fibre amplifier depends on
the doping concentration, the available pump power, the
efficiency, and the gain required [18], [19]. Typical values
vary between 1 m and 100 m.

Since fibre amplifiers have essentially the same structure
as standard optical fibres, they can be fusion spliced int
systems with splicing losses as low as 0.1 dB. This means
that unlike semiconductor laser amplifiers they do not have
the problem of coupling losses and end-facet reflectivities.

Wavelength of operation of optical amplifiers

The central wavelength of operation of semiconductor
laser amplifiers is similar to that of the corresponding laser
if its facets were not anti-reflection coated. For fibre
amplifiers two wavelengths are of importance:

e The absorption wavelength of the doping ions i.e.
the wavelength at which the pump source should be
operated

¢ The fluorescence wavelength of the doping ions which
is the wavelength of the input and output signal.

A comprehensive study of the absorption and fluores-
cence spectra of all except one of the rare earth ions in
510, — GeO, — P,05 glass has been reported by Ainslie
et al [20], and should be consulted for further information.

From all the rare earth elements, erbium and neodymium
are the most important since their fluorescence wave-
lengths are compatible with those used in telecommunica-
tions. Erbium ions have absorption wavelengths of interest
at 800 nm, 980 nm and 1480 nm. The fluorescence wave-
length of interest is 1550 nm which coincides with the third
telecommunications window. At this wavelength the band-
width is about 4 nm (~ 500 GHz). The 800 nm absorption
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wavelength also coincides with that of GaAlAs laser diodes
so they can be used as the pump source. Neodymium has
absorption bands at 800 nm and 900 nm and fluorescence
bands at 1060 nm, 900 nm, and 1320 nm, although high
efficiency at this wavelength is hard to obtain.

3.4. Polarization dependence of gain
of optical amplifiers

In erbium doped amplifiers, since the structure is cylin-
drical the gain is the same for both input polariza-
tions. However, in semiconductor laser amplifiers the
gain is usually different for the TE and TM polarization
modes. This is mainly because the confinment factors
I' are not the same for the two polarization directions.
For a typical commercial semiconductor amplifier (BT&D
SOA1100/SOA3100) operating at a bias current of 100 mA
the gain difference between the two modes is about 4 dB.
This difference creates a problem in the use of semicon-
ductor laser amplifiers in optically controlled phased arrays
as it introduces an uncertainty in the RF power budget of
8 dB. There are three possible ways to overcome this:

e To calculate for the “worst case” when designing the
power budget of the system and then use automatic gain
control (AGC) amplifiers in the optical receivers. In this
way the final S/N ratio characteristics of the system will
be better than the calculated results.

e To construct polarization insensitive semiconductor laser
amplifier structures. Various ideas have been reported
in the literature [21], [22], [23], [24], [25], [26]. The
most important of these are:

e The design and construction of semiconductor laser
amplifier chip structures with equal confinment of the
two modes and thus reduced polarization sensitivity
(21], [22].

e The dynamic control of the polarization and tem-
perature characteristics of semiconductor laser ampli-
fiers using an all-electronic method as proposed and
demonstrated by Ellis et al [25], [26].

3.5. Temperature dependence of gain
of semiconductor laser amplifiers

The gain of semiconductor laser amplifiers also depends
on the temperature. For TW amplifiers the main factors
which contribute to this are a reduction in the material
gain constant B and an increase in the transparency car-
rier density n, when the temperature increases. Accord-
ing to [1] for a typical S00 um length amplifier operating
in the wavelength band of 1.5 um the gain increases with
decreasing temperature by about 0.6 dB/°K. As well as the
increase in gain when the temperature falls there is also
an increase in the passband ripple of the amplifier if there
is some residual reflectivity. So for phased arrays which
need to operate reliably over a range of temperatures this
temperature dependence has to be compensated for.

One way to do this is to use a Peltier cooler and a
feedback circuit. Typical commercial amplifiers such as the
SOA3100 from BT&D are packaged with a temperature
control mechanism containing the Peltier cooler and ther-
mistor. This way of directly controlling the temperature
is good for applications in which electrical power is not
expensive to supply (for example in ground based phased
arrays). However, for space applications where electrical

power is expensive this method cannot be used or can be
used only if a few amplifiers are present in the array.

An alternative method of controlling the temperature
and polarization characteristics of semiconductor laser am-
plifiers using an all-electronic method has been proposed
and demonstrated by Ellis et al [25], [26]. This uses a drop
in the bias voltage of the device which depends on the op-
tical signal inside the amplifier to detect the optical power
out of the device. Then, by electronically controlling the
current to the amplifier, its gain can be kept constant with
variations of the temperature and polarization of the input

signal.
3.6. Noise characteristics of optical amplifiers

The equations describing the various noise contributions
in semiconductor laser amplifiers are presented in Ap-
pendix A. These equations have been derived from the
mean and variance in the photon number at an optical
amplifier output described by the photon master equa-
tion [27] and assume a flat frequency response over any
reasonable communications bandwidth. Recently a RIN-
like behaviour of semiconductor laser amplifiers has been
reported [28] but the mechanisms and equations for this
have not yet been fully studied in the literature. So in this
analysis only the classical noise equations will be used. As
can be seen from Appendix A there are four main noise
contributions to the total noise of the amplifier; the beat
noise between signal and spontaneous emission compo-
nents, the amplified signal shot noise (quantum noise), the
beat noise between spontaneous emission components and
the spontaneous emission shot noise.

The noise figure F' of an optical amplifier (semiconduc-
tor or fibre) is defined as the degradation in the S/N ratio
before and after amplification of a quantum noise limited
optical signal. If the signal-spontaneous beat noise is pre-
dominant over the spontaneous-spontaneous beat noise
then using equation (11) of Appendix A the noise figure
F can be reduced to the simple expression:

F =2n,,x (1)
where n,;, is the population inversion parameter and x the
excess noise coefficient for the beat noise between signal
and spontaneous emission (for a complete definition of the
above parameters see Appendix A). The best theoretical
noise figure which can be achieved for an optical amplifier
is 3 dB under complete population inversion of the
amplifying material ie. when n,p,x = 1. Erbium doped
fibre amplifiers have very low noise figures of the order
of 3.2 dB for a co-propagating pump signal and 5.5 dB
for a counter-propagating pump signal [29], [30] and in
many cases their noise characteristics are nearly quantum
noise limited [29]. For semiconductor amplifiers noise
figures varying from 5.2 dB for TWAs [31] to 13 dB for
FP structures [32] have been reported.

3.7. Electrical power consumption and
efficiency of optical amplifiers

Semiconductor laser amplifiers usually have better elec-
trical-optical conversion efficiences than erbium doped
structures since the electrical energy is directly converted
into optical energy without the intermediate use of a pump
signal as in fibre amplifiers. Typical pump power require-
ments to achieve comparable gains are about 70 mW for
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a semiconductor laser amplifier and 100 mW of optical
power for a rare earth amplifier.In general fibre amplifiers
need roughly 5 times more electrical power than semicon-
ductor amplifiers but this depends on many factore such
as the efficiency of the pump source and the efficiency of
the amplifier. For example several efficient erbium doped
structures have been reported in the literature [33], [34].
This low efficiency of fibre amplifiers, unless a very effi-
cient configuration is constructed, makes them unsuitable
for use in applications where electrical power is expensive
such as satellite-based phased arrays. However, because
of their other advantages relative to semiconductor laser
amplifiers they should be the choice for ground based and
other phased array structures where electrical power is not
a significant problem.

4. THEORETICAL ANALYSIS OF THE USE OF SEMI-
CONDUCTOR LASER AMPLIFIERS IN THE FORWARD
LINE OF A SATELLITED-BASED PHASED ARRAY

Having discussed the general characteristics of the two
types of optical amplifiers, the use of semiconductor laser
amplifiers will be analyzed with reference to a specific
system. The analysis of a system using fibre amplifiers is
similar except that their noise characteristics are usually
better. The system under consideration is the forward link
of a satellite-based phased array which is currently under
development without the use of optical amplifiers [4], [S],
[6]. The general characteristics of the link are that it has to
distribute a 5.3 GHz chirped transmit signal and a 5 GHz
receive local oscillator signal to the 512 T/R elements of
the array. The S/N ratio of the output signal should be
at least 113 dBc Hz. The input and output signal levels
should both be 0 dBm to provide a transparent system.

The current approach uses sixteen 1300 nm high speed
lasers each feeding 32 elements. At the remote interface
a P-I-N photodiode is used which is reactively matched to
a low noise amplifier stage. The signal is then boosted
to the required output level using a cascade of six MMIC
amplifier chips.

The parameters of the link have been entered into a
computer model whose main equations are described in
Appendix A, and without the use of optical amplifiers the
agreement between the modelled and the experimental
results was better than 1 dB. The optical amplifier chosen
for the analysis is a polarization insensitive structure
constructed by British Telecom Laboratories [21]. It is
not yet commercially available though it is expected that
it soon will be for both 1500 nm and for 1300 nm. In the
analysis the amplifier is assumed to be biased at 115 mA
for which current the unsaturated internal gain is about
28 dB. Assuming a typical coupling loss of about 5 dB per
facet the unsaturated fibre to fibre gain should be about
18 dB. The calculated results from the program are the
following:

Fig. 1. shows the S/N ratio versus total optical attenu-
ation of the link (not including the gain due to the ampli-
fiers) using a) no optical amplifiers b) one optical amplifier
and c) two optical amplifiers. In these curves the atten-
uation between successive optical amplifiers and between
optical amplifiers and laser and photodiode was kept the
same. It can be seen that using either one or two amplifier
stages all the 512 elements of the array can be fed.
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Fig. 1. Modelled S|N ratio versus optical attenuation for the link

using a) no semiconductor laser amplifiers b) one semiconductor

laser amplifier and c) tow semiconductor laser amplifiers

Fig. 2. shows the RF link loss (from the input of the
laser to the load resistance of the photodiode) versus the
total optical link attenuation for links containing zero to
four optical amplifiers. As in Fig. 1. the attenuation
between successive optical components was the same.
From the curves it can be seen that for low values of
optical attenuation and for more than two amplifiers, net
RF link gains can be obtained. Also for low values of
attenuation the extra RF gain obtained by placing an
additional optical amplifier in the link is reduced as more
amplifiers enter the link. This is due to gain saturation
of the amplifiers at high input optical powers. However,
as the attenuation of the optical link increases the curves
diverge from one another increasing the gain contributions

from individual amplifier stages.
100
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Fig. 2. RF link loss (from the input to the laser to the load
resistance of the photodiode) versus optical attenuation for links
containing one to four optical amplifiers

Fig. 3. shows the relative contributions of the various
noise sources in an optical link containing one laser
amplifier. For low values of attenuation, less than 18
dB the laser RIN noise is the dominant source. For
medium values of attenuation between 18 and 30 dB the
internal amplifier noise dominates. Finally for values of
attenuation over 30 dB the link becomes thermal noise
limited.
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Fig. 3. Modelled S/N ratio of the link using one semiconductor laser
amplifier. The various noise contributions can be seen

The internal amplifier noise has its origins in 4 sources
[35]. Fig. 4. shows the relative contribution of these
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sources in the total S/N ration of the link. One of
the problems in designing optical networks with laser
amplifiers is to determine where to put the amplifiers
inside the network in order to achieve the maximum
advantage in terms of S/N ratio and RF link loss. For
example assume there is an optical link with a certain
optical loss and it is required to incorporate an amplifier
stage. Where should this amplifier stage be inserted to
bring the maximum advantage? The problem has been
analyzed using the equations described in Appendix A and
Fig. 5. and Fig. 6. show the output S/N ratio and RF
link loss as a function of the percentage of the optical
attenuation in dB of the link before the optical amplifier.
The four curves represent four different total optical link
attenuations. It can be seen that the optimum S/N ratio
can be obtained if the amplifier is placed somewhere in
the middle of the link. This is because when the amplifier
is placed near the beginning of the link it operates in its
saturation region and so its gain is less than its maximum
gain. When it is placed at the end of the link its internal
noise contributions become more important as the input
optical signal is weaker. The lowest RF link loss can
be obtained when the amplifier works in the unsaturated
regime. It is thus best placed somewhere between the
middle and the end of the link.
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Fig. 4. Modelled S/N ratio of the link using one semiconductor laser
amplifier. The various noise contributions due to the laser amplifier
can be seen.

When the link has two amplifiers, the problem of where
they should be placed inside it to obtain the optimum
performance becomes more complex. Fig. 7. and Fig. 8.
show the output S/N ratio and RF link loss as a function
of the relative positions of the amplifiers inside the link
(percentage attenuation in dB before each amplifier).

Fig. 5., 6., 7., 8. are the design curves for point-to-point
optical links consisting of one laser and one photodiode. In
the case of tree-type distribution networks containing one
laser and many photodiodes the total number of amplifiers
required for each network implementation has to be taken
into account.
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Fig. 5. Output S/N ratio as a function of the position of the
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Based on the above design curves and the technical
specifications of the satellite-based phased array proposed
by [4], three possible network structures have been de-
signed and analyzed which use semiconductor laser ampli-
fiers. In summary Table 1. shows the main characteristics
of the 3 proposed structures. It can be seen that networks
2 and 3 which use optical amplifiers offer superior perfor-
mance in terms of power consumption and S/N ratio.
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Table 1. The main features of the 3 proposed networks

Network No of No of Amplification Total S/N
No. lasers optical needed power ratio
used amplifiers after the consumption (dBc Hz)
used photodiode (W)
to obtain
an output
power level
of
0 dBm. (dB)
Passive 16 0 55.1 1508 115
1 1 16 52.3 1496 117
2 1 48 31.2 827 125
3 1 272 21.7 617 124

5. CONCLUSIONS

The analysis in this paper shows that optical amplifiers
have the potential to offer significant advantages if they
are used to amplify the signals in the forward links of
optically controlled phased array antennas. The advan-
tages are in terms of power consumption and noise per-
formance. Semiconductor amplifiers usually offer lower
power consumption and can be made to operate at all the
wavelengths of interest; but they present problems such
as polarization sensitivity, complexity of construction etc.
However most of these problems are expected to be solved
in the near future with the construction of better ampli-
fier structures currently under development in many lab-
oratories. Fibre amplifiers offer simplicity of construction
and superior performance characteristics but they need an
optical pump source which makes them usually less effi-
cient in terms of electrical power consumption. also per-
formance in the 1300 nm band is limited. So for satellite
based phased arrays semiconductor laser amplifiers should
be the choice, while for ground based and other structures
where electrical power is not very expensive, fibre ampli-
fiers are likely to present the optimum solution.

APPENDIX

Equations to calculate the signal and noise levels in op-
tical links with laser amplifiers are given in the followings.

A. 1. Equations used to calculate the transfer
characteristics of a directly modulated

semiconductor laser
The unmodulated optical power out of a laser diode is
given by:
Poppc = a(I — Iine) (2)

where a is the electro-optical conversion efficiency of the
laser, Iipe is the threshold current of the laser and / is the
current to the laser. If the laser is resistively matched to
the transmission line of the input RF signal the rms value
of the modulated optical power out of a laser P, R is:

Prr
®r + B3 ®)

where Prp is the RF power applied to the laser, Rp is
the input impedance of the laser and R 4 is the matching
resistance.

The noise power modulated onto the optical signal
arises from two main factors:

PopRF =a [

e Noise carried by the electrical RF signal which is
modulated on the optical carrier together with the

signal. This can be entered into the model using
equation (3):
B
£ [ (Ra +Rp) )

where P, is the RF noise power per unit bandwidth
carried by the RF signal
¢ Noise produced by the laser. This is given by:

where RIN is the relative intensity noise of the laser.
The total noise modulated on the optical carrier is:

Popnse = V nga + P%UN (6)

A. 2. Equations used to calculate the transfer
characteristics of a semiconductor
laser amplifier

The equations used to model a semiconductor laser am-
plifier are mainly a modification of the equations presented
in [35]. The unmodulated optical power out of the ampli-
fier is given by:

PopDC(out) = GPopDC(in) < hf(G o l)nspmtAfl

7)
where PopDc(i,,) is the unmodulated input optical pov(ver
to the amplifier, G is the gain of the amplifier (from the
input to the output facet of the chip) hf is the energy
of the input optical signal, m; is the effective number
of modes, ng, is the population inversion parameter and
A f; the equivalent noise bandwidth for the spontaneous
emission shot noise. In this equation the first term
represents the amplified optical signal power and the
second the optical power due to spontaneous emission.
The population inversion parameter ngp, is given by:

(8)

where 7 is the carrier density inside the amplifier and n,
the transparency carrier density of the amplifier.

It can be proved that the relation between the average
carrier density and the single pass gain of the amplifier G,
is:

#‘s—) + asc + ner
= (9)
I'B
where ay. is the loss coefficient of the guided mode, I’
is the confinment factor and B is the gain constant of the
amplifier.

The equivalent noise bandwidth Af; for the sponta-

neous emission shot noise is given by [35], [36]:

Afy = § Ut RIG( = Ra)(Gi = 1)e
R (1= R1R2G2)2Ln.(G — 1)

(10)

m{

where R; and R, are the mirror reflectivities of the
amplifier, L is the length of the amplifier, ¢ is the speed
of light and n. is the effective refractive index of the
amplifier. The summation in the above equation is done
over the modes of the amplifier.
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The noise power per unit bandwidth modulated on the
optical signal at the output of the amplifier has its main
origins in two factors:

e Noise modulated on the input optical signal to the am-
plifier with optical power per unit bandwidth P, nse(in)-

e Noise produced by the amplifier itself. This has optical
power per unit bandwidth of:

GP, i
Popamp = hf %C(m) + (G = )ngpmiAfi+
G(G P, 3
2 -1 ;
( )napx opDC(in) A6 = )2TlapmtAf2
hf
(11)

where A f, is the equivalent noise bandwidth for the
beat noise between spontaneous emission components
and x is the excess noise coefficient for the beat
noise between signal and spontaneous emission. The
four terms on the right hand side of the equation
represent amplified signal shot noise (quantum noise),
spontaneous emission shot noise, beat noise between
signal and spontaneous emission and beat noise between
spontaneous emission components.
The equivalent noise bandwidth A f, for the beat noise
between spontaneous emission components is given by

[35], [36]:
(1+ R1Gs)2(1 — Rp)2(Gs — 1)2¢
af = Z L R1R2G2)32Ln (G— 1)

The excess noise coefficient x for the beat noise between
signal and spontaneous emission is given by [35], [36]:

_ (14 RiG)(1 - Ry)(Gs - 1)
(G-l =JRBE.)

Finally to calculate the total noise out of the amplifier
Popnse(out) the noise into the amplifier times the gain is
added to the noise produced by the amplifier:

Popnse(out) = \/(GPopnse(in)) + P2 (14)

opamp
In the computer model the gain G versus input optical
power curve of the amplifier is entered as a series of data
points. Then the computer calculates the gain of the
amplifier at every input optical power by drawing straight
lines between the points. To calculate the single pass gain
of the amplifier equation (4) of Nukai [35] is modified to
give:

(12)

(13)

il

VR R,

(1-Ri)(1-Ry)

G. =
3 GR1 Ry
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nPopDCe
hf
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The multigigabit-per-second optical communication systems require
some advanced circuital solutions in order to guarantee the inherent
benefits of their use. Among the others, the receiver front end for
fiber optic links, with tight constraints on bandwidth, gain, input
seinsitivy and power consumption, represents a challenging task for
microwave designers. On the other hand, the progressing maturity
of the GaAs microwave monolithic integrated circuits (MMIC's)
technology is now offering a very effective way to address these issues.
The paper illustrates the present trends in this field and critically
examines the already available solutions, in order to extract some
design guidelines.. As an example, a realization of an advanced
transimpedance front-end receiver based on some novel circuital
solutions is also given.

1. INTRODUCTION

During the last few years, the improvment of Gbit/sec
optical links has demonstrated to be worth of noting.

Among the others, one of the causes for the increasing
attention paid to optical communication systems can be
strictly related to their remarkable advantages with respect
to alternative solutions based on other conventional tech-
niques.

Lower attenuation, wider bandwidth combined with an
intrinsic electromagnetic coupling immunity, low weight,
size and cost are some of the interesting features of such
systems [1].

Moreover, most of the presently available signal re-
generation circuits (repeaters) suitable to be used in
multigigabit-per-second fiber optic links, require the opti-
cal signal to be transformed in an electrical one, in order
to proceed into the regeneration procedure. This is mainly
due to the present availability only of few advanced proto-
types for a direct optical amplification, highly attractive in
order to avoid optical-electrical conversion and electronic
circuitry for signal treatment, timing etc [2].

So, the classical photodiode-preamplifier solution, based
on a more mature semiconductor technology, appears to
be the most suitable approach to process signals at gigabit
transmission rate. On the other hand, this kind of solution
implies the realization of receivers in the microwave
range with tight constraints on input sensitivity, overall
bandwidth and gain, issues that normally appear to be
conflicting ones. A particular effort is so required to find
a trade-off in order to optimize the receiver performance
according to its specific applications, since this circuit
determines the link bit error rate (BER).

From this point of view, the progressing maturity of mi-
crowave monolithic integrated circuits (MMIC’s) on GaAs
have been offering very interesting solutions that appear
to be extremely suitable for this kind of applications [3, 4,
5].

In fact, among their peculiar features, the reduction
of parasitic reactances, with respect to the corresponding
hybrid solutions and the possibility to integrate on the
same chip both the photodiode and the preamplifier [6, 7,
8, 9, 10] result in an overall bandwidth enlargement and
noise reduction.

Moreover, the analysis of previously proposed circuits
and the corresponding experimental achievements can
suggest some useful guidelines to the designer in order to
perform an optimum design of an optical preamplifier in
a monolithic form. In particular, taking into the proper
consideration that the receiving photodiode highly affects
both the bandwidth of operation of the entire optical
front-end, with its junction capacitance, and the receiver
sensitivity, with its noise contribution,the topology of the
preamplifier to be chosen has to demonstrate a large gain-
bandwidth product and a good noise performance with the
lowest achievable power consumption.

2. TOPOLOGICAL SOLUTIONS

An exhaustive analysis of the front-end noise perfor-
mance has been reported in the literature [1, 11] and con-
stitutes the basis of the main preamplifier design consider-
ations.

Starting from the minimum mean optical power level to
be fed to the photodiode and fixing the required link bit
error rate, the choice of the optical detector automatically
determines the overall performance required from the
receiver amplifier. In fact, better the photodiode, less
critical is the design of the preamplifier. From this point
of view, an avalanche photodetector (APD) appears to
be preferable to the PIN diode solution especially for its
higher optical sensitivity in the high bit rate, so reducing
the effectiveness of using a very low noise preamplifier.

On the other hand, depending on their topology, the
front-end preamplifiers can be divided into two groups:
the classical amplifier-equalizer scheme and the tran-
simpedance one. The first solution (Fig. 1a) offers the
lowest noise level and the corresponding highest sensitiv-
ity, principally because of its high input impedance. This
feature, however, causes both a limitation of the dynamic
range and a dramatic “shrinking" of the overall bandwidth
because of the resulting large input RC time constant.
Thus an equalizer section has to be introduced to extend
the receiver bandwidth up to the requested value, so com-
pensating the integrating action of the high impedance in-
put stage. The complexity so introduced into the receiver
design and the possible degradation of the overall perfor-
mance, deriving from a non-perfect pole-zero compensa-
tion between the amplifier and the equalizer stages, has
been highly reducing the popularity of this solution [11].
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Fig. 1. a) Amplifier equalizer scheme; b) Transimpedance scheme

The transimpedance solution (Fig. 1b) avoids the prob-
lem of a reduced dynamic range. Moreover, the intro-
duction of a negative parallel feedback, easily extends the
front-end, overall bandwidth to the desired value, both en-
larging the preamplifier bandwidth and reducing the RC
input time constant. The corresponding sensitivity degra-
dation, related to the thermal noise contribution of the
feedback resistor, can be properly controlled with an ac-
curate choice of the resistance value.

However, the necessity of high gain-bandwidth product,
typical for the cases of optical link at very high bite rate,
can require an increase in the number of the amplifying
stages to be cascaded inside the feedback loop, so possibly
creating some stability problems.

After all, having in mind this very important latter
aspect, a transimpedance amplifier can be considered to
be the best present choice for the optical front-end input
stage, especially when a high sensitivity photodiode is used,
so reducing the issue of a very low noise contribution from
the amplifier [12].

3. TRANSIMPEDANCE AMPLIFIER

As put into evidence before, the transimpedance topol-
ogy seems to be the most suitable preamplifier configura-
tion for an optical communication receiver.

Moreover, the use, of a monolithic approach, in terms
of GaAs technology, appears to be the best realization
choice, even if a more complex DC coupled design is
mandatory, in order to avoid the large value capacitors
required to obtain a low cut-off frequency in the KHz
range.

Besides the already mentioned features, like small size,
low weight, lower cost for massive production, improved
reliability and reproducibility are two other interesting
advantages offered by the monolithic solution.

On the other hand, an increased design flexibility and
a drastic reduction of the parasitic reactances assure an
easier achievement of an optimized circuit solution with
respect to a corresponding hybrid approach.

Taking now into considerations the basic topology of a
transimpedance amplifier (Fig. 1b), it is easy to demon-
strate that for a given junction capacitance C; of the pho-
todiode, the input resistance R;, of the transimpedance
stage practically determines the overall bandwidth of the
entire front-end.

This bandwidth, in fact, is principally related to the time
constant Ty, = (Cj + Cin)Rin, where Cj, is the input
capacitance of the input stage.

The use of the lowest allowed value for the shunt
feedback resistor is recommended in order to achieve the
widest possible bandwidth, while preserving an acceptable
noise contribution and a high overall gain.

It results that these particular features can be achieved
only through the use of a high intrinsic gain “block", which
in turn can be obtained only with a topological configura-

= L

tion involving more than a single amplifying stage. Two
basic approaches are normally followed in the realization
of the gain block: a simple cascade of common source
stages (Fig. 2a) and a cascode configuration (Fig. 2b).
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Fig. 2. a) Common-source stages; b) Cascode configuration

The first one is the most widely used configuration,
especially for its lower level of complexity, as demonstrated
by the many solutions presented by several authors [2, 5,
6, 13, 14, 15, 16].

The cascode configuration is a relatively new one in the
field of optical receiver applications, but it appears to be
extremely promising for its high gain-bandwidth product
and has been receiving more and more attention [1, 3, 4,
17, 18].

A typical solution adopting a common source stage is
presented in Fig. 3a, where an active load acts as a loading
resistor, so improving the large signal performance and the
DC power saving, while lowering the sensitivity to process
variation, at the expense of only a little noise degradation.
An “active” feedback is also introduced to enlarge the
bandwidth, with a corresponding lowering of the gain, and
a buffer level-shifting stage is added in order to reduce
the next stage input capacitance loading effect. Moreover,
it provides also the necessary DC voltage shifting for a
correct bias of the gate of the next stage, at the expense
of a typical 6 dB gain reduction. Fig. 3b shows a 2
GHz bandwidth circuit proposed by Hornbuckle [19] while
Fig. 3c presents the scheme of Kolbas [7] where an output
drain follower stage is introduced in order to assure a
better output matching. This solution, which demonstrated
to be particularly effective, has been adopted in most of
the lately proposed new topologies.

Fig. 3. b) 2 GHz bandwidth transimpedance amplifier in [19].
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Fig. 3. c) Transimpedance amplifier in [7]; d) Transimpedance
amplifier with inductor peaking in [4].

Further improvements have been proposed by Okhawa
[15] introducing several “peaking" inductors to resonate
the MESFET capacitances, with a corresponding increase
of the overall bandwidth and an improvement of the noise
performance.

Fig. 3d shows the recent solution proposed by Kikuchi
[5], which includes also two kinds of peaking inductors.
The gate inductor, being more sensitive to frequency
response, is selected to achieve a flat response, while the
drain one contributes to the band-widening, realizing the
well-known “video" compensation.

A capacitor is also added in parallel to the shifting-level
diode chain, creating an AC by-pass in order to avoid the
frequency performance degradation due to the associated
series resistances. Coplanar lines are also chosen by the
authors to reduce the coupling between adjacent lines.

Besides some performance degradation in the practical
realization, principally related to the poor frequency be-
haviour of the spiral incductors, due to their stray capac-
itances, a 57 dBohm transimpedance gain up to 8.5 GHz

with an input noise current of 20.9pA /v/Hz from DC to
7 GHz were demonstrated, using a .3 um MESFET gate
technology and a PIN diode as a photodetector [5].

The cascode configuration seems to be extremely attrac-
tive for high speed optical communication systems, due to
the several advantages offered by this topology with re-
spect to the common source one. As it was seen before,
in fact, the shunt feedback is typically applied around a
“single" stage, limiting the gain- bandwidth product of the
entire amplifier. It is well known, however, that the gain
can be increased cascading several of such stages, even if it
results in a remarkable bandwidth shrinkage. Otherwise, if
no bandwidth degradation is accepted, it is necessary to ap-
ply the feedback to a multi-stage higher gain block. With
the common source configuration, the request of an over-
all high open-loop gain can be addressed only cascading at
least three common source inverting stages, due to regen-
erative behaviour of a two-stage configuration. Also in this
case, however, the presence of a global input-output feed-
back can introduce severe stability problems, possibly out
of the operating bandwidth, because of the accumulated
input-output phase rotation.

The cascode configuration a single inverting (common
source) — non inverting (common base) two stage ampli-
fier, overcomes this kind of problems. Moreover, the re-
duced Miller capacitance of the first common-source stage,
due to the low input resistance of the cascoded common-
base stage, assures a considerable enlargement of the over-
all bandwidth. The input capacitance of the cascode stage,
in fact, can be expressed (see Fig. 2b) as

Cin = Cga ot ng (1 o gll) (1)

m3
with gm1/gm3 usually close to 1. Moreover, the total gain
of the amplifier can be expressed as

G < _gml 0 1
s gas 1+ (941 + gaz2)/gma(1 + gd3/gd‘z))
2

where gn,,; and gq; are the transconductance and the
drain conductance of the ¢ — th-MESFET respectively.
With a proper choice of the gate width of the various
MESFET’, so fully utilizing the unique flexibility that
the monolithic approach offers, a gain-bandwidth product
significantly higher than that provided by the common-
source configuration can be obtained. A first example of
an application of a cascode to an optical front-end was
proposed by Bahl [3] and it is reported in Fig. 4a. A
.5 pm technology was used and a PIN diode adopted as
photodetector. In particular, with a feedback resistor of
about 2 Kohm, a transimpedance gain of 64 dBohm across
a 1.6 GHz bandwidth was achieved with an input sensitivity
of —28 dBm, while assuring a 30 dB dynamic range. More
recently Colleran [4] presented the scheme of Fig. 4b,
where two transimpedance cascode stages with an “active”
feedback are cascaded, while a simple common drain
assures the necessary 50 ohm output matching. Using a
standard 1 ym MESFET technology a voltage gain of 26
dB and a bandwidth of 3.2 GHz were obtained with a noise
figure ranging from 6 to 8 dB across the entire band.

e
<

150
D—OM
100 150

< REz
. vss
Fig. 4. b) Cascade of two transimpedance cascode stages in [4].
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Finally, two different applications of the well known
“feed-forward” technique have been demonstrating the
suitability of this approach for the realization of improved
MMIC’s transimpedance amplifiers (Fig. 4c, 4d).

!

Fig. 4. d) Transimpedance amplifier with three feedback loops in
[22].

More precisely with the topological solution of Fig. 4c,
which has been proposed by Mauri [1] a flat in-band trans-
fer function has been obtained, through a phase shift re-
duction obtained reintroducing the input signal in the gate
of the common gate MESFET. A decoupling buffer stage
inserted in the cascode stage between the common source
and the common gate, represents another interesting cir-
cuital solution. This stage, in fact, provides the proper bias
voltage level to the common-gate stage, while decoupling
the drain of the common-source MESFET, so avoiding the
inherent gain degradation. A consequent sharp peaking
in the frequency behaviour related to an existing potential
instability region (where |S3;| > 1), can be controlled
and totally eliminated by a proper design of the “feed-
forwarding” technique.

A 2.8 GHz bandwidth with a gain of 57 dBohm, an input
noise current of 6pA/v/ Hz at 1 GHz and sensitivity of
—35 dBohm for 10~° BER, with a power consumption
of 900 mW are the most interesting features of this 1 um
technology achievement.

Fig. 4d shows a novel circuit solution utilizing three
different feedback loops [22]. The 1.5 x 1.5 mm?
chip realization, resulted in a 3 dB bandwidth of 13
GHz with 55 dBohm transimpedance gain and a noise

current contribution less than 15pA/v/ H z all over the

bandwidth. The improved features are mainly due to one
of the three loops, which has been designed in order to
supply a negative feedback current that becomes positive
at high frequencies, using the extra-phase delay of the
input cascode stage. Moreover, the combined effect of
the input matching network and the RC feedback loop
compensates both the diminishing real part of the input
impedance of the cascode stage, that highly affects the
high frequency behaviour of |S1;|, and the increasing
effect of the input capacitance, that mantains |Sy1]| still
large at higher frequencies. An |S1;| close or better than
-10 dB in the entire bandwidth is so achieved.

4. DESIGN CONSIDERATIONS

On the basis of the previously discussed results and the
critical analysis of the topologies previously reported in
the literature, the cascode-based transimpedance amplifier
seems to be the most promising solution or an optical
amplifier front-end. Moreover, the same analysis can
suggest some useful guidelines to optimize the electrical
performance of this component. Apart some peculiar
aspects, including some minor but very useful circuit
solution (bypass capacitors, peaking inductors etc.) in fact,
most of the proposed topologies practically consist of the
cascade of three main functional blocks:

e an input “true” transimpedance stage, which has to
convert the photodiode current into a voltage signal,
while assuring both a minimum noise level contribution
and the required input matching;

¢ an intermediate stage to provide a further enhancement
of the voltage gain, to meet the overall gain specification
for the entire front-end, while avoiding a significant
reduction of the overall bandwidth;

e an output stage which has to assure the proper 50 ohm
output matching.

Each of three sections, so specified into a basic topol-
ogy, should be separately optimized in order to assure, to
the entire circuit, the requested level of performance, tak-
ing into consideration some other peculiar requirements.
This is the case, for instance, of the power consumption
that is normally required to be as low as possible, accord-
ing to some specific use which the integrated front-end is
devoted to.

The input stage topology, can be a “classical” tran-
simpedance one. It means that the designer has to choose
the gate width of two MESFETS, their biasing point and
the related biasing network, the two drain loading and,
finally, the feedback resistor.

As it was pointed out, this stage has to guarantee
principally the requested bandwidth and sensitivity. A
resistive loading for the first MESFET, a biasing network
with the resistance values at the highest acceptable value,
for instance, keeps the noise contribution at the lowest
level, while the feedback resistor value derives from a
trade-off between the desired bandwidth and, again, the
noise contribution. The biasing point of the first MESFET
and its gate width, chosen in order to give an input
capacitance roughly equal to the photodiode junction one
[20], finally assure the requested front-end sensitivity. Less
critical, from this point of view, appears the design of
the gate widths for the common-gate stage and its active
load, that can be chosen in order to maximize the gain-
bandwidth product according to Eq. (1) and (2).
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The second block of the whole front-end, can be a
single voltage amplifier, properly designed to rise the gain
without a dramatic change in the overall bandwidth. From
this point of view, another cascode stage for instance [4],
has demonstrated to be effective. On the other hand an
interesting alternative, can be offered by the composite
amplifier of Fig. 5. [18]. The stage, corresponding to
a voltage follower driving a non inverting common-stage,
can be also seen as a MESFET differential pair with the
drain on one side connected directly to the supply, so
doubling the differential to single-ended gain with respect
to the symmetric differential pair [21]. In particular, with
a proper choice of the various elements, this solution
assures practically the same gain-bandwidth performance
as a corresponding cascode topology.

VDD

VSS

Fig. 5. Asymmetric differential pair.

Moreover, the circuit shown in Fig. 5. offers a very
important intrinsic buffering function, extremely useful in
the design procedure, allowing a separate optimization of
the preceding transimpedance section, while introducing
the requested voltage level-shifting in order to fix a correct
biasing point for the common-gate stage.

Finally, the third block of the amplifier, i.e. the output
matching section can be realized with a simple source
follower stage.

In this case, a MESFET with a transconductance of
20 mA/V normally assures the required |S3;| with a
consequent reduction of 6 dB gain. Moreover, this stage
normally dissipates a large part of the total amount of DC
power dissipated by the entire front-end [6, 15].

VDD
RD
IN
O e Ql
L out
Rl
Q2
R2
VGG VSS

Fig. 6. Composite source follower.

Fig. 6. shows an interesting alternative to the single
voltage follower that corresponds to a composite amplifier
having improved performance, principally from the point
of view of the power consumption.

More precisely, the first MESFET provides also an
inverted output from its drain that is applied to a second
inverting stage that provides an additional output to
reinforce the output of the first stage. Some easy
calculations demonstrate that, at lower frequencies, the
composite source follower behaves like a single source
follower showing an effective transconductance

i Rs
Gmeff = gm1 [1 ap gm2RdR1 + R2 (3)

and an effective output resistance

1
Gmeﬂ (4)
With a proper choice of the two transistors and the
resistors, the desired level of Gme.g can be obtained, so
reducing the power dissipated, according to the use of two

smaller MESFETS.

As a result of the previously outlined design guidelines,
a scheme of a newly proposed optical preamplifier is
indicated in Fig. 7a, where a very simple configuration was
chosen, in order to maximize the yield in the realization
phase. The input section is a classical transimpedance
stage. Its second section is a modified differential pair
and the output one a common drain stage. From the
simulated performances (using the Plessey F20 MMIC
process), a bandwidth of 2.3 GHz, including the .3pF
diode capacitance, and a transimpedance gain of about
70 dBohm results, with an output matching better than
-13dB, a power consumption of about 700 mW and

an input noise equivalent current less than 7pA/v H z.
Also a high stability level is assured. Fig. 7b shows a
microphotograph of the realized circuit (chip size 1.8 X
1.8mm?), while Fig. 7c shows the simulated and measured
transimpedance gain for three different chips from the
same wafer. The measurements were performed without
the photodiode and a transimpedance gain of 67 dBohm
in a 2.5 GHz bandwidth was demonstrated. Fig. 7d and
7e report from the same realization the simulated and
measured equivalent noise current vs. frequency with the
temperature (—20,+50°C) as a parameter. A typical
power consumption of 610 mW was measured.

Rout =

2x100

2x50

~
x
°
°
Ul

Fig. 7. a) Schematic of the first MMIC optical preamplifier.
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Fig. 7. b) Microphotograph of the first MMIC optical preamplifier.
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Fig. 7. c) Simulated and measured transimpedance gain.
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Fig. 7. e) Experimental temperature behaviour (—20, +50° C) of
the equivalent input noise current density vs frequency.

Finally, Fig. 8. shows a series of new circuit configu-
rations introduced in the previous scheme to enlarge the
bandwidth and to improve the other important features.
As it is easy to see, the input transimpedance section is
exactly the same as in Fig. 7a. The differential pair is
now modified by introducing a “composite” source fol-
lower stage with reduced gate width so improving both the
DC power consumption and the “buffering” performance
of the stage. A drain peaking inductor, with S turns, fur-
ther increases the bandwidth. The output buffer stage has
been designed according to the same philosophy.

5001

Fig. 8. Schematic of the second MMIC optical preamplifier.

Fig. 9a and Fig. 9b clearly show the improvement related
to the modifications of the two sections. The simulated
results, obtained including all the parasitics of the various
elements, give a bandwidth of 3.5 GHz, including the
.3pF diode capacitance, with a 70 dBohm gain, an output
matching better than -15 dB across the entire bandwidth
and a DC power consumption less than 500 mW.
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Fig. 9. a) Comparison of differential pair and output buffer cascade
performance in the first and second design.

5. CONCLUSIONS

The MMIC technology seems to be an effective solution
for the realization of advanced very wideband optical
preamplifiers.

A proper design of the various sections that constitute a
typical optical front-end, assures both a good level of input
sensitivity and a high gain-bandwidth product.

From this point of view, a transimpedance topology
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AN OPTICAL LINK FOR THE TRANSMISSION
OF MICROWAVE SIGNALS

S. TEDJINI and N. EL KAMOUN
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38016 GRENOBLE, FRANCE

The paper deals with the microwave matching of optoelectronic de-
vices. A comparative theoretical study of several matching techniques
is reported. An optical link at 0.8..n for the optical transmission of
microwave signals around 2 GHz is realized and characterized. It uses
commercially available optoelectronic components: Sharp LT022MS
laser diode and Mitsubishi APD PD1002 photodetector. We show
that an efficient microwave matching of the optoelectronic elements
can reduce significantly the insertion loss even for optoelectronic
devices not optimized for high frequency ranges. The realized optical
link shows 0.58 dB power gain at 2.08 GHz and a -3 dB bandwidth
better than 14 %.

1. INTRODUCTION

Optical links at microwave frequencies are circuits of
great interest for microwave applications. Today, opti-
cal links are increasingly used to replace conventional mi-
crowave solutions for the transmission of RF signals and
more recently for optical processing of microwave signals
[1,2]. The advantages of optical links are mainly due to
the characteristics of both the optical fibers and the optical
channel. Practically the single mode optical fiber at 1.3um
is unlimited in bandwidth and losses are < 0.5 dB/km. Un-
fortunately, these advantages are masked by the electrical
to optical (emitter) and the optical to electrical (receiver)
transducers.

Two types of optical links exist: the directly modulated
optical link, which uses a directly modulated laser diode as
transmitter, and the externally modulated one, which uses
a light source and an external modulator. A comparison
between the two types of links has been reported by
several authors and the estimated insertion losses (for the
RF signal) are 20 to 50 dB for directly modulated links and
30 to 60 dB for externally modulated links [3].

Several attempts have been reported in the literature to
minimize the insertion loss of optical links. They mainly
consist of efficient microwave impedance matching and
optimization of the driving circuits for the two transducers.
The best performance (a power gain of 0.13 dB at 3
GHz) is found in the literature for a directly modulated
link at 1.3um using optimized non commercially available
transducers and RF mounts [4]. In the first part of this
paper, we present and compare several purely reactive
matching circuits for laser diode which ensure a maximum
transmission. We report, in the second part, a 0.58
dB power gain directly modulated 0.8um optical link
operating around 2 GHz. This link shows, a —3 dB
bandwidth in the order of 14 %. It has been realized with
commercially available transducers: Sharp LT022MS laser
diode and Mitsubishi APD PD1002 photodetector.

2. ELECTRICAL MODELLING OF OPTOELECTRONIC
DEVICES

The first step when dealing with the RF matching
of an optoelectronic device is the determination of its
equivalent electrical network. This is a classical procedure
for microwave devices. It can be achieved using a
Vector Network Analyser (VNA) and a CAD software.
First, the scattering parameters (S parameters) of the
device under study are measured. In the experimental
characterization we have used the HP8510B Analyser.
Then, using a realistic electrical model of the device under
study, the values of the elements of the equivalent circuit
are obtained by fitting the values of the S parameters of
the model to the measured ones. This step is usually
performed with the help of a CAD software. In his study
the HP-Microwave Design System (MDS) software [5] has
been used.

As an example of this procedure we apply it to a 1.3um
chip laser diode. The extracted equivalent circuit is given
in Fig. 1. The diode has a nominal impedance of 2().
The series inductance L is mainly due to the bonding wire
(typical value 1 nH/mm), while the parallel capacitance is
due to the diffusion capacitance of the laser diode (few
pFs) and R1 is the series contact resistance. This is due to
the chip configuration on the experimented laser diode.

0.1SnH
FEDERY

0.90
MAS

tipki=— 2.10

]

Fig. 1. Equivalent circuit model for the laser diode

3. MICROWAVE MATCHING OF OPTOELECTRONIC
DEVICES

Each optoelectronic device can be modelled by its equiv-
alent electrical network. The matching operation con-
sist of calculating a two-port microwave network which
will realize the connection between the input or output
microwave line of interest and the optoelectronic device.
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Such a matching network must provide a maximum trans-
mission between the microwave line and the optoelectronic
device. The technique currently used to match the laser
diode to the 50( standard is to introduce a series resis-
tance to bring up the total termination impedance to 5052.
As a consequence, the power absorbed by the laser diode
is only few % of the total driving power. This technique
is quite easy to perform but the efficiency is very poor. In
order to avoid this disadvantage, the matching circuit must
be lossless and calculated in such a way that its input re-
flection coefficient is extremely low. Several circuit topolo-
gies are possible in practice which can be divided into two
classes depending on the expected frequency response.

3.1. Narrow Band Matching

Two techniques can be considered in this case. The
first one uses a quarter. wave (A/4) transformer which
simply connects the optoelectronic device to the input
line. Given the equivalent impedance (Z.) of the opto-
electronic device, the characteristic impedance (Z.) of the
feed line and (Z,) of the transformer line; the matching
at a frequency (fo) is achieved if we realize the condi-
tion Zr = +/(Z.- Z.) under the assumption that the
impedance (Z.) is purely active. In the general case of
complex impedance (Z. = |Z.|exp(j/3)) the previous
relation becomes Z, = \/(Z..|Z,| cos(/3) and we must
add a lumped or distributed reactance at the input of the
transformer in order to cancel the total reactance. An-
other way in the case of complex impedance (Z.) consist
of cancelling its reactive part by adding the needed reac-
tance before the use of the A/4 transformer. Fig. 2. gives
an example of this technique.

|
16,30 {

| L

Fig. 2. One section matching impedance

0.15nH 0.90

9°/2 GHz
11.2pF

21
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The second matching method is the classical “stub”
technique. By using a transmission line of length “I”
and characteristic impedance “Z.” we transform the
impedance “Z,” of the device under study into an impe-
dance having Z, as real part. The imaginary part of this
transformed impedance is cancelled by adding, in parallel,
a stub. This technique is used in Fig. 3.

0.15nH 0.50
5

s BB }

500

11pF Ia

Fig. 3. Single matching stub

The previous techniques have been applied to match
the laser diode modelled in Section 2. In the first case
the obtained insertion loss is less than 1.6 dB for 6.5
% bandwidth around 2 GHz. In the second case, for
the same insertion loss, the obtained bandwidth is 4 %
around 2 GHz. The reflection coefficient is better than
25 dB in the two cases which corresponds to a very good
matching of the laser diode but the bandwidth is quite
narrow. larger bandwidth can be obtained if we accept
higher VWSR. As an example the relation between the
bandwidth (A f/fo) and the VWSR (p) in the case of
A/4 transformer technique is given by:

LA el 300
2 VRZr fO

where R is the real part of Z., Z, is the characteristic
impedance of the A/4 transformer line.

g3y

3.2. Wideband Matching

In order to enlarge the bandwidth we must reduce
the frequency selective behaviour of the matching circuit.
Several techniques are found in the literature. In this study
we consider two classical techniques and we introduce a
new one.

3.2.1. Multisection transformer

The multisection technique (Figs. 4. and 5.) is one of
the most efficient wide band matching methods. Its main
advantage consists of avoiding a high discontinuity between
two successive sections. This property is particularly
important when dealing with components having low input
impedance such as laser diodes. As an example, for
two A/4 transformers the approximated expression of the
VWSR (p) for a bandwidth (Af) around the central

frequency (fo) is given by:

g =y (”)’ (Z. - R) (Af)2
2 \% RZr f 0
Comparing this expression with the one describing the
single section transformer we remark that for the same
value of the VWSR the obtained bandwidth is significantly
enhanced in the case of the two section transformer.

260 0

9%/2GHz 9°/2GHz
500 15pF

1]

30 10 Sa

E)=—=f)
3/26H  100°/2GHz

35°/2GHz
500 15pF

[

Fig. 5. Three sections matching impedance

VOLUME XLIII NOVEMBER 1992



Applying this technique to the previous laser we obtain
that for insertion loss less than 1.6 dB, the bandwidth is
better than 18 % for the two sections transformer and
48 % in the case of the three sections transformer.

3.2.2. Continuous exponential section

Instead of the use of several sections the bandwidth may
be significantly enhanced if we use a progressive taper
as shown Fig. 6. The progressive taper is the limiting
case of an infinite number of multisection transformers.
However, the use of an infinite number of A/4 sections
leads to an infinite length of the matching circuit which
is impossible from the practical point of view. To obtain a
finite length we use the properties of the continuous taper.
The performance of such a matching circuit will depend
on its length and its longitudinal profile. The exponential
profile seems to be one of the good choices for the laser
diode. The application of this technique to the laser diode
under study results in a 60% bandwidth around 2 GHz for
an insertion loss of 1.6 dB.

500

0.90

:l: 210

Fig. 6. Tapered transmission lines

3.2.3. Matching Filter

The microwave filter can be considered as a matching
circuit too. Either lumped or distributed configurations
are suitable. The main advantage of this technique is its
very flat response in the filter bandwidth. To match the
laser diode under study, we begin by cancelling the reactive
part of its impedance at the central frequency. This can
be done by adding, in series or in parallel, an adequate
lumped or distributed reactance. Then, we synthesize the
microwave filter in such a way that its input impedance is
505). The application of this technique to the considered
laser diode gives the filters shown in Figs. 7. and 8.
These two configurations has been optimized using the
MDS-HP software. The distributed filter uses microstrip
technology. The stimulated results of the two matching
filters show that insertion losses are less than 1.6 dB for 50
% bandwidth around 2 GHz for the lumped element filter
and 51 % in the case of the distributed element filter.

o O

0.17nH

Fig. 7. Structure of the lumped elements band-pass filter

Fig. 8. Structure of the distributed elements band-pass filter

Finally we report in the table below a comparison of the
previous matching techniques applied to the laser diode
modelled in Section 2.

Table 1. Comparison of matching techniques

One Two Three Expo- Stub Lumped Distri-
A4 A4 A/4  nential filter buted
section sections sections taper filter
Reflection
coefficient -45 21 -19 215575017 222 -15
dBat2
GHz
Insertion
losses 1.6 1.6 1.6 16 16 16 1.6
dB <
Band-
wi‘(yith 6.5 18 48 60 4 50 51
0

4. APPLICATION

This section gives the experimental results obtained for
an optical link using the Sharp LT0222MS laser diode and
the Mitsubishi avalanche photodetector PD 1002. Mi-
crowave characteristics for the laser diode and photodiode
were measured with a network analyzer (HP8510). For de-
termination of their equivalent circuits the HP-MDS soft-
ware has been used. The models are given in Fig. 9.

LASER MODEL PHOTODIODE MODEL
0.850H 0120 120 7oH
BE K
8.2pF 0960 15pF 19200

"t e

Fig. 9. Electrical models used for laser diode and photodiode

The electrical models of the two previous optoelectronic
components have been used to calculate and optimize the
DC driving and the microwave matching circuits around 2
GHz. A lumped reactance and a one section transformer
have been used to realize the matching of the laser diode.
A distributed reactance (stub) and a transformer line have
been used to match the photodetector. Then, the overall
performance of an optical link using these optoelectronic
components has been simulated using HP-MDS software.
In this simulation, we assumed a direct illumination of the
photodetector by the modulated optical signal emitted by
the laser diode. The dynamic current gain of the optical
link is given by the product of the quantum efficiencies of
the laser diode and the photodetector. Since the latter is
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an avalanche type the current gain will strongly depend on
the DC driving voltage.

The matching circuits of the two elements have been
realized on Epsilam 10 substrate. The diodes have been
fixed on an optical bench and a lens has been placed
between the laser diode and the photodetector to focus
the optical signal on the photodiode. For the experiments,
the distances between the three elements: laser diode,
photodiode and lens as well as their alignment have been
optimized manually.

The static characteristic of the realized optical link,
which gives the detected photocurrent as a function of
the laser diode current, is given in Fig. 10. The slope of
the curve gives the dynamic current gain (the quantum
efficiency) of the link. The best result (0.3) is obtained for
a DC voltage of the photodiode in the order of 115 V.

Iph (MA) Vph = 115V.

8000

6000

4000 ¢+

2000

0 1 20 30 40 S50 60 70 80 1D (mA)

Fig. 10. Static characteristic of the realized optical link

PHOTO DIODE

Fig. 11. Optical link equivalent circuit

The dynamic performance, of the link has been mea-
sured under 115 V DC of photodiode voltage. The mea-
sured arrangement is shown in Fig. 11. The best result
was obtained for 55 mA DC current of the laser diode.
The gain was 0.58 dB at 2.08 GHz. The measured 3 dB
bandwidth was higher than 14%. The calculated and the

measured characteristics are sown in Fig. 12. The mea-
surements confirm well the simulated results, however, a
shift in the central frequency is observed. The typical spec-
trum of the received signal is presented in Fig. 13.

7
'I
///;
/ "\ MEASURED

’d

/
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15 25 GHz

Fig. 12. Link transmission characteristics
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Fig. 13. Spectrum of the received signal

5. CONCLUSION

The microwave matching of optoelectronic devices has
been considered. Special attention has been given to laser
diodes and photodetectors. Several matching techniques
have been reported and applied to the same laser diode.
The simulations show that an efficient matching of a
chip laser diode could gives a bandwidth higher than
50% for insertion loss of 1.6 dB. Some of the reported
techniques has been used to match commercially available
Sharp LT022MS laser diode and Mitsubishi APD PD1002
photodetector. These components have been used to
realize an optical link for microwave signal. It shows
0.58 dB power gain at 2.08 GHz and a -3 dB bandwidth
better than 14%. The experimental results confirm the
theoretical predictions. The obtained performance of this
optical link shows that an efficient microwave matching of
the optoelectronic devices reduce significantly the insertion
loss and increases the bandwidth even for optoelectronic
devices nonoptimized for high frequency operation.
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SI-GE HETEROJUNCTION BIPOLAR TRANSISTORS
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This paper describes a new type of bipolar transistor, where the base
is composed of Si;_, Ge, alloy. As the result of this, the common
emitter current gain has been dramatically increased. In the followings
we describe how the high current gain can be transferred into high
operating speed what recent technics rather requires, and we give
some results and examples obtained in the literature.

1. INTRODUCTION

Recently the unity-current-gain cutoff frequency (fr) in
Si-based bipolar transistors, with the help of scaling has
already approached or reached that limit, which is deter-
mined by the trade-off between the dopant concentration
and the width of the base. In consequence of this the
most important parameters of the transistors such as cur-
rent gain, cutoff frequencies, break-down voltages as well
as the Early voltage still achieve an optimal values but
improving any of them adversely affect the others. One
possible way leading out from this loop is the application
of heterojunction was first employed with success in that
technological area where the realization of this required
only little additional expenditure. And that was the area
of epitaxial crystal growing where it is relatively easy to
build in a third or further materials into the p— or n—type
lattice of the pn junction. Since this technique has been
successfully applied in the compound semiconductors, it
was worth enhancing further the operating frequency of
this devices by using heterojunctions.

But the active devices made of compound semiconduc-
tors for instance GaAs or InP have the certain disadvan-
tages because usually only individual devices are produced,
and the GaAs-based microwave monolithic integrated cir-
cuits (MMIC-s) haven’t achieved the resolution of Si-based
ones yet. Partly because of the wafer made of compound
semiconductor materials suffers from crystal defects and
partly because this technology is not so mature and well-
proven as the Si-based one. Therefore an researching ac-
tivity has been growing aiming at developing the Si-based
bipolar transistor as the active element of the Si-based mi-
crowave monolithic IC-s or high-speed digital circuits.

2. THE ELECTRICAL PROPERTIES
OF HETEROJUNCTION

At a heterojunction the junction is composed of two
different kind of semiconductor materials having different
band gaps. This two materials can be doped identically or
contrary but in case of heterojunction bipolar transistor
(HBT) the latter is the essential or in other words the
heterojunction is a pn junction as well. In case of Si/Si-
Ge HBTs both the emitter-base and the base-collector
junctions are heterojunction since the material of the
base is p-type Sij_.Ge, alloy while the emitter and the
collector are made of n-doped silicon. Therefore such
devices are often called double HBTs (DHBTS). In the

followings we are dealing with only that kind of devices
only.

It can be seen from Fig. 1. that the potential
barrier blocking the electron diffusion to p-type SiGe has
decreased with the value of AFE,, and becomes much
smaller than the potential barrier for holes, which has
an increasing term of AF,, AE, and AFE, are the
conductance and valence band discontinuities expressed in
energy while AE,+ AE, = AE, makes the whole band
gap change.

n—81 spacern
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Fig. 1. The band diagram of pn junction applied in HBTs. The
breadth of the n-side space-charge layer is increased by the slightly
n-doped so called spacer layer.

Therefore the rate of the diffused electron and hole
current densities is

Jn  Dnsice)WENE

— = exp(AE,/kT 1
where Dy (sige) and Dy si) are the electron and hole
diffusion coefficients in SiGe and in Si, respectively. W
and N denote the width and the dopant concentration of
the emitter and base. The exponential factor expresses
the enhancement of the electron current density and the
decrease of the hole current density. These current
densities in the case of a pn homojunction being identically
doped as the heterojunction are the followings:

jn(hetero) » Dn(SiGe)
jn(homo) Dn(Si)

exp(AE/KT)  (2)

Inhetero) _ oyn(— AE,/KT) 3)

Jn(homo)
In practice 2—10 times enhancement of current density
can be observed at room temperature depending on
technology and structure [1], [2], [7]. From equation (2)
and knowing the temperature dependence of the emitter
current the value of AF, can be derived. This happen
to be around 59...75 meV at 12 % Ge as Patton has
mentioned [1], [2]. King [4] has determined both the
values of AE, and A F, and they are proven to be 80 and
50 meV, respectively if the Ge concentration is 10 percent
and the base doping concentration N4 is 10'® cm™3.
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Those valence and conductance band discontinuities may
be higher if the base doping has a higher value and
the mechanical strain is present in the lattice [8], so the
differences of this energy values, which can be found in
the literature are easier to explain. The base current
densities are even more sensitive to the technology since
the decrease of the hole current of the heterojunction
could be demolished by the recombination current due to
the badly passivated ‘mesa’ sidewall (see in Fig. 2.), or
the interface between Si and SiGe , which are in fact the
emitter and base layers. This interface always has more or
less recombination centres, which come into being during
the technological steps.

3. THE TECHNOLOGY AND STRUCTURE OF HBT

The transistor has a mesa-defined structure as one
can see in Fig. 2. After the collector, base and
emitter layers are deposited epitaxially by molecular beam
epitaxy (MBE) without breaking vacuum, the structure
is fabricated using dry etching techniques. Low energy
acceptor implantation is used to improve the base contact
resistance. Junction sidewall passivation is accomplished
using a low temperature deposited oxide. Electron-beam
lithography ensures the required small lateral geometry.
metallization E sidewall oxide

[ spacer |
A _epl colleclor

n+ subcollector

P 51643058 p+ implanted layer

Fig. 2. Typical schematic view of mesa-defined transistor structure.
The active emitter area is usually 1 x 2 ... 4um? [1].

In the epitaxial process a single-crystalline layer is grown
on the single crystal substrate, and the newly grown layer
continuities the crystalline structure of the substrate. In
case if MBE the components as well as the dopants of
the material to be grown are individually evaporated in
the special effusion cells, from which the fluxes of the
components are directed into the substrate, where the
crystal growth is taking place. The temperature of the
substrate during the process is S00—600 °C, and the
vacuum is ultra high, notably 10~1° mbar. The complete
layer sequence of the HBT is grown without braking
vacuum including surface preparation and the verification
of the qualities of the layers. By this technology a layer
containing only a few atomic layer and having any kind
of dopant concentration can be done at relatively low
temperature, which prevents the diffusion between the
two neighbouring layers. Due to the higher level of base
dopant concentration the depletion region at the E—B
junction would be narrower if the so called emitter spacer
layer, witch is lightly doped wasn’t placed between the base
and the emitter. It is done by such a way that the extension
of the spacer is hardly more then the extension of the
depletion layer. Therefore the depletion region remains
fairly wide. Usually the dopant concentration level of
spacer are well below the one of the base so nearly all the

depletion layer is in the spacer, that is in the emitter. In
order to achieve low base-collector capacitance and avoid
puncthrough in the base, low doping concentration in the
depleted collector is needed, and that serves the n epitaxial
layer.

The latest papers have reported their successes in
the application of the already existing polysilicon emitter
process (2], [3], [7). This offers a partly self-aligned
technology, which has an ability to decrease further the
lateral extensions. Beside that a three times base current
decrease can also be observed in these devices. In Fig. 3.
the simplified schematic cross section is introduced where
the SiGe base layer was deposited on substrates patterned
by recessed oxide (ROX) isolation. The shallow nt
poly emitter contact was formed using furnace and rapid
thermal annealing (RTA). But this polysilicon process
also has a drawback notably the increased emitter serial
resistance Toer.

Base n+ poly Emitter oxide

B

B, £+ ROLYSE N

4 n epi collector

/ n+ subcollector

p SiGe base

Fig. 3. Simplified schematic view of the HBT having polysilicon
emitter contact. The base is also contacted by polysilicon due to the

poly-emitter bipolar process [3].
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Fig. 4. Impurity profiles obtained by secondary ion mass
spectroscopy (SIMS) in polysilicon contacted HBTS.

4. THE POSSIBILITIES GIVEN
BY THE HETEROJUNCTION

The cutoff frequency (fr) of a bipolar transistor is
determined by the following terms:

1 She . W2
Tec = ’277’; T rcc'Cbc + 7eCeb + 20un + D_n;F(NB)
(4)
where
U
Te = Ta+ Teet] Ta = —; (5)
Ig

— Ur is the thermionic voltage, I is the d.c. emitter

current, and 7./ is the serial emitter resistance,

— 718 the collector serial resistance,
— Cep and Cyp. are the E—B and B—C space-charge

capacitances,
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Sbc and W), are the widths of the B —C depletion layer
and the neutral base,
v is the thermal velocity of electrons in the B—C
depletion region,
— Dy is the diffusion length of electrons in base,
— F(npg)is the base-profile factor of the base.

If the serial base resistance 7}, happen to be signif-
icant, the maximum oscillation frequency can be smaller
than the unity current gain frequency:

| Rr (W)} (6)

Let’s examine that how and why the individual time
constants of (4) are altered at HBTS. The direct effects
of E—B heterojunction is in reducing the base current
density if the emitter current is supposed to be the
same as in the case of homojunction. This appears in
decreasing the storage time of the emitter. But this
term hasn’t got a significant role in the homojunction
bipolar transistors, not even in HBTS. In contrast with
the direct effects the indirect has the main essence. Since
usually there is no need to create a transistor having
ultra high common-emitter current gain but we require all
the more the one having high cutoff frequency, therefore
the possibility presents itself to increase the base doping
density (Np), and make the base layer thinner, while
the Early voltage still remains reasonable, because due to
the stronger base doping the space-charge region doesn’t
extend into the base so deeply, and the base doesn’t
becomes thinner. The so called base profile factor F{ Ng)»
which is eventually describes the built-in electric field
in the neutral base becomes smaller due not only the
gradient of base dopant but to the gradient of the Ge
percentage as well (graded-SiGe-base) (2], (3], [7]. While
the born concentration decreases towards the collector
the Ge fraction shows the opposite tendency generating
further 30—40 kV/cm electric field (Fig. 4.). Finally
the decrease of F{y,) makes the forth term of the left
hand side of equation (4) smaller, but this term, which is
the base transit time, is going to be even smaller since
the width of base also reduced. The second term of (4)
has also become smaller because 7., the emitter serial
resistance is reduced due to the thinner emitter layer, and
C.1, the E—B space-charge capacitance is also reduced
due to the emitter space, which makes the space-charge
layer wider. The first term in (4) more or less remains
the same because the nt subcollector is doped as high
as possible, the n-epi collector is as thin as it has to be
to include only the spacer-charge region of the reverse
biased B —C junction and therefore .., doesn’t change
in consequence of applying heterojunction. The main
difference compared to the common silicon transistor is
that the E — B space-charge layer is mainly in the material
of emitter (notably in the emitter spacer layer) and not
in the base. The width of the B—C depletion layer
(She) can be adjusted by varying the n epitaxial collector
concentration. The increase of the B —C depletion layer
although decreases the B —C capacitance, but increase
the third term of (4). The symmetry of the emitter and
the collector doping concentration appears in the inverse
common emitter current gain, being more than 50 percent
of the normal gain, even though the area of the inverse
emitter-base junction is about five times larger that of
the normal emitter-base junction [S]. In order to reach

a high maximum oscillation frequency, fmax the Ty
base serial resistance also should be reduced as the (6)
equation it shows. The dominant part of 7y is due to the
active intrinsic base, which is disadvantageously affected by
reducing its width since the base current flows in lateral
direction.

5. THE OPTIMAL GE FRACTION

Determining the optimal Ge fraction needs optimization
considering several influencing effects having beneficial or
disadvantageous effect on the transistor performance. One
of these is the reduced electron mobility in the SiGe base
caused by additional alloy scattering. In the literature this
taken into account by the way that the electron mobility
in p-type silicon i, is combined with the alloy-scattering-
mobility of Si;_,Ge, alloy p4 by using “Matthiessen’s
rule” [10].

Py = fn X pa (7)
ISiGe Isi IsiGe
9.7x103 7708

s 8

i " e e ®)

where T is temperature in K, z is Ge fraction under the
condition of 0 < z < 0.8. The value of x4 comes from
(8) is in cm?/Vs. So from this point of view the Ge content
has a certain drawback.

The main reason why the Ge has been applied is to
decrease the band gap in the base and therefore the more
Ge the base contains the better can prevail its beneficial
influence.

We have to take this question into consideration from
technological point of view as well. The lattice constant
of the germanium is bigger than the one of silicon by 4
% and therefore the SiGe layer deposited in silicon has
biaxal compressive mechanical stress. It is also crucial that
the coefficient of thermal expansion of the two materials
be close to each other. If they do not, or in other words
the Ge percentage is high enough, this effect can cause
technological and indirectly electrical problems. It has
to be mentioned that the mechanical stress being either
tensile or compressive lowers the band gap of the strained
layer [8]. It is worth increasing the Ge content in the
base only till that limit, where the beneficial effect of Ge
is entirely compensated by the disadvantageous effects, in
respect of a chosen parameter. This parameter is usually
the Fr cutoff frequency which is mainly increased by the
decrease of the last term on the left hand side of equation
(4), as it has been mentioned already. After a certain Ge
percentage this term become smaller than the other three
altogether, and the higher germanium content only serves
to decrease the electron mobility in the base. The electron
mobility being about three times larger at low temperature
than at room temperature as well as the higher current
gain make the cutoff frequency higher at 77 K. Finally
the fr cutoff frequency reach its maximum in a range
of z = 0.1...0.3 and beyond it fr begins to decrease

slightly [10].
6. RESULTS AND EXAMPLES

The transistor optimization is carried cut by fulfilling the
following requirements:
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fmax shold be equal or higher than fr at high current
densities,

fr and fi,ax should be as high as possible,

these frequencies shold also be high at low current
densities,

beside that, the transistor should have fairly high current
gain.

Table 1.

Various profiles obtained and their expected theoretical propeities.
Parameter Si/SiGe | Si/SiGe | GaAs/GaAlAs | Si/Si Si/Si
w1dth nm] 20 20 34+60 20 20
[llp cm' 4.6 E18(5.5E18| 3—0.02 E19 (5.0 E18(1.0 E19
n-epi
collector
Wldth nm] 200 200 80 200 200

a
[1/p 15 E17|23E17| 4—10E17 |24 E17|4.0 E17
metter
spacer
wxdth nm] 50 50 40 - -
[llpa 5.1 E18|2.0 E19 2.0 E17 — -
Emitt:
w.'giheﬁm] s i 40 50 | 50
[1/p o = — 1.0 E18 1.0 E19 (4.0 E18
[K" rature 77 300 300 77 300
Geor Al [%]| 20 20 30 0 0
fr [GHz] 300 106 242 240 -
fmex [GHZ] 325 118 284 273 125
B 6 E3 | 15700 — 6.1 0.79

While the dependence of current gain on current density

in HBTS is the same as in the Si/Si structure, the depen-
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ESSDERC'92

The 22nd European Solid State Device Research Con-
ference was organized this year in Leuven (Belgium). It
was focused on the physics, characterization, processing
and application of solid state devices. 450 scientists from
28 different countries participated in ESSDERC’92. The
conference programme featured 33 invited and 162 con-
tributed papers and a Panel Discussion on The impact of
new technologies on future systems.

The conference papers and the Panel Discussion em-
phasized, that the ultra low power requirement will be the
major driving force in the next decade, achieved by the
utilization of very expensive production lines capable for
submicron CMOS (< 0.5pm) BiCMOS circuits may also
play a major role due to their higher speed, low powerline
noise and easier design.

With the scaling down of CMOS design rules to
0.25um, circuit performance improvement can be achieved.
New design ideas, such as memory-logic cointegration,
GaAs—Si CMOS integration, ferroelectric thin films for
non-volatile memories (FEARAM), hybrid optoelectron-
ics (InP—ECL or CMOS circuit cointegration), integrated
optics etc. offer a route to overcome the limitations of
former IC’s.

The new construction goals of consumer electronics
are hand-held digital devices. Such a new device, called
ICARUS has been outlined at Phillips Research, providing
a large number of functions either directly or by remote
access to central resources and services through a cellular
communication network. These services may be the
following: watch (local), audiofvideo (local mini CD),
telephone (cellular), data-retrival (network access to data
banks), electronic credit card and/or personal id-card
(passport), travellers route guider (with its local mini
CD and with some remote functions), translation from/to
foreign languages with speech output (by access to a
translate server), remote control of different household
apparatus (eg. heating), etc.

ICARUS should have an LCD, a mini CD drive, audio
I/O including human speech, and a limited amount of inte-
grated electronics combined with a UHF radio link which
provide access to central data and computing resources
over a cellular telephone network. This design concept
poses major challenges to IC technology:
¢ high frequency (GHz) technology for frontends (eg.

Si—Ge devices),
¢ low power, low voltage CMOS technology for analog

and digital functions,
¢ some non volatile functions (credit card, passport),
¢ very compact packaging (eg. multichips modules).

For the communication industry (representing about
7% of the world IC market) the most important feature is
the transistor density on the chip. Therefore a shrinkage
of the transistor gate length from 0.7 — 0.8um (1992)
down to 0.5—0.6um (expected in 1996-97) and further
down to 0.35um accompanied by the increase of the chip
size, the decrease of the power supply voltage (changing

the S V standard for 3.3 V in almost every application) and
the application of multilevel metalization is needed.

The key process technologies for transmission systems
(speed < 2.4 Gbit - s~1) are HF-bipolar (either poli-Si
emitter or Si-Ge devices and CMOS.

There are indications, that photonics bulk effect solid
state devices) may mature in the beginning of the next cen-
tury and will take over many electronic functions. Some
early examples for such devices are the optical amplifiers,
optical switches and various quantum-well devices.

The new concepts impose many problems for process
and device engineers. The design of the state-of-the-
art device structures requires accurate, robust, and user-
friendly CAD tools.

Devices based on quantum-mechanical effects need
simulation tools capable of dealing with such problems.
Heat conduction may also play a major role during
the operation of many devices (eg. in casc of SOI
circuits), thus the simulation of the carrier heating and the
energy balance equations became crucial in present device
simulators.

The design of sub-u or even deep sub-y processes re-
quires lots of trade-offs between technological possibilities
and the electrical performance of the fabricated devices.
This field has been recently classified as manufacturing sci-
ence. For making the right decisions during process devel-
opment the integration of process and device simulation is
of great importance. This is a way, how technology CAD
systems (T-CAD) play a major role in progress of the IC
technology.

Summarizing the statements of the conference, it is
obvious, that

e besides computer industry, telecommunication and con-
sumer electronics in the next two decades will have their
own input on technology with their special demands as
driving force. There will be no device structure changes
down to 0.25um minimal feature size in the workhorse,
SI-based CMOS technology, but there will be changes
in process design to satisfy the higher performance de-
mands.

e to achieve complex logic circuitry and high packaging
density in new telecom systems, optical devices and
VLSI-CMOS circuits have to be integrated on the same
silicon chip. Fast laser diodes integrated with transistor
drivers on an intermetallic substrate (InP) will help to
lower the cost of fiber optic communication devices.

¢ to reduce circuit complexity in certain analog and digital
applications quantum devices (eg. resonant tunneling
bipolar transistors — RTBTS) may be applied in the
mext 10—20 years (FUJITSU Laboratories, AT&T).

A. POPPE
Dept. Electronic Devices
TUB
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TEKTRONIX TFP2 FIBERMASTER -
OPTICAL TIME DOMAIN
REFLECTOMETER

Equipped to accommodate two dual-wavelength optical
plug-in modules at the same time, the FiberMaster '™ al-
lows users the flexibility of high-resolution and long-range
performance in singlemode and multimode applications, all
in the same instrument and at the touch of a button.

The high-resolution color FiberMaster™™ sets a new
level of performance and flexibility, providing faster, eas-
ier, more efficient solutions to fiber optic testing require-
ments.

FiberMaster is the only OTDR equipped to accommo-
date two dual-wave-length optical plug-in modules at the
same time. Fully utilized, this features gives the user dual-
wavelength singlemode optical cable testing at a touch of
a button. In addition, each plug-in module combines high-
resolution and long-range performance. This allows testing
of virtually any communications network (Telco, cable TV
or LAN) without switching modules.

FiberMaster is driven by advanced Motorola 68020 tech-
nology, giving the user a high-speed, 32-bit processor that
delivers clear, concise accurate waveforms in a fraction of
the averaging time taken by other OTDR systems which
are based on traditional PC technology.

FiberMaster sets a new testing standard with its unique
of exclusive features. An expandable overview/window
design lets you switch from the big picture to details and
back again easily and quickly. Window set-up menus
are user friendly with automatic help screens triggered by
context sensitive single function front panel controls. Soft
keys, high resolution full-color graphics, high resolution,
high speed internal printer and a broad selection of mass
storage options combine to make the FiberMaster the
most comprehensive, easiest-to-use optical time domain
reflectometer available

KEY FEATURES, BENEFITS

High Speed Processing System

FiberMaster is driven by a high-speed 32-bit processing
system. This result in clear concise waveforms in a fraction
of averaging time executed by traditional OTDR systems.

Extremely Easy to Use Human Interface

By offering overview/windowing design, soft keys,single
function front panel controls, window setup menus, and
context sensitive help, the FlberMaster is very easy to use.
Minimizing training time for first time users and recall time
for occasional users results in increased productivity.

State of the Art Color Display

FiberMaster is the first high performance OTDR with
high resolution color. Color provides a more dynamic
display and is especially useful when making multiple
waveform comparisons and differentiating events on the
waveform. The dynamics of color aid in the reduction of
user errors. A monochrome version is also available.

IviCes

High Resolution CRT Display

Not only is the FiberMaster’s display available in color,
it is the highest resolution OTDR display available, with
640 x 480 pixels on a 7 inch diagonal screen. This results
in enhanced understanding and analysis of waveforms.
Users will be able to see fiber better then they have ever
been able to see it before.

Dual Optical Plug-in Capacity Mainframe

Fibermaster is the only OTDR equipped to accommo-
date up to 2 separate optical plug-in modules at the same
time. This feature gives the user dual wavelength multi-
mode and dual wavelength singlemode optics at the push
of a button. This allows testing of practically any com-
munications application without having to manually switch
modules.

Custom Configurable Design

The customer has the flexibility of ordering FiberMaster
equipped with as much, or as little as he wants, depending
upon his testing requirements and budget. Custom con-
figuration is done simply by specifying options as desired.
Field interchangeable optics plug-in modules are selectable
by option when ordering the instrument, or can be ordered
separately and installed in the field at the user’s conve-
nience.

High Resolution Internal Printer

Hardcopy documentation of the waveform and support
data can be obtained in less than 15 seconds. The
resolution is the same as the CRT display (150 dots per
inch) which provides the user with a permanent record of
equal clarity as the high resolution screen.

Mass Storage

A selection of factory installed mass storage devices are
available when ordering FiberMaster to provide multiple
waveform storage and recall. FiberMaster is fully MS/DOS
file compatible which allows interaction with PC systems.
The customer can select from a 3.5 inch floppy disk drive,
suitable for most commercial applications, or a removable
RAM card drive system for ruggedized environments,
and/or 1 Mbyte internal RAM storage capacity.

For further Information please contact Tektronix Rep. Office
Hungary, Horvat u. 2—12. IV. em. 39., 1027 Budapest, Phone:
36(1) 201 6442
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OPTICAL CABLES BY PIRELLI

PIRELLI CAPABILITIES

Pirelli is one of the largest international producers of
cable with annual sales in excess of US 4 Billion. The
group has cable factories in 10 countries and covers the
spectrum of international requirements ranging from state
of the art Optical Fibre and Cable to Super Tension
Energy Cables. Pirelli produces Optical Fibre using each
of the three major technologies, namely OVD, VAD
and MCCVD, and is the largest producer of singlemode
Optical Fibre in Europe.

In the UK, Pirelli Communication Cables Division is the
market leader by volume of Optical Fibre Cables and has
been producing these cables since the late 1970’s.

The Division’s business/operating philosophy is based
upon a Total Quality Management (TQM) approach and
all products and services are subject to a continuous
improvement process. The philosophy is underpinned by
comprehensive training for all employees and an operating
culture that encourages and recognises the contribution of
all employees in the success of the business.

Few companies have the international pedigree and
repulation for quality as Pirelli Communication Cables
Division. In the UK, they are the largest manufacturer of
optical fibre cables, while their parent, Pirelli, is one of the
dominant cable groups in the world.

In addition to Pirelli’s ability to provide turnkey solutions
for underground cable applications, they have extensive
expertise and experience in the field of aerial cables. Pirelli
has been installing aerial cables for over a century and
nowadays excels in the area of self-supporting fibre optic
cables,

Before entering into a contract Pirelli will analyze all
the technical information to ensure that customers receive
the correct cable specification for their requirements. On
some occasions the route will be surveyed, and where nec-
essary a theodolite linked to a computer utilised to collect
accurate information about the supporting structures and
surrounding topography.

The Division is BT’s (British Telecom) number one
supplier of communication cables, and provides Germany’s
Deutsche Bundespost Telekom with Optical Fibre Cable.

Hundreds of kilometers of Pirelli cables were success-
fully installed by many Hungarian companies.

In the followings the products currently being supplied
to the Hungarian market are outlined. Pirelli will be
pleased to provide quotations for these products and to
recommend designs for other Optical Cable applications
within Hungary.

OPTICAL TRUNK CABLES
Underground Cables and Duct Cables

Pirelli can provide a wide range of metallic or nonmetal-
lic duct cables. The majority of cable types are suited to
CaTV applications. The cables currently being provided
are non-metallic and contain 6, 10, 20, 30 or 40 fibres. The
fibres are individually coloured for easy identification and

a cross-sectional diagram of a typical duct cable is shown
in Figure 1.

Figure 1. Multi element duct cable

The construction involves five loose tubes stranded
around a central strength member. The loose tubes each
contain up to eight singlemode optical fibres. The spaces
between the tubes and also the tube interior are filled
with a water blocking compound in the event of the
cable becoming damaged after installation. Polyester tapes
are used to firmly bind the cable, and a protective layer
of Aramid yarns are applied over the tapes to provide
additional tensile strength. Finally, a polyethylene jacket
is applied to the cable. The jacket is overprinted with
customer and product information to ease identification.

Directly Buried Cables

Additional protective layers of corrugated steel tape
and polyethylene can be added to the basic duct cable
construction to provide cables suitable for direct burial.

AERIAL CABLES
Short Span Installation

This family of cables is designed for installation from
wooden, steel or concrete poles which are located up to
80 metres apart. The cables can be of all dielectric (non
metallic) construction or may contain metallic elements
if required for a particular application. In addition,
the cables can be circular self supporting, circular but
lashed to an independent strength member, or of figure-
of-eight construction. An example of a cost effective self
supporting cable is shown in Fig. 2b. This type of cable is
particularly applicable for rural applications and the cable
can also be installed in underground cable ducts.

b) €)

Figure 2. Aerial cables.

a) Aerial multi element; b) Aerial ruggedised loose tube;
c) Fibrespan

Long Span Self Supporting Optical Fibre Cables

Pirelli manufactures Fibrespan; a high performance, all
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dielectric, self supporting cable for long span applications
up to 1 km (see Figure 3.). The cable can contain up to
24 singlemode fibres and is usually suspended from existing
high voltage electricity towers and is located independently
of the power (phase) conductors and ground wire. Typ-
ically the cable is fixed at the centre of each suspension
tower, and on the leg of heavy-angle towers. Fibrespan
can be installed during live line conditions. Pirelli is able to
offer all accessories necessary to erect the cables and can
provide a comprehensive training and installation service.

INTERNAL CABLES

)

Figure 3. Internal single fibre cable (SFC)

Duct type cable can be offered with an LSOH material
(instead of a polyethylene) jacket, which can offer superior
fire safety performance. This type of construction is
particularly appropriate for in-building installations.

DIGITAL AND PATCHCORDS

A variety of connector styles can be assembled onto
the Pirelli SFC (single fibre cables) to create optical
patchcords which interface with transmission equipment of
any manufacture.

Pigtails and patchcords are available in a range of
standard lengths, or can be specially manufactured to
customer requirements.

OPTICAL DISTRIBUTION RACKS

Pirelli can supply slimline Optical Distribution Racks for
Trunk Backbone Networks.

These units represent an outstanding solution to the
conflicting requirements of minimum space utilisation and
avoidance of bending losses in the singlemode fibre. For
buildings where vertical space is restricted, a variety
of options can be offered, ranging from rackmounted
termination shelves, to wall-mounted racks or boxes with
flying pigtails or patchcord connections.

OPTICAL CABLE CLOSURES
AND SPLICING ACCESSORIES

Pirelli can supply joint closures for all types of cables,
both underground and aerial. They can accommodate
both straight or spur joint in either a straight-through or
dome-ended configuration. Special requirements, such as
shotgun protection for above ground joints or additional
physical protection for buried joints, are accommodated
within range of available products. All items come with
the added security of approval by Pirelli’s engineers for the
specific application for witch they are supplied.

SPLICING AND TEST EQUIPMENT

Pirelli’s installation expertise is always available for the
assistance of our customers. Our experience, in many
different environments, gives us a good understanding
of which equipment is appropriate for field splicing and
testing of optical cables. Depending upon the customer’s
requirements Pirelli can advise and recommend for direct
purchase or supply and provide after-sales support.

SERVICES

Pirelli can also provide engineering, installation and
project management services to assist customer implemen-
tation programmes.

Further information:
Pirelli Cables Limited
Hungarian Representative
Minerva u. 2.
H-1118 Budapest
Phone/Fax: 185-2597
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B EUROPA TELECOM'92 IN BUDAPEST

The Telecom Forum and Exhibition held in every four
years in Geneva has been always a special occasion for the
telecom world. Lectures showed the latest usable results
which were supported by exhibited samples of equipment
or by beautifully designed products to be introduced soon
in the market. With the aim to make this important
event available for distant countries, from the mid-eghties
Telecoms were also held in Asia, Africa and Latin-America
showing development directions for the next years to
experts of these territories.

In Europe Telecom was not organized until 1992, bear-
ing in mind that the global Telecom in Geneva is available
to all experts in Europe. However, changes in CEE (Cen-
tral and East European) countries persuaded the leaders
of the International Telecommunications Union to orga-
nize a forum and an exhibition in this region as well. The
organizational right of the first Europa Telecom’92 was
given to Hungary. Notwithstanding, the economic control
and the professional program organization was handled by
the ITU itself, having a decade-long routine in this kind of
matters.

The Forum comprised Policy, Technical and Economic
Symposia. The significance of the Policy Symposium
was raised by the presence of high ranking state leaders.
Among lecturers there were a number of ministers, chair-
men of international bodies, executive directors and chair-
men of boards of multinational companies present. The
views of the high-ranking lecturers were especially impor-
tant because these people have the power to implement
their concepts. It seemed, that their main objective is to
create a competitive environment, in the near future. A
prerequisite for this is a well organized standardization.

At the Symposium the importance of telecommunica-
tions was underlined, interrelations with the development
of the society as well as the questions relating to market
organization were emphasized. However, in these fields
nothing new was heard by the audience. Anyway, it was
good to hear that all principles, which were underlined sev-
eral times by experts in the past two years, were repeated
by leaders being in control position.

Among lectures at the Policy Symposium some dealt
with the role of user groups and their relationship to tele-
com services providing some new elements for us. Leaders
from Italy, Sweden, Norway and the UK had the unan-
imous view that these groups help telecom services with
their opinions and their constructive criticism. Their con-
sultations promote determination of development direc-
tions and on the basis of user’s opinions investors can hope
with a greater possibility that the sums invested in quality
and quantity developments will soon be returned.

Mobile telecommunication was a special topic at the
Symposium. In relation to that it is necessary to mention,
that at the Policy Symposium there was also a mobile
section. The advantages of radio interconnection was
also mentioned in rapid developments, the implementation
of their real mobility through all Europe, and finally in
those methods which lead us from the present mobile
systems to the personal telecommunications of the next
decade. I must mention that from the approx. 15 lectures
dealing with mobile questions, only one or two introduced
new solutions or methods, the others mainly dealt with
their importance and future. The importance of the

new European System, GSM was emphasized while its
operational usage has started this year.

Most new ideas were elaborated for the better usage of
networks. Along with this, introduction of network intel-
ligence, its application for the purpose of Virtual Private
Networks, the practical use of Network Management in in-
creasing traffic forwarding ability, were the subjects which
will be possibly used in the Hungarian telecommunications
within a short time.

In connection with broadcasting, the importance of dig-
ital audio broadcasting (DAB) and higher definition tele-
vision usage (HDTV) were stressed. During discussions
it cropped up, that these new systems can only spread
quickly, if they are at least partially compatible with the
existing equipment. These kind of solutions have not been
mentioned yet by any of the developing companies. This is
why a lot of people think that the several billion pieces of
equipment, being now in the possession of the population
represent a value, which would limit the introduction of
these new facilities. The manufacturers have a different
opinion, however, they say that in the voice services CD
quality and in video technology sharpness and colour reso-
lution common in the movie screens would be a demand
for everyone sooner of later; if not, they would try to
achieve this situation with the necessary publicity.

In connection with the Technical Symposium it has to
be mentioned that notwithstanding the valuable presenta-
tions, that with only a year after Geneva a regional sympo-
sium can hardly bring anything new. This is especially valid
because for the Geneva Symposium the 150 —200 lectures
were chosen from several thousands, with the aim to find
those containing some new ideas. Here invited lecturers
were reading their texts and the invitations were made
upon the fact that they were known to be experts in their
own fields. These criticisms were mentioned by leaders and
organizers of the ITU being present here.

Most new ideas were introduced at the Economic Sym-
posium. Here some general subjects were also mentioned
like economic growth and its relationship with telecommu-
nications, as well as questions related to privatisations and
competition, at the same time subjects, which were rarely
discussed earlier, came out like tariff politics, leasing fees
in cases, when wide competition can not be ensured, mo-
nopolies still exist, and the parliament do not prescribe any
more telecommunications tariffs. It was also interesting to
hear questions arising over the coverage of investments,
its speed of return, and the analyses of the question, what
kind of services are to be introduced to achieve return of
the invested sum. Of course introduction of mobile ser-
vices has a high rank among services to be introduced.

Following the one or two general lectures in all these
subjects in some cases a history of the situation of coun-
tries and their views were also in the programme. It was
especially interesting to hear the experiences from coun-
tries with state-of-the-art telecommunications infrastruc-
ture and of the first steps being taken to privatisation, for
the creation of a solid competition situation and in the field
of creating economic methods in the CEE countries.

It seemed according to the above mentioned that the
most progressive changes occurred in the economical
platform in the past few years and that is why lecturers in
the economic section could bring along new ideas to that
of in Geneva. It is also true, that economic presentations
for a given region can be more specific than technical
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results. With the above in mind we can recommend
to everyone to read the published volume of Economic
Symposium of Europa Telecom.

At the exhibition held simultaneously with the forum
mobile telecommunications played also an important role.
GSM had place and role, besides CT2 providing limited
mobility, and in the pavilion of Motorola we were intro-
duced to its future variation, and with the state of develop-
ment of personal telecommunications system called iridium
which will be implemented by help of satellites at an orbit
near the earth. When no problem would occur to send
the satellites to their orbits, then in the years of 1996 —97
the operation of the technology got a great share, too. At
the exhibition several exhibitors introduced construction,
installation and measurement facilities to be used imple-
mentation of optical cable networks.

In other pavilions we could introduce ourselves with
practical applications of new services and facilities. ITU
placed the exhibitors price on a very high level, so
some of them had to build smaller pavilions. This
caused a feeling of underrepresentation in some of the
cases like Bundespost Telecom. AT&T also used only

a small place compared to its ranking. The exhibition
would have deserved more visitors, as young engineers
and telecommunications technical and economical experts
could introduce themselves with the technology of the
following years.

At the exhibition the pavilion of HTC Ltd was remark-
able. It was visited by a number of people for its tasteful
formation, its rich professional content and the polite han-
dling of the visitors. It was a good propaganda for HTC.
Beside HTC, WESTEL and Hungarocom tried to create a
favourable image of themselves. Other domestic exhibitors
also present, we can say that the Hungarian telecommuni-
cations played a leading role at this exhibition.

Summarizing the above, we can say that the presen-
tation of EUROPA TELECOM’92 brought new ideas in
some of the technical fields, the whole exhibition was a
spectacular event, and it was a good propaganda for the
whole Hungarian telecommunications. If some more visi-
tors came, more beautiful remembrance could be left.

GY. LAJTHA
HTC Ltd.
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JOURNAL ON COMMUNICATIONS IN 1993

In the coming year 1993 we are continuing our practice to publish English and
Hungarian issues of this journal. English issues will be devoted to topics in
which Hungarian activities may be of international interest, Hungarian issues
will be surveying important topics of telecommunications related to our domestic
developments.

The topics of the planned issues are the followings:

ENGLISH ISSUES:
« PERSONAL COMMUNICATIONS
« NEURAL NETWORKS
« SEMICONDUCTOR MODELLING
« TELECOMMUNICATION MEASUREMENTS

HUNGARIAN ISSUES:
« VSAT NETWORKS
« DIGITAL SIGNAL PROCESSING
« DIGITAL PBX
« SECURE COMMUNICATIONS
« RADIO COMMUNICATIONS
» STUDIO SYSTEMS
« DEVELOPMENT OF TELECOMMUNICATION NETWORKS
« EDUCATION OF ELECTRONICS

One year subscription rates:

4 English issues 60 USD, 12 issues 120 USD, single issues 20 USD
Subscription orders can be sent to the publisher:

TypoTgX Ltd. H-1015 Budapest, Batthyany u. 14.
Phone: (361)202 1365; fax: (361)115 4212.

Transfer should be made to the Hungarian Foreigh Trade Bank
H-1821, Budapest, Account Number 203-21411




TEKTRONIX FiberScout TFS2020
Handheld Optical Fault Finder

FEATURES INCLUDE:

e Simple symbolic display

e Graphics

e Event Description

Fast restoration capability
Small, lightweight, easy to handle
4-button operation

Low cost—high performance
Extended long range

Long range

Universal short range
Multimode short range

Dual port capability

High distance accuracy
User-selectable fault thresholds
Internal test result storage
RS-232C output port

e PC

e SEIKO DPU-201G

e Seiko DPU-411

e PC interface software

REPRESENTATIVE USERS:

The FiberScout is designed primarily to address restoration
requirements in the optical telephony, local area network and
CATYV environments.

Tektronix Representative

1027 Budapest, Horvat u. 2—12. IV.39.
Tel.: (361)201-6442

Fax: (361)156-5198

INSTALLATION
Nationwide service. Live circuit changeovers.
Turnkey project services. Make-and-lay services.
Cable recovery. Recycling of recovered materials. lg:::;::OM
Contract installation of copper/optical cables.
SYSTEMS
Major Public and Private Telecommunications
networks worldwide.
Vendor-independent data, telecom, CATV and CCTV systems i
design, implementation and maintenance. A comprehemive

range of copper,
PROJECT MANAGEMENT Includes shiclded and SaiRele; Shd Opgon
Total Quality Management: sereened twisted g::: g:lc:sm:c‘l,:;:
Product, staff, project and environment. copper pair. s dabe &
Commitment to meeting delivery deadlines and budgets. el aptical fibte cable
Customers kept informed throughout of progress. Sabio types: types.

Aeriul cable construc-
PIRELLI CABLES LIMITED tions as well us duc
Communication Cables Division :gddi:i’::‘:: :’t:;i"” o
Wednesbury Street, Newport Teaificis the
Gwent NP9 OWS Elcctricity Supply
United Kingdom Industry.

Hungarian Manager
H-1118 Budapest
Minerva utca 2.
Phone/Fax 361-185-2597




