Redactiecommissie: ir. K. Vrededbregt (voorzitter), ir. J. Dijk, prot. dr.

621.396.9:621.3759

Synopsis: After a discussion of the possibilities of transmitting optical
frequencies through the atmosphere for communication purposes,
the various methods of realizing guided transmission systems are
reviewed, Attention is paid to systems composed of glass lenses,
guiding systems consisting of optical glass fibers and to devices
in which for guiding use is made of the gradient of the thermal index
of gases.

Finally the application of lasers is considered as sources in long-
distance and short-distance communication links and as sources 1n
communication links between satellites.

1. Introduction

The difficulties with the radiopropagation of the higher fre-
quencies in the atmosphere and the problems of designing
practical and economical guiding systems have limited the
spectrum of electromagnetic waves commonly used in com-
munications to frequencies below 10 GHz. However the big
expansion of conventional microwave systems has begun to
saturate the possibilities offered by the frequency bands allo-
cated to radio links in the centimetric wavelength region and
will necessitate the use of new parts of the r.f. spectrum for
communications in a few years. This has led to a renewed
and important effort to use the frequencies above 10 GHz in
terrestrial radio links and in satellite communication systems;
similarly the millimetric circular waveguide systems are now
arriving in a developmental state. The recent progress in
integrated circuit techniques and in microwave technology,
especially in the field of microwave solid state devices, are
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important factors in the design and economic evaluation of
these new systems compared to more conventional ones.

In the field of the visible and the infrared wavelengths, the
discovery of the laser led also to a breakthrough in the techno-
logical art and it is interesting to examine whether this can
open a new part of the frequency spectrum to communications.
It appears that the problem of transmitting light waves over
great distances is the key problem at the development of these
new possibilities. So, a great part of this article will be devoted
to this problem. We shall try then to evaluate in what kind of
communication systems lasers could be applied, taking into
account the recent progresses in the field of coherent sources
and optical components. Let us first examine the two ways of
transmitting light waves at a great distance: either in the atmo-
sphere, or by a guided wave system.

2. Transmission through the Atmosphere

Before the discovery of lasers, it has been shown that, beside
the window in the visible, there are other windows of trans-
parency in the infrared, separated by strong absorption bands
due to the constituents of the atmosphere, mamnly water vapor,
carbone dioxide and ozone [l]. One of the most interesting
windows appears to be that near the wavelength of 10 pm. It
permits the propagation of the waves emitted by the carbon
dioxide laser: in fact these waves are less affected by the effects
of turbulence and by scattering of light in mists and fogs, the
two main difficulties encountered in the atmospheric propaga-
tion of light.

2.1. Effects of Turbulence

Even in clear weather, turbulence induces local inhomogeneities
whose dimensions vary from a few millimeters to more than
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ien meters. Their effect on the light beam depends on the
diameter d of the beam compared to the mean dimension of

the inhomogeneities . When ;E-:: I, the beam is deflected as
a whole by these inhomogeneities and this leads to a random
angular deviation of the beam and a displacement of the light
spot at the receiving end. When t—: = 1, the main effect is inter-

ference between small fractions of the beam which are inde-
pendently diffracted: this leads to a non-uniform repartition
of the light intensity at the receiving end, to wavefront distor-
tion, to spatial coherence degradation and to scintillation [2].

These effects must be taken into account in the design of
an optical communication link. Servo-systems may be needed
to maintain a continuous link between emitting and receiving
points in spite of the slow variations of the beam position and
direction due to turbulence and slow variations of the re-
fractive index. More fundamental is the limitation produced
by random phase front distortion by turbulence, when an
optical heterodyne receiver is used; there is an optimum value,
above which an increase of the diameter of the receiving antenna
leads to a decrease in signal-to-noise ratio. However, optical
links with direct detection are more generally considered. So,
the more important limitation is scattering by mist and fog.

2.2. Scattering by Mist and Fog

Scattering by particles which are small compared to the wave-
length, is very selective and leads to an attenuation given by
the Rayleigh formula:

o, (dB/km) = 3.60 N 43 1~

with

N = number of scattering centers per cm?;
A = cross-sectional area in cm?;

4 = wavelength in cm.

However, when the scattering particles are of the order of
magnitude of a wavelength, or larger, the attenuation is much
less dependent on the wavelength. Scattering in the atmosphere
18 produced by aerosols, suspensions of particles of smoke,
dust, water drops, etc. We refer here to the simultaneous
measurement of particle size distribution and of the trans-
mission through mists and fogs. done by Arnulf et al. [3]. In
mists, they found that the radius of the water droplets was
generally less than | pm, with a maximum near 0.5 um. This
1s in accordance with the fact that the attenuation of mists
depends very selectively on wavelength and is much smaller
at 10 um than in the visible. In fogs, especially in country
fogs, the water droplets can have a radius of more than 10 um,
and their attenuation is not very dependent on wavelength.
However, urban fogs, consisting of condensation of water
around smoke and industrial dusts, can be much more selec-
tive. Typical values for industrial smokes are an attenuation
of 200 dB/km at 0.55 pm and of only 5 dB/km at 10 um. In
general these fogs are less selective; they can give an attenua-
tion of 150 to 300 dB/km in the visible with approximately half
this value at 10 pm. :

Statistical results on propagation at 6328 A, obtained during
a period of 8 months, from January to August 1970 on a 1.5 km
long path at the CNET Research Center of Lannion (Brittany)
are shown on Fig. 1. It can be shown that the attenuation is
greater than 40 dB during 5% of the time, i.e. for approximately
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Fig. 1. Statistical propagation results at 0.63 um, on a 1.5 km path.
CNET-Lannion, Brittany (France).

18 d/a. Such a result depends greatly on local meteorological
conditions and cannot be generalized.

Scattering by mists and fogs limits the possibility of using
visible light for establishing continuous. reliable links all the
year around. But such optical links can be possible and useful
in regions with favourable meteorological conditions or. for
temporary links in some special cases. Somewhat different is
the case of the 10.6 um infrared light emitted by the CO,
laser [4]. The smaller attenuation by dispersive fogs, common
in an urban atmosphere, gives some possibilities of using it,
for instance in local networks between telephone exchanges.

3. Guided Transmission Systems

For millimeter waves, the limitations of atmospheric propa-
gation lead to try to use guiding systems to transmitting the
wave over great distances. The technique of hollow metallic
waveguides such as TE,, circular waveguides, used in the
microwave region, cannot be easily extrapolated in the optical
region. So other solutions are in study, gathered either from
dielectric waveguide techniques, which lead to different types
of optical fibers, or from the optical techniques using a series
ol lenses and mirrors for guiding a light beam. These two
techniques make use either of many media having different
refractive index, or of a medium having a continuously varying
index: the dielectrics used are either glasses or fused quartz,
or a gas in which index changes can be produced by a non-
uniform temperature. So, many systems have to be considered,
but in each case many conditions have to be fulfilled:

a. The propagation medium must introduce a low attenuation
of the beam. A rough estimation shows that the attenuation
has to be less than 20 dB/km, but a comparison with milli-
metric circular waveguides leads rather to a desirable value
of 5 dB/km; this condition is easily obtained with gases, but
not at the present time with glasses.
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b. In straight line sections, the guiding system has only to
compensate the beam divergence due to diffraction, which
requires only a mean value of refractive index changes of,
say, 107°, Such changes can be easily obtained in gases.

c. The system must guide the beam around curves with the
smalles possible radius of curvature. This radius can be made
smaller and smaller, when larger refractive index changes can
be applied, which gives an advantage to glasses on gases.

d. These three conditions have to be fulfilled by a system which
can easily be put into service and which must not be too ex-
pensive.

Three families of guiding systems are in study at the present
time:
— guidance by a series of glass lenses:
— guidance by optical glass fibers;
— guidance by thermal index gradient in gases.

3.1. Guidance by a Series of Glass Lenses

Guidance of a light beam can be obtained by an iterated series
of convergent glass lenses having the same focal length F and
separated by the same distance D. Such a periodic series 1s a
stable guiding system if 0 < D < 4 F: in that case, a paraxial
ray remains at a finite distance from the axis, whatever the
number of sections. The middle of the stability domain 1s
given by D = 2 F, i.e. by confocal lenses and this configuration
is generally chosen.

Many laboratories have studied such systems. As an example,
we give some details about the system tried out by Dr. Goubau
[5]. The light guide has a total length of 970 m and is made
of ten sections of 97 m, separating fused silica lenses (F # 50 m).
The attenuation measured on each antireflection coated lens
lies between 0.03 dB and 0.05 dB. The light beam is protected
by an aluminium pipe with @ = 10 cm, which can be evacuated.
The pipe is not buried in the earth, but is placed approximately
1 m above the ground and is protected from thermal variations
only by a small isolating sheath. So, in order to avoid de-
focusing by temperature changes in the gas remaining in the
pipe, the pressure has to be less than 10 mm Hg. In such con-
ditions, the total measured attenuation is as low as 0.5 dB/km.

This system satisfies our first two conditions: it has a low
attenuation and it can compensate the diffraction of the light
beam in a straight line. But it is not very satisfactory from the
point of view of the two other conditions: it is difficult to
follow a continuous curve with a small radius of curvature and
it is complicated to lay and to align, as compared with cables,
or even with circular millimetric waveguide. But, with these
limitations, it can be used already.

3.2. Guiding by Optical Fibers

Optical fibers have advantages and disadvantages that lens
waveguides lack. They can more easily be manufactured and
be laid and they can be bent in curves with a radius as small
as a few centimeters. But the attenuation is rather high and
still prohibitive for uses in long distance links.

The electromagnetic properties of these fibers can be derived
from that of the simple dielectric waveguide made of a di-
electric cylinder with refractive index n,, placed in a dielectric
medium of lower index n,. The propagation modes of this
guide are more complex than the modes of hollow metallic
circular waveguides. Generally they have at the same time one
component of electric field and one component of magnetic
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Fig. 2. Dispersion curves of a dielectric waveguide.

field along the direction of propagation. These are denoted
by HE__ and EH,, the first index giving the angular variation
of the fields, the second giving the number of zeros along a
radius. However the modes with m = 0, which have no angular
variation of the fields, are purely transverse electric or trans-
verse magnetic and are denoted by TE_, (or H ) and TM_
(or E_,). The dispersion curves (w, f§) of these modes are given
p
in Fig. 2. The phase velocity is equal to 3 .the light velocity in
1
the internal medium at very high frequency and increases when
the frequency decreases. At the cut-off frequency, the phase
velocity is not infinite as in metallic waveguides, but becomes
¢
> .the velocity in the external medium. The cut-off
Frequencif:s_ are given by definite values of the parameter

equal to

2ra
R =

-

A
the wavelength in vacuum. However the HE |, mode has no cut-
off frequency and exists at all frequencies. Below the lowest
cut-off frequency of the other modes only the HE,, mode can
be propagated, and this gives the possibility of having a mono-
mode waveguide, when the radius of the cylinder is small
enough for a given frequency. On the other hand. the greatest
part of energy is located inside the internal cylinder, only at
high frequencies, i.e. if the radius of the cylinder 1s not too small.
For instance, if n, = 1.45 and n, = 1, more than 907 of the
energy is located in the inner cylinder if the ratio CiAmeler

2 wavelength

a : gl
= — = |; on the contrary, only 209, of the energy is in this

. 2 T :
medium when = [Lr3 [6]. In the latter case, it is not possible

A

to guide the wave along curves with small radius of curvature.

JE _ »n° where a is the radius of the cylinder and 4

; i . i : :
From these conditions concerning two classes of optical

fibers are derived: — monomode fibers and multimode fibers,
useful for two types of applications.

Optical fibers are generally made of two coaxial glass cylin-
ders: a core cylinder inside a sheath cylinder, the cladding. In
multimode fibers, the diameter of the core is much larger than
the wavelength: for instance 2 @ = 50 pm, while the diameter
of the cladding is of the order of 60 to 100 pm. These fibers
have a small information capacity, their frequency bandwidth
being limited, for instance, to 20 MHz for 1 km length, by the
differences of the propagation velocities of the different modes
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which can be propagated at the same frequency. The second
class of fibers is that of monomode fibers, with a core diameter
of the order of the wavelength. As an example 2 @ = | um,
while the diameter of the cladding will remain 50 to 100 um
for mechanical reasons: their frequency bandwidth can be
greater than 1 GHz for lengths of 1 km.

The monomode fibers are much more difficult to manufacture
than multimode fibers, whose fabrication is very cheap and
straightforward. However the attenuation of these two classes
of fibers remains at the present time the main difficulty. The
more common values quoted in the literature vary from 300
to 1000 dB/km. A great dispersion in experimental values is
a result not only of the great variety in chemical composition
of the fibers, but also of the fact that the measurements have
been made on short samples. In fact. it appears that there are
not enough data on the values of attenuation of different glas-
ses at different wavelengths, and on the origin of this attenua-
tion even in the volume of the glass. Many laboratories have

begun to work on this important subject. A first source of

attenuation is given by the scattering of light by index in-
homogeneities in the medium. Measurements on the angular
distribution of scattered light show that the diameter of the
scattering centers is generally smaller than the wavelength,
but can approach one wavelength in the visible. When the
scattering centers have dimensions much smaller than 1 pm,
the Rayleigh formula in ™% gives an important advantage to
infrared light: a glass having a scattering loss of 64 dB/km
at 4 = 0.5 pm has only a scattering loss of 4 dB/km at /4 =
I pm. Recent measurements on different glasses at 0.9 pm,
the wavelength of the gallium arsenide semiconductor laser,
give values of scattering losses of 0.5 to 7 dB/km [7]. Another
source of attenuation is the absorption of light by ions such
as Co"", Cu™", Ni***, Fe'", which can give strong ab-
sorption bands, even at very small concentrations, of the order
of 107° to 10", The effects of these ions vary with the chemical
composition of glasses. Generally they are of the same order
of magnitude as scattering losses in the visible, and are the
more important source of attenuation in the near infrared.
Actually, the bulk attenuation of the best-known glasses lies
between 50 dB/km and 100 dB/km. This is nor a physical limit,
since attenuation of less than 10 dB/km has been measured
on fused silica [8], but this material is not very convenient for
the manufacture of optical fibers, due to its low refractive
index and to its small thermal expansion, which make difficult
to match it with any other cladding material. We can hope
that new preparation techniques can reduce attenuation due
to absorption by ions. In fact, a very small quantity of glass
is needed to make the core: the volume of a cylinder of 1 pum
diameter and 1 km length is less than 1 mm?® and it can be
possible to reduce the bulk attenuation of such a small quantity
of glass, if we can attain the degree of purity which is now com-
mon 1n semiconductor materials.

In any case, the attenuation of between a few hundred and
1000 dB/km, measured at present on the best fibers of one of
these types, is much larger than the bulk attenuation of the
glass.') Scattering losses in a fiber are particularly large:

') Less than one month after the MOGA Conference, an important
experimental result on two-glass optical fibers has been announced
by F. P. Kapron et al. at the conferenc: on ‘Trunk Telecommunication
by guided waves’ (London, 29 September-2 October 1970). We quote:

‘two 30-meter sections which were investigated had a total loss of

between 60 and 70 dBjkm the lowest value of total attenuation ob-

served in all waveguides constructed for this work was approximately
20 dB/km, measured at a 632.8 mm wavelength’ [24).
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manufacturing processes create new defects and inhomoge-
neities, especially at the boundary between core and cladding.
While this is not agreed by all, it can be interesting to SUPpress
this discontinuity and to obtain the confinement and guiding
of the light beam by a continuously-varying refraction index.
Guiding of electromagnetic waves by an index gradient is well-
known, and gives rise to familiar phenomena such as mirage.
The study of general guiding media, which led to important
studies in the recent years [9, 10] has shown the importance of

a parabolic distribution law of the refractive index. like n = n_

ik

l—.ﬁ.(; )_ . Although propagation modes can be defined

for the continuously-varying index case. it is more interesting
to describe the propagation phenomena in terms of light rays,
specially if the index gradient is small: for an arbitrary in-
jection angle, the beam follows a sinusoidal or helicoidal path
around the axis. Theoretically many light beams can be injected
without interference, and this can be used to increase the
capacity of small sections of a fibre. But, for long sections.
defects and bending of the axis lead to a mixing of these beams.

A parabolic distribution law of the refraction index can be
approximately obtained by thermal diffusion and exchange
of ions in a glass cylinder: in certain types of glasses sub-
stitution of ions like Li*, Na*, K™, TI*, Mg* ", Ca**.Pb" *.
could give index variations of 0.01 to 0.03 if it were possible
to have a complete substitution; the experimental values ob-
tained are of the order of one fifth of these values [11]. This
technique is used in SELFOC [11] and GRIN [12] fibers. On
SELFOC fiber samples. an attenuation of between 80 and
250 dB/km has been measured, scattering losses being reduced
to 20 or 30 dB/km.

3.3. Guiding by a Thermal Gradient in a Gas

Since 1964 many devices have been described in which use is
made of the index gradient produced by a thermal gradient
in a gas for making lenses or light waveguides [13]. The varia-
tions of refraction index in gases are much smaller than in
solids. For instance, the air index in normal conditions of
temperature and pressure is such that n —1 = 3.10™ %, com-
pared to the index of glasses being of the order of n = 1.5.
For a small variation of temperature AT, the variation of the
air refraction index is An = — 107 °AT. This small variation
is sufficient to compensate the effect of diffraction in straight

lines. It can be shown that an index variation of -’;‘—ﬁ (£ =
l6a”
wavelength, ¢ = beam radius) is sufficient. which gives a

value of 107° for 4 = | pm and @ = 0.25 mm. But such a
variation is not large enough to follow curves with a small
radius of curvature, as for instance less than one hundred
meters. Among the systems using thermal gradient in gases,
those which have a continuous structure, rather than discrete
lenses, seem particularly practical to realize a transmission
line. A parabolic index distribution, is of interest like in glass
fibers, such that

x

H_l=_10-¢qT7 X 7}

2

b

(Ox, Oy are the axes in the transverse section; b is a parameter
characterizing the distribution). However. it is difficult to ob-
tain this distribution in a gas. It can be realized approximately
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by injecting a laminar flow of fresh air in a hot tube. But when
the gas becomes homogeneously heated, the lens effect fades
away and it is necessary to inject new fresh air in the tube.
Such a system is made of a succession of sections where fresh
air is injected at one end, while warm air can escape at the
other end [14]. Another difficulty arises from the convection
motion: fresh air at the center of the tube begins to fall while
heated air climbs along the wall of the tube.

We shall now describe an helicoidal structure which can
suppress this convection motion [15]. In the helicoidal light
guide, the index gradient in the gas is obtained by a quadru-
polar structure, made for instance by four tubes, the circular
sections of which are placed at the corners of a square (see
Fig. 3). Two tubes at opposite corners are al the temperature
T .+ AT; the two other tubes are at T, — AT. These tubes
are twisted around the axis determined by the centre of the
successive squares. The index distribution in the transverse
section 1s given by:

n=1_-10"°AT X =

2

b
by
|
7
\_\ .
e b
" /
~ S ar N,
.-"'f . \\\
/ .
P %
/. \'x&

Fig. 3. Section of the helicoidal waveguide.

This gives a converging effect in the plane x — Oz, and a
diverging effect in the piane y — Oz. Due to the helicoidal
structure. convergence is obtained alternatively in the two
planes: so, this guide is a periodic focusing system, as those
used in electron optics, in microwave tubes or particle accele-
rators. The main properties of this structure have been cal-
culated and they have been verified on an experimental 15 m
long assembly. This experiment is very far from the develop-
ment of a practical and economical waveguide. However, not-
withstanding many disadvantages, — difficulty of following
curves with a small radius of curvature, problems in manu-
facturing, laying and operating the guide, — this solution has
the advantage of a very small attenuation, much smaller than
attained in the present optical fibers.

4. Some Possibilities of Application of Lasers to Communications

Although capital problems remain to be solved in the field of
light transmission, it is interesting to consider some systems
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which can be developed in the future. We shall examine three
types of communication links:

— long distance high capacity terrestrial trunks;

- short distance, medium or low capacity terrestrial links:

~ communication links between satellites.

4.1. High-capacity Terrestrial Trunks

To define what can be a long distance high-capacity trunk in
the future, we can remark that in 1970 the largest interurban
link in France has 6600 telephone channels. On a basis of a
capacity doubling every five years, the main cities of Western
Europe will be connected by 30000 to 40 000 telephone channel
links at about 1985. On the other hand, this capacity needs to
be doubled if the number of picturephone channels becomes '/, 4
of that of the telephone channels. Such a capacity can be ob-
tained with a millimetric circular waveguide using the frequency
band between 32 and 40 GHz. In this band, the circular wave-
guide, which is now arriving at the development state, has a
theoretical attenuation of 3 dB/km; the experimental value 1s
5 to 7 dB/km. With the present technique, the spacing between
repeaters can be larger than 10 km and curves can be followed
with a radius of 20 m, and even of 10 m. What can the laser
offer in this field?

First of all. it must be said that laser systems are not in the
same state of development. However, 1t seems necessary to use

optical waveguide
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Fig. 4. Optical multiplexing of n PCM signals at N Mbt/s.
M = Modulator: G = PCM signal generator for N Mbit/s; Ap =
Phase shifter; S = Beam splitter.

a non-dispersive guiding system: a monomode optical fiber
would be the ideal guide, if it were possible to manufacture long
samples with a total attenuation less than 10 or 20 dB/km.
Guiding by a thermal gradient in a gas would be better from
the point of view of attenuation, but it still remains to devise
a practical and economical gas light waveguide. If none of these
solutions still remains will succeed, then already the lens wave-
guide can be used. but aligning seems to be more complicated
and perhaps more expensive than a millimetric circular wave-
guide. Nevertheless, it can be useful for realizing long sections
of very high capacity trunks without repeaters: we can have
in mind sections of 20 to 50 km, although it 1s yet too early to
make an economic evaluation of such systems.

In the field of laser equipments, the recent progresses of
coherent sources and associated components make such high
capacities possible. Among the most promising sources, we must
consider the YAG laser (Yttrium-Aluminium Garnet) doped
with neodymium, emitting at 1.06 pm. With mode-locking by
an internal modulator, it can produce short recurrent light
pulses not longer than 30 m, with a peak power of 100 W.
Such a laser can be used as an emitter in a pulse-code modula-
tion system. A pulse repetition rate of 250 MHz would give a
capacity of 3000 telephone channels approximately. But the
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pulses would be short enough to permit time-multiplexing of
many such groups of channels: an optical-multiplexing could
be used as presented in Fig. 4 [16]. Time-multiplexing of 10
groups gives a capacity of 30000 telephone channels. But this
Is not the physical limitation, which is given by the pulse length
that 1s related to the bandwidth of the emitting material. With
30-ps pulses, produced by a YAG laser, a capacity of 10000
Mbits can be obtained, which corresponds to 120000 telephone
channels. With optical time multiplexing, each 250 Mbits group
s separately modulated. The pulses can be modulated by an
electro-optical gate, like the modulator shown in Fig. 5. With
the use of new materials such as lithium niobate tantalate. to-
gether with a transverse modulating field, — which reduces the

modulating voltage necessary to open the gate by a factor ;
i

in which / stands for the length and & for the height of the
crystal, — the gate can be operated with a rather low electrical
power. The modulator of Fig. 5, made of Li Ta O, (/=22.6 mm;
h = 0.5 mm; F_ > 1 GHz), requires only a peak voltage of

max

60 V and a modulating power of 10 W. However, the YAG laser

and this modulator would be much more expensive than con- .

ventional solid-state telephone repeaters. So, their use seems
limited to long sections of very high capacity trunks, without
intermediate repeaters, this means that a waveguide with low
losses must be available.

The use of a YAG laser, which seems the best solution at
the present time, can be challenged by the rapid progress of

W
Sulh

glectrode 2 5

S ~1 electro-optical crystal
electrode 1 h:r. T{;,H’J it

)

Fig. 5. Transverse field light modulator.

the semiconductor laser, especially the gallium-arsenide laser.
The use of this laser has been limited until now because of its
high threshold-current which makes c.w. operation at room
temperature possible. But the threshold current has been reduced
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to one tenth in one year. A first step was made in 1969 by
I. Hayashi et al., at Bell Telephone Laboratories, and by H.
Kressel and N. Nelson at RCA who introduced an hetero-
structure of As Ga-As_ Al, _ Ga [17, 18]. The threshold current
of these improved injection lasers was near 8000 A/cm? at
room temperature, compared to 26 000 A/cm? for the best p-n
laser diodes. In 1970, the threshold current has been reduced
to 1000 A/cm? in double heterostructure injection lasers [19].
This value is sufficient for c.w. operation at room temperature,
at least in a laboratory experiment. Some research work on
optical circuits [20] can be used for constructing solid-state
communication repeaters. Combined with the use of a mono-
mode optical fiber., whose attenuation could have been reduced
to 10 or 20 dB/km, the use of a semiconductor laser and optical
integrated circuitry could be a competitive solution to the tech-
nical and economic problem of the long-distance high-capacity
trunks of the future.

4.2, Short-Distance, Medium or Small Capacity Links

There is a need of short-distance communication links, with
medium or small capacity, dependent on the applications. The
transit centers and big telephone exchanges in large cities are
connected by many thousands of telephone circuits, but, for
reasons of flexibility, these circuits are generally not multi-
plexed in a great bandwidth signal. Such needs exist also in
suburban areas, with a smaller capacity. Two types of laser
communication systems will have to be considered for this ap-
plication, as well as for similar military applications. One of
them would require semiconductor lasers and solid-state opto-
electronic devices, with an optical fiber as the transmission
medium. Because of the small bandwidth needed, multimode
fibers could be used. One interesting feature of such a system
would be the low cost of the optical fibers, if we compare the
price of glass with the price of copper; however, high-purity
glasses would be needed. Another feature is the possibility of
putting many fibers in the same bundle, thus making optical
telephone cable.

Another way out is trying to use propagation in the atmo-
sphere. In many countries experiments have been done on links
with lengths of a few kilometers, using gas lasers, especially
helium-neon lasers (6328 A) and carbon dioxide lasers (10.6 pm).
These experiments have shown that applications of optical com-
munication links in the atmosphere are rather limited. However.
some non conventional solutions proposed for frequencies above
10 GHz to fight attenuation caused by rainfall can bring some
help to fight the attenuation by fogs and mists at optical fre-
quencies [23]. One of these proposals is to reduce the distance
between emitter and receiver well within the distance used in
conventional line-of-sight distance microwave links. Another
one is to connect two points using space diversity by installing
several paths of which at each time the path giving the smaller
attenuation could be chosen. However, the attenuation due to
fogs at optical frequencies is much larger than the attenuation
due to rain in the millimetric region. From that point of view,
the carbon dioxide laser, emitting in the infrared at 10.6 um,
is more suitable than the helium-neon laser. But this wavelength
1s much more difficult for modulation and detection; electro-
optical modulators need at least ten times more modulating
voltage and detectors need to be cooled at liquid nitrogen temper-
ature. )

An interesting concept, stemming from the technique at fre-
quencies above 10 GHz, is that of the ‘pole-mounted repeaters’.
Following the development of microwave solid-state electronics,
22 JANUARI 1971
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the volume and power requirements of microwave repeaters
have been considerably reduced and for low capacity links the
big towers of conventional microwave relays can be replaced
by a mast, at the top of which a compact repeater is placed.
It seems possible that such solutions can be extrapolated in the
optical region if new progresses in semiconductor lasers and
optical integrated circuits lead to compact laser repeaters.

These two ways of using lasers in the atmosphere can help
the solution of the problem of local networks in urban and
suburban areas, where it becomes more and more difficult to
lay cables, while the increase of the number of radio links
produce severe interference problems.

4.3, Communication Links between Satellites

The use of lasers on satellites has been made possible by the
recent progress of laser technology from the point of view of
reliability, power efficiency -and volume reduction. Space-
qualified lasers have been developed [21]. Transmission experi-
ments with carbon dioxide lasers between satellites and between
satellites and the earth are planned on the American technologi-
cal satellites ATS-F and ATS-G. Among other high power light
sources, the YAG laser is also interesting but a difficult reli-
ability problem remains to be solved, due to the short lifetime
of the arc lamps used to pump these lasers: the studies on the
pumping of YAG lasers by electroluminescent diodes can lead
to an improved reliability and efficiency [22]. However, 1f the
attenuation problem does not need to be considered in com-
munication links between satellites, where the range is hmited
only by the aperture of the emitter and receiver antennas, ab-
sorption and scattering of light by the atmosphere do remain
important in links between a satellite and the earth. So, the
place of the lasers seems to be in links between satellites, for
instance between geostationary satéllites connected in a com-
munication or data-transmission network. The laser experi-
ments with the ATS-F and ATS-G will give information on the
feasibility and practical interest of such applications.

5. Conclusion

The bad transmission of light in the atmosphere and the lack
of a practical and economical waveguide limit very severely the
use of lasers in communication, like they have hindered the use
of frequencies above 10 GHz during many years. But lasers
are still in a research state and the progress is rapid and conti-
nuous in the field of laser sources, — reliability and efficiency,
short pulse emission, semiconductor lasers, — as well as in the
field of light waveguides, especially that of oprical fibers. So,
as the technology of coherent optics develops and as the need
of higher capacity links will increase and the conventional radio
links become saturated, the interest of the laser for communica-
tion purposes will become greater and greater. In a future of
ten to fifteen years it seems necessary to use extensively milli-
metric or optical waves in long distance high capacity trunks:
although the laser communication systems are not in the state
of development attained for millimetric circular waveguide
systems, they can be practically usable before that time. The
development of low attenuation optical fibers would make this
application possible and would at the same time offer to optical
communications possibilities in the field of the local networks
of big cities. The realization of these possibilities depends not
only on the solution of difficult technical problems, but also
on economic conditions which cannot be precisely evaluated
at the present state of the art.
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Fringing Capacitance in Printed Strip Transmission

Line Filters

by M. A. Halim and M. A. K. Hamid, university of Manitoba, Winnipeg, Canada

Synopsis: Problems associated with odd-mode fringing capacitance,
due to the presence of the dielectric slab in a printed strip trans-
mission line filter, are discussed and a simple method for obtaining
the correct value is presented. The procedure is illustrated for a
single-section filter and satisfactory agreement between theory and
expenment is demonstrated.

1. Introduction

Printed strip transmission line filters contain foil strips printed
on both sides of a dielectric sheet, supported in air or in dielectric
midway between ground plates, as shown in Fig. 1. Here w is
the strip width, s is the spacing between two strips or the gap
width, b is the spacing between the ground plates, 7 is the thick-
ness of the dielectric sheet, &; = g, , is the absolute dielectric
constant of the dielectric sheet and ¢ = ¢g¢_is the absolute
dielectric constant of the medium.

One procedure for designing a strip transmission line filter is
to transform the strip line circuit to an equivalent ladder net-
work with lumped elements, which is then compared with proto-
type filter circuits in order to obtain in terms of the prototype
element values the even- and odd-mode characteristic imped-
ances Z, and Z_ of each strip with respect to ground. The strip
width w and the spacing s between the strips are then calculated
from Z, and Z_ using the known values of the strip thickness
and ground plate spacing b.

Manuscript voor de eerste maal ontvangen op 9 juni 1970, voor de
tweede maal op 22 oktober 1970.
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2. Characteristic Impedance and Fringing Capacitance

For parallel-coupled open-ended strips, as shown in Fig. 2, the
values of Z _and Z_ have been found to be [1, 2]:

Z
e _ 52, t nrde= 123 (la)
zn ‘gl én
2. Z
ook _ ol 2 _l {lh_]
Ei] gt zu
N
&, | B JE for even N
Z-.—_ — g_ V‘ gk gk-l . k = 213j4.4+.= N_I_] {Zﬂ)
. ' 2 — forodd N
2
Z, 2,
z, V% (2b)
where
N = number of filter sections
£,. &, ... = element values of prototype high-pass filter where

an N-section strip line filter corresponds to an
(N + 1)-element prototype filter
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I

% W,
tan [5 : ;] = normalized cut-off frequency of

the prototype filter
@) = cut-off frequency of the strip line filter

= center frequency of the strip line filter for which L
is quarter wavelength long

Z = terminal impedance of the strip line filter

The various capacitances associated with the strips are shown
in Fig. 3, where

C, = parallel-plate capacitance between strip and ground

£ = fringing capacitance from outer strip edge to the
closer ground plate and is equal to that of an
isolated-strip edge to ground

€5 = fringing capacitance from inner strip edge to the
closer ground plate for even-mode field distribution
Ces = fringing capacitance between inner strip edge and

a metallic wall halfway between the two strips for
~ odd-mode field distribution

The total even- and odd-mode normalized capacitances are
hence given by:

Coo |G, G G a)
E £ £ &

Coo 5| G G, Ci (3b)
&€ £ 3 £

The even- and odd-mode characteristic impedances are related
to the total normalized capacitances through the equations [3]:

— 376.7T — . 376.7
\/Er Z.. -Cm_ N Z - ? (@)
£ £

The normalized coupling capacitance between the strips is given
by [3]:

AC 376.7 | | B
2 2\( & Z.,

[{:un o C:Ju] = C:u = C;E [Sa}

while the normalized strip width is [3]:

wo il 3 .

e | = ne fe r

b 2 ( b) ]i.?.v ¢ & } (5)

which is modified, if (:) - 035 ( | — ;)

For the strip line configuration of Fig. 1, the values of the even-
and odd-mode fringing capacitances have been derived by
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Cohn [4]. There it is stated that if e = 1(}, the following equations
will give satisfactory results: '

“(3)
Ce. fr s\ Luifasy =Xb

(E,E)z (n:.:!:)”[;‘ (6a)
£ &
(0}
£
c*l'(_r_'
C:. I 5 C 5 _!.'_ h)
Bk (D2 (i {f ; o) ' 6b
€ (.-.'J .-f:i) E( f:) C’ 60)
| —(0)

10,equation (6a) still holds, but equation (6b)
must -be modified to the following expression :

C; [ s C; M £, zn
= e T =_H ﬂ:_ e [
: (.f:- .e:) . ( b)+ e~ 367 i

7z ( ol {}) = characteristic impedance of a single strip in the
dielectric &, whose ground-plate spacing is 1,
strip width 1s 5 and thickness 1s zero.

&
However, if s <

ground plate

-
TR S W Ei
b 72 TITTITT T TTTTITI ézir
strip strip
k3

ground plate

Fig. 1. Parallel-coupled printed strip-line filter (end view).

(il TR ]

o ] EWM .
— “ —
foe ‘00 T

N-th, section

@ ® ©

Fig. 2. a. Single section, top view; b. Single section, end view; ¢. N
section, top view.

ground plata
\EF = I:TF" EJfE

ground plate

~ | axis of symmetry

Fig. 3. Various {ringing and parallel-plate capacitances for a filter
section.
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Fig. 4. 7 as d function of 7 for = - 10.0.
]

& [ A
A plot of , Versus A for = 10 1s shown in Fig. 4. For a giveng 2

the corresponding value of é gives the maximum gap width

|‘Dl'r which equation (7) is applicable. For larger gap widths, .

. ), . . C;. f":” H'
equation (6b) 1s valid. Fig. 5 showsaplotof —. — and —
£ £ £
Versus ?: corresponding to %: 007 ¢4 = 21 and g = 1.0,
]

where — has been calculated from both equations (6b) and (7).
P

Note that when — is calculated from equation (6b), as shown
&

2.0

=
LR

——= different capacitances
=

=
n

0
0 0.4 0.8 § L2 1.6
— —
b
. {ﬂfl i C;u ...r'.ir s i ¥ !
Flg. 5. i T as a lunction Gf}; for 5 = W.IV.
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Fig. 7. General and modified plots for —<and —=versus — for Z = 0,17,

h h

¢ !

c
by the dotted line in Fig. 5, both — and —= curves merge into
£ &

! 5 : .
a single curve at 7= 2.0 and correspond to the value of —=
P

fnrfi = 0.17. In other words, the two strips behave as if they
/, i

were isolated ones [4].
However, when —= is calculated from equation (7), the two
=
: s , 5
curves intersect at — = (.85, corresponding to a value of i 3.

] ’
Since AC is a positive quantity, it appears that for i = 5, there
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2.4

f-..l ) c-.\,l Ifl
Fig. 8. - (combined plot), - and — wversus Ei for 5]_. 0.17.
IS £ [

will be no coupling between the strips. Using different values

of % we can plot a number of such graphs and obtain the cor-

& 5 3
responding values of fjl and : for which 4c ~ (. The result

il ! i £
is shown in Fig. 6, together with the horizontal straight line
representing 2 =100,
1
Fig. 6 shows that the validity of equation (7) depends largely

i
on 7 The shaded area can be called the ‘null zone’, because

for any value of - in this area there is no coupling capacitance
f

between the strips, even though t.hE!—‘; -values are less than 10.0.

It appears that for % < 0.1 equation (7) applies directly, while

X
for L > 0.1 it can only be used if = does not fall in the null zone.
:

Moreover, to ensure a good coupling, a reasonable amount of
coupling capacitance between the strips is needed. Hence, before
equation (7) 1s used, we must be sure lhm; is well below the
null zone.

Several questions may arise at this stage, namely how far
should % be below the null zone to obtain a reasonable value
of AC and 1s there a definite way to indicate the location of sl

]

£ g, RO
Although };15 known beforehand, = not known until ‘-:-
:

is determined. But EIS obtained from the graph prepared from

. & ; o
—“and _', for which —2 must be known. However, it is not
€ £ &
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clear when the general and when the modified equation should
be used for this purpose. To overcome this difficulty, we note

; e s s 8 :
that for a given strip thickness. when — = —| , there 18 no cou-

bl,
pling between the strips, and we must use the general equation.

g s
Also, as can be seen from Fig. 5, in the vicinity of —;; o= 4';]' the
l g

value of 4ac is very small and hence we should not use the
e - s
modified equation when %is slightly less than Zl To elaborate
1 ] 0

further we refer to Fig. 7, where — calculated from the general
.

G
equation (6b) and the modified equation (7), and —F'—[ have been

plotted Vﬂsus%‘ for é — 0.17 Here we see that the modified
c :

5 - N -
—'°_curve crosses the — -curve at 2 = 0.85. For the region
E £ ]
M = : .
7 ~ 0.85 we must use the general curve, while for the region
7

; ~ 0.85 we may use the modified curve as far as possible,
1

, ; : NI | Sy
but without causing a considerable reduction in —. n order
=
to avoid weak coupling.

Obviously there exists a region with a transition from the

modified to the general curves, which begins somewhere before
A A . .
3 = 0.85and is completed at that point. To obtain this transi-

tion part we extend the general curve backwards in such a way
that the shortest possible extension will provide a smooth con-
tinuous curve with the modified curve as shown by the dotted
line in Fig. 7. The resulting curve is a combined plot of equations
(6b) and (7) and contains part of the modified curve in the

L
smaller gap region and is therefore valid for all values of b
i

The combination curve for —° thus obtained 1s shown 1n
&

C:'-: i L (-'
Fig. 8, together with a plot of = and the corresponding _i_
2

and is applicable for all values of % Curves prepared in this

0 ] L ] 1 L 1 1 H 1 1 1
0 0.4 0.8 1.0

C.
3 e 5 7 {
Fig. 9. — versus 7 for various values of =
£ '
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0.4

£
b

x 5 : )
Fig. 10. —° versus = for various values of +-
¥ !

manner for different values to éar& shown in Figs. 9, 10 and 11

which may be used to design printed strip line filters with di-
electric sheets of various thicknesses. The method for finding
the transit between wide-strip and narrow-strip formulae,
adopted here is somewhat similar to that of Cohn [5].

3. Ilustration of the Design Procedure

As an example to illustrate the procedure, a single-section
Butterworth filter was constructed with the dielectric sheet sup-
ported in air, midway between the ground plates, usinga 1.7 mm
thick teflon sheet (¢, = 2.1) clad with copper foil on both sides.
The ground plate spacing b was selected to be 1.0 cm.

Since a single-section strip line filter corresponds to a 2-
element high pass prototype filter, we have

A fractional bandwidth of 419, with center frequency at
2.7 GHz was chosen for which Q_ = 3.024. Hence

Z z
= = 578 % = 3998
Z

0 Ly

Assuming that Z = 220, we obtain
Z.=116Q;Z_ =72Q

Since for air &, = 1.0, we also have

C. C
o308 % 503

& £

hence

A€ _ 10

£
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Fig. 11b. versus ., for various values of =
£ ]

[ e

5
Using Fig. 10 we obtain 5= ().2 and . = (.25, corresponding

AC f C, :
to — = 1.0. For 7= 017, — = 0.653 [3, 5]. Hence. equa-
- £

tion (5b) gives % =~ 0.3

The length of the strip lines was made 27.8 mm, corresponding
to one quarter wavelength at 2.7 GHz.

We have assumed that Z_, = 22 Q. This has been transformed
to a line impedance R of 50 Q by means of double quarter-wave
transformers whose strip widths w, and w, were obtained from
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the impedances Z, Z, [5, 6] with the following calculated results:

A 1t Y.
Z 22° « 50 e = 23

I i | 1.;]
i .a“.l. W,

Z, 22 w50 41 £ —b.. = 1.35
”

R = 50¢ E — 1.0
. b

where w, is the width of the strip line corresponding to R.
Thus all the dimensions have been found to be

s = 2.0 mm; w, = 23.0 mm; wp = 10.0 mm
; L | L | L | L | L
Tl 4" iy
l e~ =
25 - W r“‘ll_lirr_%
27.8mm

W= 3 mm

Wgp = 10 mm t'hepr;
" Wy =23 mm ® experiment
= Wy = 13.5mm .

— insertion less dB
(]
T

1.5 2.0 25 30
— frequency -~ GH;

Fig. 12. Single-section filter and its response.

The circuit was drawn on both sides of the teflon sheet and the
unwanted part of the copper foil was taken off. The final circuit
is shown in Fig. 12 together with the response. The solid line
shows the theoretical attenuation calculated from the relation

2 8
.Ilr'l-"'q:: __.]_ o { ]
(3)
2
where :
|t| = transmission function of the network,
n = number of reactive elements in the high pass prototype
filter, and
T _
£ = tan [— - —} variable frequency of the prototype filter.
2 O,

The resulting error in the bandwidth is obtained from Fig. 12
and appears to be approximately 5%,. This 1s in good agreement
with theory [7], which predicts an expected error of approxi-
mately 6%,.

As expected, the center frequency is seen to be 2.27 GHz
instead of 2.7 GHz. The quarter wavelength L’ corresponding
to 2.27 GHz is 33.0 mm. Hence the difference between the
physical and electrical line length is d = 33.0 —27.8 = 5.2 mm.

To obtain the design center frequency of 2.7 GHz, the line

ELEKTRONICA EN TELECOMMUNICATIE 1 / 22 JANUARI 1871

5 ¥y / a
I e "2y W
i u("r
10 =
- .III_ = Z27.8.mm
%ﬁ = 4 Mmm
E [ "'H= 10 mm
E H"E= 13.5 mm
e 5
QO = 2 mMm
“ —
.E dv:. .2 mm
I B *{=226mm
D | | 1 1 1
1.5 20 z5

— fraquan-tf , GHz

Fig. 13. Single-section filter and its response; end shortened.

lengths were shortened by 5.2 mm. The resulting response is
shown in Fig. 13, which indicates that the correct center fre-
quency has been obtained.

To predict the value of d, Cohn [8] has suggested a formula
given by:

C
d —;c"—j.ﬂ 9)

e 2|

where k is a constant smaller than unity; k has been found
i s
experimentally to be 0.75. For the different ratios 7 the values

of — are obtained from [3, 5]. For strips with zero thickness,
£

the value of d in equation (9) with & = 0.75 was found to be

the increase in electrical length of the line due to the fringing
capacitance of its end. For the present filter ( with % = 0.17 )

d =52mm, b= 10 mm, —L =0.655, and hence &k = 1.59.
2

It then appears that, although k& = 0.75 1s the suitable value

for strips with zero thickness, this value should be modified

for strips with finite thickness.

4. Conclusions

Examination of the results shown in Figs. 12 and 13 learns
that a reasonably good agreement exists between our theory
and experiments, in spite of the various approximations in the
theory and the experimental errors in constructing the filter.

We have therefore developed a reliable curve for obtaining
the odd-mode fringing capacitance of a printed strip line filter,
that leads to the filter dimensions s and w. This was achieved by
using two different equations for this fringing capacitance, one
valid for a narrow gap region and the other for wide gaps.
These were not distinctly identified due to the presence of a null
zone caused by the strip thickness.

Since the value of * just below the null zone corresponds
l
§

to a value Df;i: nearly equal t':':f; . the coupling capacitance

between the strip lines, as seen from Fig. 5, is very small, which
will result in a very weak coupling. Consequently, for a reason-
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able value of coupling capacitance, : should be well below
the null zone and in fact the lower its value below the null zone,
the larger is the coupling capacitance. For this reason we derived
a continuous plot of the odd-mode fringing capacitance valid
over the entire range of gapwidths, thus eliminating the uncer-

& L " ‘ # #
tainty of locating the value of ’; below the null zone. This is

shown in Figs. 7 and 8 and is extended to various normalized
strip thicknesses in Figs. 9, 10 and 11.

Since the electrical length is larger than the physical length
of the strip lines, due to the fringing capacitance at the end of the
lines, the center frequency obtained is lower than the design
value. In order to obtain the design center frequency, it is ne-
cessary to shorten the length L by the amount d given in equation
(9), except that the empirical value of k found by Cohn [8] for
zero thickness strips should be modified for strips with finite
thickness. Although we have suggested another empirical value
(k = 1.59), based on experiment over our test filter of r=1.7 mm,
there 1s no guarantee that this value is adequate for other values
of r. Further theoretical and experimental work seems necessary
to predict the proper value of d for any specified value of 1.
Since the circuit is drawn on both sides of the dielectric sheet,
it is important in future work to take particular care during the
drawing to ensure that the circuit on one side is the mirror image
of that on the other side.
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International call for papers

The 1971 EMC Symposium is to be held in Philadelphia,

Pennsylvania July 13 ... 15, 1971. Sessions are planned in the

categories listed below and relevant papers concerning new

results in these and related areas are solicited.

— Interference control — circuit design, grounding, bonding,
shielding and filtering ;

~ Measurement and instrumentation — specification testing;

— Interference effects — impairment of service and biological
hazards ;

~ Interference prediction — electromagnetic propagation, effects
of linear and non-linear networks ;

— Sources of interference;

— Spectrum conservation, frequency allocation, time sharing;

- Systems Analysis — Compatibility of proximate units, case
histories, mathematical methods, specification limits .

— Management — allocation of resources for interference control.

Summaries of approximately 300 words in three copies are to

be sent for review to:

James Stewart Hill

Chairman, International Affairs Committee

Radio Corporation of America

5260 Port Royal Road

Springfield, Virginia, USA 22151

by January 1, 1971. Authors will be notified by February I,
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