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THE ORIGIN OF PHOTOELECTRONS
IN THE SILVER-OXYGEN-CESIUM PHOTOCATHODE

By
A. H. SOMMER*

RCA Eleetronie Components and Devices,
Princeton, N, J.

Summary—The purpose of this paper is to attempt a consistent inter-
pretation of many Ag-O-Cs churacteristics on the basis of earlier as well as
of some neiwe experimental results. The conclusions can be summarized as
follows. The Ag-0-Cs photocathode consists essentially of elementary silver
and cesinm oxide (Cs,0). The response below 3000 A is due to clectrons
excited from the valence band of Cs.0. The photoemission above 3900 A is
due to a volume effect in elementary silver. The electrons are emitted from
Ay into the surrounding Cs.0 and from there into vacuum. The relatively
high quantim efficiency of Ag-O-Cs is attributed to the low reflection of the
thin cathode films and to the great escape depth of electrons at the low
photon energies required for emission from Ag into Cs.0.

INTRODUCTION

MONG the photoemissive materials with useful sensitivity to
visible light the silver-oxygen cesium (Ag-O-Cs) photocath-
ode is of special interest because it is the only cathode with

appreciable response in the near-infrared region. The material differs
from other cathodes having high quantum efficiency in the visible
region by its much greater complexity. Thus, while the emission process
from cathode materials such as the alkali antimonides is reasonably
well established in terms of photoelectrons released from the valence
band of a homogeneous semiconductor (see, for instance Ref. (1)), the
emission mechanism of Ag-O-Cs is still very inadequately understood.

The purpose of this paper is to show that on the basis of earlier
as well as of some new experimental results a consistent, though still
incomplete and not necessarily correct, interpretation of many Ag-O-Cs
characteristies can be attempted. Before embarking on this interpre-
tation it is necessary to review briefly what is presently known about
the Ag-O-Cs material.

* This work was done while the author was on a temporary assignment
at Laboratories RCA, Ltd., Zurich.

' A. H. Sommer and W. E. Spicer, “Photoelectric Emission,” in Photo-
clectronic Materials and Devices, ed. S. Larach, D. Van Nostrand Co., Inc,,
Princeton, N. J., 1965.
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CHEMICAL COMPOSITION OF Ag-O-Cs

The Ag-O-Cs photocathode is usually formed by reacting a thin film
of silver oxide with Cs vapor. It is generally helieved that this reac-
tion is deseribed by

Ag.,0 + 2Cs — 2Ag + Cs.,0

This would indicate that the cathode consists essentially of two con-
stitutents, elementary silver and the cesium oxide, Cs,0. In the past,
it has sometimes been suggested that the presence of Ag.O iy also
essential, but successful attempts *® to prepare cathodes from Ag and
Cs,O without the intermediate formation of Ag.O have disproved this
suggestion. There exist, however, several other unsolved problems
concerning the chemical composition of Ag-O-Cs. While chemical analy-
sis has shown a Cs:O ratio ** of 2:1 and an Ag:Cs ratio® of 1 :1, both
in agreement with the above reaction scheme, and while x-ray analysis ?
has confirmed the presence of Ag and Cs.0, none of the analytical
methods used are accurate enough to rule out the possibility that one
or more of the other known cesium oxides and/or elementary Cs may
be present in Ag-O-Cs in very small quantities and may even be essen-
tial.

Additional indications of the complexity of the chemical reactjons
involved are the following observations. First, additional deposition of
Ag onto the finished cathode reduces the threshold wavelength of
photoemission and the thermionic emmission, while increasing the
quantum yield at shorter wavelengths.? Second, excessive layer thick-
ness reduces photosensitivity. Third, excessive Cs reduces photosensi-
tivity. The last effect may be due to the formation of a stable suboxide;
the first two are discussed later.

To sum up, the two major constituents of Ag-O-Cs are undoubtedly
Ag and Cs,0. The presence of other Cs oxides and of elementary Cs is
speculative and not detectable by any available physical or chemical
method.

* 8. Asao, “Behavior of Foreign Metal Particles in Composite Photo-
cathodes,” Proc. Phys. Math. Soc. Japan, Vol. 22, p. 448, 1940.

* P. G. Borzyak, V. F. Bibik, and G. S. Kramerenko, “Distinctive Char-
acteristics of the Photoeffect in Cesium-Oxide-Silver Photocathodes,” n]l.
Acad. Sci. US.S.R., Phys. Ser., Vol. 20, p. 939, 1956.

*N. R. Campbell, “The Photoelectric Emission of Thin Films,” Philos.
Mag. & Jour. Sci., Vol. 12, p. 173, July 1931.

5C. H. Prescott, Jr., and M. J. Kelly, “The Cesium-Oxygen-Silver Photo-
electric Cell,” Bell. Syst. Tech. Jour., Vol. 11, p. 334, July 1932.

S A. H. Sommer, unpublished work.

“W. H. McCarroll, unpublished work.
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STRUCTURE OF Ag-O-Cs

There seems to be general agreement that the Ag-O-Cs material is
inhomogeneous in structure, at least insofar as the surface is con-
cerned. The evidence comes from studies involving the use of optical
microscope,” electron miscroscope,” emission clectron microscope,’
work-function measurements,"' and emission-velocity measurements.'
The electron microscope studies point to patches of dimensions in the
100 to 200 A range, whereas the electron-emission experiments indicate
the existence of small areas of very low work function. The former
may be individual particles of elementary silver, but it is not known
whether the low-work-function areas are identical with these particles.

PHOTOEMISSION FROM Ag-0O-Cs

The photoemissive properties of Ag-0O-Cs vary considerably from
sample to sample, but the spectral response curve has some features
that are fairly reproducible. A typical curve is shown in Figure 1; its
most important characteristics are as follows. Beginning at the long-
wavelength threshold in the infrared, the quantum yield rises to a
maximum below 19/ near 8000 A and then stays more or less constant
throughout the visible spectrum. A peak occurs near 3500 A, followed
by a minimum near 3200 A. Below 3200 A the yield rises rapidly to
values in the range of 0.1 to 0.2 electron per photon.

Two experiments must be mentioned here because of their relevance
in connection with the infrared response of Ag-O-Cs. First, it was ob-
served that the silver content of the cathode is very critical in that
below a certain minimum amount no infrared response is obtained,
while the response increases rapidly to its peak value when this eritical
amount is exceeded. Second, all attempts to replace silver by other
metals *° have produced cathodes with very low infrarced response.

® N. A. Soboleva, A. S. Shefov, and V. N. Tolmasova, “Threshold Spec-
tral Sensitivity Region of Ag-O-Cs Photocathodes and Its Relation with the
Structure of the Photosensitive Layer,” Dull. Acad. Sci. U.S.S.R., Phys.
Ser., Vol. 26, p. 1393, 1962.

YA, I. Frimer and A. M. Gerasimova, “Electron-Miscroscopic Investiga-
tion of the Structure of Photoelectric Cathodes,” Sov. I’hys. (Tech. Phys.),
Vol. 1, p. 705, 1956.

1% L. N. Bykhoskaia and Iu. M. Kushnir, “Electron-Optical Investigation
of Compound Photocathodes,” Jaur. Tech. Phys., Vol. 25, p. 2477, 1955.

1" A. Lallemand and M. Duchesne, “Some Properties of Complex Photo-
electric Layers,” S. Angew. Math. Phys., Vol. 1, p. 195, 1950.

"2 N. A. Soboleva, “The Causes of the Anomalous Behaviour of Caesium-
Oxide Photocathodes in a Spherical Condenser System,” Radio Eng. & Elec-
tranics, Vol. 4, Pt. 2, No. 11, p. 204, 1959.
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OPTICAL MEASUREMENTS ON Ag-0O-Cs

Spectral response and light-absorption curves of semiconductors
such as the alkali antimonides tend to be similar in shape, except for a
displacement on the photon energy scale corresponding to the electron
affinity (see, for instance, Ref. (1)). Qualitatively, this is plausible
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Fig. 1—Photoemission of Ag-0-Cs cathode.

because the photoemission will increase with increased light absorption.
No equivalent correlation between photoemission and light absorption
can be expected for Ag-O-Cs because the presence of elementary silver
causes a more or less constant absorption throughout the visible and
near-infrared region of the spectrum. An absorption curve, derived
from Asao's” transmission and reflection data, is shown in Figure 2.
It is apparent that, except for the minimum at 3200 A, the photoemis-
sion and absorption curves have little in common.

OPTICAL AND PHOTOEMISSIVE CHARACTERISTICS OF Ag AND Cs.O

On the assumption that Ag-O-Cs consists basically of two com-
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ponents, Ag and Cs._.O, Borzyak et al,® partly in continuation of Asao’s

carlier work,” measured light absorption and photoemission of these
two materials separately.
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Fig. 2—Light absorption of Ag-O-Cs cathode.

a. Absorption measurements

Ag: Optical measurements on thin Ag films are notoriously irrepro-
ducible (see, for instance, Ref. (13)) because the silver tends to aggre-
gate differently, depending on substrate temperature, rate of evapora-
tion, etc. A typical absorption curve, based on Asao’s” data is shown
in Figure 3. It shows the same minimum at 3200 A as Ag-O-Cs (Fig-
ure 2) but the maximum has moved to considerably longer wavelengths.
Of course there is no a priori reason why the Ag particles in Ag-O-Cs
should behave optically exactly the same way as Ag particles in a film
of pure silver.

15 R, S. Sennett and G. D. Scott, “The Structure of Evaporated Metal
Fi'ms and Their Optical Properties,” Jour. Opt. Soc. Amer., Vol. 40, p. 203,
April 1950.
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Cs,0: Borzyak’s absorption curve for Cs,O is shown in Figure 4.
From the slope of the curve Borzyak estimates a band-gap energy
E; ~2 eV for Cs,0. One comment must be made in connection with
the absolute values shown in Figure 4. The absorption of 80% at
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Fig. 3—Light absorption of thin Ag film (about 100 A thick).

4000 A is misleading because comparison with calibrated curves by
Asao® indicates that the measured Cs.O film was at least ten times
thicker than that used in an Ag-0-Cs cathode. Hence the absorption
at 4000 A in the Ag-O-Cs cathode would be only a few percent. This
conclusion is important for the later discussion.

b. Photoemission measurements

Ag: Borzyak et al” studied the photoemission of thin evaporated
Ag films in the near UV, To reduce the work function and thus obtain
response at longer wavelengths, they exposed the silver films to Cs
vapor, but they made sure that this Cs treatment did not alter the optical
properties of the silver. An example of the spectral response curve of
such a film is shown in Figure 5. This curve is meaningful only with
respect to the wavelengths at which minimum and maximum occur,



SILVER-OXYGEN-CESIUIM PHOTOCATHODE 549

100 T 1 T

90

B8O

70

60

50

40

30

Absorption [%]

L 1 il 1 uE 1 ]
03 na 05 06 07 08 09 1.0
Wavelength [u]

Fig. 4—Light absorption of Cs.O.
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Fig. b—Photoemission of silver with Cs surface film.
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because the absolute values vary rapidly with the thickness and struc-
ture of the film. Besides, the figure does not indicate whether the ordi-
nate represents relative or absolute values.

Cs,0: Borzyak et al also measured the photoemission of Cs,0 and
obtained the spectral response curve shown in Figure 6. This curve
shows a threshold of photoemission near 3 eV. Since the difference
between photoemission threshold and band-gap energy E is the elec-
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Fig. 6—Photoemission of Cs,0.

tron affinity E,, Borzyak obtained for Cs,O the value £, ~ 1.0 eV. (It
is important to point out that the material on which the measurements
were made may have contained a small stoichiometric excess of ele-
mentary Cs, since it was produced by baking Cs peroxide in Cs vapor.
This excess is not likely to affect the optical properties, but it may have
a considerable effect on the photoemission, especially near the threshold.
Unfortunately no method for preparing Cs.O exists in which the ab-
sence of excess Cs is assured.)

INTERPRETATION OF Ag-O-Cs CHARACTERISTICS

During the first 25 years after the development of the Ag-O-Cs
cathode, most workers believed that the infrared response was a surface
effect and was in some way associated with free Cs adsorbed on cesium
oxide. In this scheme the role of Ag was obscure, particularly after
earlier suggestions that the silver was required for electrical conduc-
tivity and/or because of its optical (reflecting) properties had been
disproved. An alternative theory that Ag acts as an impurity in a semi-
conductor (cesium oxide) host material also seems untenable because
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the term impurity is inappropriate for a constituent that represents
50¢% or more of the bulk material. Moreover, the spectral response
curve in the long-wavelength region differs in important aspects from
that to be expected and obtained with impurity photoemitters.

A new, and more promising, approach was chosen by Borzyak et al®
who suggested that of the two constitutents Cs,0 and Ag, the former
is responsible for the UV sensitivity of the cathode, while the silver is
essential for infrared response. The evidence for this combination of
two photoeffects and a possible mechanism for the long-wavelength
emission is discussed below.

a. The Role of Cs.,0

From the optical and photoelectric characteristics of Cs.0 one can
draw the following conclusions concerning the effect of Cs,O in the
Ag-0-Cs cathode.

1. The photoemission threshold of 3 eV eliminates Cs,0 as a source
of photoelectrons above 4000 &, i.e., in the visible and infrared region
of the spectrum.

2. The steep rise in quantum yield below 3000 A (see Figure 1) is
due to emission from the valence band of Cs.0. Yields of 0.1 to 0.2
electron per photon at photon energies more than 1 eV above the thresh-
old are consistent with the yields obtained with other semiconductors
such as the alkali antimonides.

3. As was pointed out previously, the amount of Cs.O contained in
Ag-0-Cs cathodes is so small that only a small fraction of the incident
radiation in the 3000 to 4000 A region is absorbed. Moreover, the
guantum yield for absorbed radiation is likely to be low in this region
because it is so close to the photoemissive threshold of Cs.0. As a
result the quantum yield for incident radiation must be extremely low.
This conclusion is relevant for the later discussion.

4. Asao? as well as Borzyak et al? observed that the quantum yield
below 3000 A is reduced when silver is added to Cs.O. Qualitatively
this effect is easy to explain. While Cs,0 is a high-yield photoemitter
in this spectral region, silver, in common with other metals, is likely
to have a low quantum yield. Therefore the total vield must drop if
part of the incident radiation is absorbed by silver.

To sum up the experimental results, Cs.0, possibly containing a
small stoichiometric excess of Cs, is not only photoelectrically insensi-
tive above 4000 X, but in the Ag-O-Cs cathode it does not even appre-
¢iably contribute to photoemission between 3000 and 4000 A. On the
other hand, it is responsible for the high quantum yield below 3000 A.
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b. The Role of Ag below 1000 A

As was just shown, at wavelengths below 3000 & the presence of
silver tends, if anything, to reduce the quantum yvield of Ag-O-Cs. In
the 3000 to 4000 A region the following experiments are relevant.

Comparison of Figures 1 and 5 with Figure 3 shows clearly the
correlation between the minimum in light absorption of thin silver
films near 3200 A and the minimum in photoemission of both silver and
Ag-0-Cs. On the other hand, the maximum photoemission of both silver
and Ag-0-Cs occurs at considerably shorter wavelengths than the maxi-
mum absorpton of silver. The photoemission peak of Ag-O-Cs near
3500 A seems to be quite reproducible, and was also found by earlier
workers '* and in more recent studies (see below).

Whatever the cause of the peak at 3500 A, the important point is
that the peak is the same for Ag-O-Cs and for silver alone. This is a
strong indication that the photoemission of Ag-O-Cs in the 3000 to
4000 A range is associated with Ag and not with Cs.0, in agreement
with the conclusion drawn from the measurements on Cs.0 that the
vield of the latter must be very low in this spectral region. It must also
be emphasized that the sharp rise in photoemission from 4000 to 3500
A can not be attributed to emission from Cs.O setting in because the
emission should then continue to increase below 3500 A instead of
showing the observed sharp drop.

Additional evidence for the role of Ag in the 3000 to 4000 & range
was derived from the following experiment. The photoemission of a
semitransparent Ag-O-Cs cathode of above optimum thickness, de-
posited on a quartz substrate, was measured with light incident from
both directions. The absorption of the cathode was determined from
transmission measurements. (No correction was made for reflection,
but the changes with wavelength of the latter are small compared with
those of transmission.) Figure 7 shows the results. The light-absorp-
tion curve resembles that of Figure 2 in that it shows a mini-
mum at 3200 A and a maximum below 5000 A. If the light is inci-
dent from the vacuum side the photoemission shows the familiar miini-
mum at 3200 A and the maximum at 3500 & (see Figure 1). However,
with illumination from the substrate side the curve changes its char-
acter. A peak now occurs at the absorption minimum, and the maxi-
mum at 3500 A shows only as a slight hump. In addition, the quantum

" T. F. Young and W. C. Pierce, “The Wave-Length-Sensitivity Curve
of a Cesium Oxide Photocell; A New Light-Sensitive Instrument for the
Ultraviolet,” Jour. Opt. Soc. Amer., Vol. 21, p. 497, Aug. 1931.
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yield is lower throughout the spectrum. This behavior can be inter-
preted as follows.*

For illumination from the substrate side, the thickness of a semi-
transparent photocathode is very critical. If the cathode is too thin,
too mueh of the incident light is lost by transmission; if it is too thick,
photoelectrons are lost because they are released at a distance from the

4.0
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24 Light incident from
a) vocum
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Quantum Yield (%]

Absorption [%]
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Fig. 7—Light absorption and photoemission of semitransparent Ag-0-Cs
cathode of excessive thickness.

vacuum interface greater than the escape depth. In the present oxperi-
ment the cathode was too thick, and therefore the radiation incident
from the substrate side can penetrate to a region within the escape
depth only at wavelengths where the absorption is low. As a result,
the peak emission occurs at the absorption minimum.

The opposite holds, of course, for light incident from the vacuum
side. Here only light in the wavelength range of lowest absorption is
lost for the photoemission process because it is partly absorbed bevond
the escape depth. Thus the structure at 3200 A of both photoemission

* This interpretation was suggested by B. F. Williams of this laboratory.
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curves in Figure 7 can be correlated with the light absorption of silver
—a clear indication that the silver determines the photoemission in
this spectral region.

Indirect evidence for the role of Ag in the 3000 to 4000 & range
was also obtained from experiments in which the silver in the Ag-0-Cs
cathode was replaced by other metals. Cathodes corresponding to the
formulae Pd-O-Cs, Ni-O-Cs, and Cu-O-Cs showed no structure in either
absorption or photoemission curve in the relevant 3000 to 4000 & re-
gion. While these materials have much lower photosensitivity than the
Ag-0-Cs cathode (see also below), structure in the spectral response
curve, particularly at the minimum at 3200 &, would still be expected
if Cs.0, rather than Ag, were even partially responsible for this strue-
ture in the Ag-O-Cs curve. To sum up, it seems established that the
sensitivity of the Ag-O-Cs cathode between 3000 and 4000 & is essen-
tially due to light absorption, and hence creation of photoelectrons, in
elementary silver.

c. The Role of Ag above 1000 4

From the foregoing discussion it is clear that the long-wavelength
response must be associated with the silver, because at these wave-
lengths Cs,O shows neither photoemission nor light absorption. Since
silver alone is also insensitive to visible light because of its high work
function, the most general conclusion would be as follows. Absorption
of long-wavelength light and the conversion into photoelectrons tuke
place in the silver. These electrons are able to escape with little energy
loss into the surrounding Cs.O, and the Cs.0, which may contain a
small stoichiometric excess of Cs, produces a very low surface barrier
that enables the electrons to escape into vacuum.

A more specific interpretation of the photoemissive characteristies
of Ag-O-Cs above 4000 A& must take into account the following experi-
mental facts;

1. A minium amount of Ag is required for infrared response to
oceur.

2. Excessive cathode thickness is detrimental even if the light is
incident from the vacuum interface.

3. Replacement of Ag hy other metals produces shorter threshold
wavelength.

4. Additional silver evaporation produces higher quantum vyield
in the near infrared, but shorter threshold wavelength and lower
thermionic emission.

5. The quantum yield between approximately 4000 and 9000 & does
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not increase with photon energy, but remains practically constant in
the 0.001 to 0.005 electron per photon range.

The following qualitative explanations for the experimental facts
are suggested.

1. There is strong evidence (see previous discussion of the struc-
ture of Ag-O-Cs) that the silver in the Ag-0-Cs cathode is present in
the form of individual small particles. If one makes the assumptions
that these particles are essential for infrared response (for instance
by forming a favorable Ag-Cs.0 configuration) and that a minimum
surface density of Ag is required for the formation of the particles,
one can understand why a minimum amount of Ag is needed for in-
frared response.

2. The detrimental effect of excessive cathode thickness may indi-
cate that there exists an optimum particle size for optimum Ag-Cs.O
configuration.

3. The replacement of Ag by other metals may be ineffective for a
number of reasons. For instance, other metals may not form particles
or they may not form particles of the required size. Furthermore, the
energy barrier between metal and Cs,O may be higher than for silver
thus reducing the threshold wavelength of the exciting light. This point
is discussed in more detail below.

4. The effect of superficial silver evaporation is still largely unex-
plained. It seems certain that the effect is not simply an adjustment
of the Ag to Cs ratio in the bulk material to an optimum value because
the effect is not diminished by the incorporation of excess Ag at an
earlier stage in the process. The reduction of threshold wavelength
and of thermionic emission indicates that the silver deposition in-
creases the work function, possibly by destroying the small patches of
very low work function discussed previously. However, this still leaves
the beneficial cffect of the Ag deposition unexplained. i.e., the increased
quantum yield at shorter wavelengths.

5. The long-wavelength response of Ag-0-Cs has often been attrib-
uted to impurity effects (see, for instance, Ref. (15)). As mentioned
earlier, it is difficult to accept the silver in Ag-O-Cs in the role of an
impurity center because it is a major constitutent of the material.
Moreover, while impurity and surface effects undoubtedly determine
the photoemissive characteristics near the threshold. the nearly con-
stant and relatively high yield of Ag-0O-Cs in the 4000 to 9000 A region
is at variance with the typical features of impurity photoemission.

15 M. Berndt and P. Gorlich, “Photoemission of Semiconductors,” Phys.
Stat. Solid., Vol. 3, p. 963, 1963.
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Impurity photoemission has been observed and studied in various
materials, for instance in the alkali antimonides "™ and alkali tellur-
ides," and is characterized (1) by a steep rise of quantum yield with
photon energy and (2) by very low absolute values of the yield, usu-
ally below 10—* electron per photon. By contrast, the photoemission
of Ag-0-Cs is almost constant over a photon energy range of about
1.6 eV and the quantum yield is close to 10—2 electron/photon.

d. Mechanism of Photoemission From Ag-0-Cs

The discussion of the Ag-O-Cs characteristies in the preceding sec-
tions points to the conclusion that the long-wavelength response is due
to a volume effect in the silver particles of the cathode. At first it may
seem surprising that the quantum yield from Ay in Ag-O-Cs should be
close to 10-% electron per photon, while the vield of bulk metals is
usually below 10—* electron per incident photon because of the high
optical reflection and because electron—electron scattering causes a
short escape depth. However, the photoemission from silver into Cs.0
in the Ag-0-Cs cathode differs from emission from silver into vacuum
in the following important points.

First, the quantum yield of silver in the bulk form, in terms of
electrons per incident photon, is low because only a small fraction of
the incident light is absorbed. In the visible region, for instance, as
much as 97% of the incident light is lost by reflection. By contrast,
thin silver films have much lower reflection and correspondingly higher
absorption (see Figure 3) and the absorption of Ag-0-Cs cathode films
may be as high as 509 (see Figure 2). Thus the increased light
absorption can account for the quantum yield of Ag-O-Cs being ten
to twenty times larger than that of bulk silver.

A second reason for increased quantum yield is associated with the
difference between the photon energies used for measurements on
metallic silver and on Ag-O-Cs cathodes, respectively. Photoemission
from silver into vacuum requires photon energies well above the work
function of the metal, i.e, in the range above 4.5 eV. From theoretical
and experimental work (for a summary see Ref. (18)) it is known that
the mean free path of “hot” electrons decreases rapidly with increas-

*'W. E. Spicer, “Photoemissive, Photoconductive, and Optical Absorp-
tion Studies of Alkali-Antimony Compounds,” Phys. Rev., Vol. 112, p. 114,
Oct. 1, 1958.

'"E. Taft and L. Apker, “Photoemission from Cesium and Rubidiun:
Tellurides,” Jour. Opt. Soc. Amer., Vol. 43, p. 81, Feb. 1953.

' H. Thomas, “Excitation and Range of Electrons in Metals and their
Determination by Thin Film Methods,” in Basic Problems in Thin Film
Physics, ed. by R. Niedermayer and H. Mayer, Vandenhoeck and Ruprecht,
Géttingen, 1966.
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ing electron energy because of the increasing probability of energy
loss by electron—electron scattering. As a result, the escape depth of
hot electrons decreases with increasing electron energy. To give an
example, Sze et al ' found for gold an escape depth of less than 70 &
at photon energies above the work function of gold (—~5 eV), but es-
cape depths of more than 1000 A for electron energies below 1 eV.
Corresponding high energy values for silver are not known, but Crowell
et al * reported escape depths of 440 A for electrons in the 1 eV range.

Applied to the photoemission from metals into vacuum, small escape
depth means low quantum yield, even if the yield is expressed in elec-
trons per absorbed rather than incident photon. Since the work func-
tion sets a minimum value for the photon energy that can produce
photoemission, the energy of all the electrons is so high that the escape
depth is short and the quantum yield correspondingly low. The long-
wavelength response of the Ag-0-Cs cathode shows that photoelectrons
are emitted from Ag into Cs.,O at much lower energy than is required
for emission into vacuum. (To explain the small energy required for
electrons to escape from a high-work-funtion metal into a low-work-
function semiconductor, one probably must assume a tunneling proc-
ess.) At these low energies, down to 0.5 eV, the escape depth is likely
to be greater than 100 &, so that it does not seriously limit the quantum
vield.

An escape depth of the order of several hundred angstroms is also
indicated by the observation that semitransparent Ag-O-Cs cathodes
in this thickness range are as sensitive to visible light incident from
the substrate side as to light incident on the vacuum interface. To
prove that electrons with such a large escape depth actually originate
in the silver the following experiment was performed. The work func-
tion of an evaporated silver film several hundred angstroms thick was
reduced by depositing a surface film of Cs. In this way adequate sensi-
tivity to visible light (low photon energies) was obtained. Photo-
emission measurements with light incident from substrate and vacuum
interface, respectively, showed approximately equal sensitivity, similar
to the result obtained with Ag-O-Cs (see above). This represents con-
vincing evidence for a volume effect with long escape depth in metallic
silver, provided the electron energy is sufficiently low.

In the preceding discussion an attempt was made to explain why
the quantum yield of Ag in the Ag-O-Cs cathode is several orders of

198 M. Sze. J. L. Moll, and T. Sugano, “Range-Energy Relation of Hot
Electrons in Gold,” Solid State Electronics. Vol. 7, p. 509, 1964,
°C. R. Crowell W. G. Spitzer, L. E. Howarth and E. E. LaBate
“Attenuatlon Leng'th Measurements of Hot Electrons in Metal Films,”
Phys. Rev., Vol. 127, p. 2006, Sept. 15, 1962.
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magnitude higher than that of solid silver. If, as suggested, increased
light absorption and escape depth favor high quantum yield, the ques-
tion must now be reversed, i.e., one must ask why the quantum yield
is still low compared with that of materials such as the alkali anti-
monides. A possible explanation *! is that excitation of photoelectrons
to energy levels above the vacuum level is more probable if the excit-
ing light is absorbed in an interband rather than an intraband (absorp-
tion by free electron) transition. Since interband transitions in Ag
are possible only at photon energies ** above 3.5 eV, the absorption in
the Ag of the Ag-O-Cs cathode at wavelengths above 3500 & must be
associated with intraband transitions and thus result in reduced escape
probability of the photoelectrons and thereby in reduced quantum yield.

The foregoing discussion shows that arguments, though mostly of a
hypothetical nature, can be adduced to explain the absolute value of the
Ag-0O-Cs quantum yield in the visible spectrum. However, the problem
remains of explaining the almost constant quantum yield between
approximately 9000 and 4000 A, i.e., over a range of more than 1.5 eV.
Since emission is always limited by the loss of those electrons that
reach the vacuum interface at an angle at which the velocity normal to
the surface is insufficient for escape, a common feature of spectral
response curves is the rise of quantum yield with photon energy. A
highly speculative interpretation of the absence of this rise in the
Ag-0-Cs curve between 9000 and 4000 A is that in this range the
expected increase of yield with photon energy is balanced by the effect
of reduced escape depth at higher electron energy.

CONCLUSIONS

On the basis of the available information, the following mechanism
is proposed for the photoemission from the Ag-O-Cs cathode. The
material consists essentially of the two constitutents silver and cesium
oxide (Cs,0). The silver is present in the form of individual particles
embedded in Cs,0. The response below 3000 & is due to electrons ex-
cited from the valence band of Cs.O and reaches quantum yields typical
for similar materials such as the alkali antimonides. Most of the emis-
sion in the 3000 to 4000 & region as well as the emission in the longer
wavelength region of relatively high quantum yield, i.e.. between 4000
and 9000 &, is due to a volume effect in elementary silver. The photo-
electrons produced in the silver are emitted into Cs.,O and from there
into vacuum. Since photons of less than 1.5 eV energy cause electron

21 H. Thomas. IBM Lahoratories. Zurich. Private Com™nnication.
#* C. N. Berglund and W. E. Spicer, “Photoemission St»dies of Copper
and Silver: Experiment,” Phys. Rev., Vol. 136A, p. A1044, 16 Nov. 1964.
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emission into vacuum, the energy barrier for both these processes must
be very low. The response between 9000 A and the threshold wave-
length is largely determined by impurity and surface effects.

The quantum yield for emission from the silver in the Ag-0O-Cs
cathode is several orders of magnitude higher than that from bulk
metals, mainly for two reasons. First, the refleciion of the thin
Ag-0-Cs cathode films is much lower and the absorption of incident
light is therefore correspondingly higher. Second, the pholon energies,
and consequently the photoelectron energies, in the spectral region
above 4000 A aie much smaller than those involved in the photoemis-
sion from bulk metals into vacuum. Since the escape depth of electrons
increases rapidly with decreasing energy, photoelectrons can escape
from greater depths in Ag-O-Cs than in bulk metals.

If the above interpretation is correct, one is led to the interesting
conclusion that the Cs.O component, possibly in combination with
traces of other Cs oxides and of elementary Cs, performs three func-
tions. First, it acts as photoemitter below 3000 A. Second. it permits
photoelectrons to escape from metallic silver at very low energies.
Third. it produces a very low surface barrier and thus allows electrons
of very low energy to escape into vacuum.
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GaAs, P, INJECTION LASERS*
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RCA Lahoratories
Princeton. N. J.

Summary—The vapor-transport method of epitaxial growth, which yields
highly homogencons erystals, was used to produce alloys of GaAs, .I’. con-
taining a p-n junction. Injection lasers were made with x ranging up to
0.405. Lasing threshold densities comparable to those of pure GaAs can
be obtained at 78°K wup to x = 0.25. At room temperature, the threshold
current density beging rising with x=0. The emission cfficiency in the
incoherent mode decreases with increasing temperature but drops by only
a factor of 10 up to x = 0.33. Nonradiative processes dominate the temper-
ature dependence of the emission efficiency and the lagser performance for
x < 0.34. At higher values of x, the direct—indirect intervalley scattering
seems to overwhelm the laser performance. Lasers have been obtained that
at room temperaturc have yielded peak powers of 13 watts at 7200 A. It has
also been possible to operate vigible lasers cwe at 78°K emitting at 7259 A.

PROCESSING

The fabrication of lasers capable of emitting in the range of 9000
to 6350 A was made possible by the vapor growth of single-crystal
GaAs,_, P, alloys having a high degree of chemical homogeneity and
crystalline perfection. This technique,’ which involves the decomposi-
tion of a mixture of arsine and phosphine, permits the addition of im-
purities during crystal growth without any further processing. The
alloy is grown on a GaAs substrate. To minimize strains due to lattice
mismatch, the composition of the growing material is graded over 10 p
from pure GaAs to the desired GaAs,_,P, alloy. The wafer containing
the p-n junction is subsequently processed by a technique very similar
to that used for making GaAs lasers: the wafer is lapped to the final
thickness (~ 100 ) ; ohmic electrodes are applied to opposite surfaces;
the crystal is cleaved along (110) planes to form Fabry-Perot cavi-
ties; and the cleaved bars are sawed into parallelepipeds that are
finally mounted on a suitable header.

* The research reported in this paper was sponsored in part by the
National Aeronautics and Space Administration, Manned Vehicle Space
Center, Houston, Texas, under Contract Number NAS 9-6195.

1J, J. Tietjen and J. A. Amick, “The Preparation and Properties of
Vapor-Deposited Epitaxial GaAs,_.P. Using Arsine and Phosphine,” Jour.
Electrochem. Soc., Vol. 113, p. 724, July 1966.
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THRESHOLD CURRENT DENSITY

Diodes were made with composition ranging from x = 0 to x = 0.405.
The composition was determined from the lattice constant by x-ray
back-reflection measurements. Figure 1 shows how the photon energy
of the laser varies with the alloy composition. Although there is con-
siderable scatter in the data, it is evident that the emission spectrum
shifts with composition at the rate of about 12 meV 'percent GaP as is

Fig. 1—Dependence of the photon energy of GaAs, .P. lassers on alloy
composition at 78 and 300°K.

expected from the composition of the energy gap.® The scatter could
be attributed to variations in doping level or to fluctuations in composi-
tion. The emission at .+ — 0.405 represents the highest photon energy
reported for an injection laser. Its wavelength is 6350 A at 78 "K. Most
of the lasers could be operated at room temperature using 25-nsec
pulses. At room temperature, the photon energies are lower by 0.10 eV
than the energies emitted at 78°K, as expected from the temperature
dependence of the energy gap.

The lowest threshold current densities achieved to date are shown
in Figure 2. Since for a given alloy composition the current density
varied from wafer to wafer by one order of magniture, the data on

*H. Ehrenreich, “Band Structure and Electron Transport of GaAs,”
Phys. Rev., Vol. 120, p. 1951, Dec. 15, 1960.
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all diodes studied shows considerable scatter. However, only the lower
envelope of this distribution is shown in Figure 2 in order to illustrate
the best than can be obtained. At 78°K, low threshold density can be
maintained over the composition 0 < < 0.25, above which it rises
rapidly. The material is heavily doped and the junction is fairly abrupt
to favor operation at room temperature.” Hence, still lower threshold
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Fig. 2—Lowest limit of the threshold current density of GaAs, P, lasers
as a function of alloy composition at 78 and 300°K.

current densities could be obtained at 78 K by preparing more diffused
junctions.

At room temperature, the current density rises by a factor of two
over the composition range 0 < ax < 0.20. Yet, the threshold current
densities are sufficiently low that it is possible to operate reliably injec-
tion lasers that emit visible radiation at room temperature. The short-
est wavelength to date at room temperature is 6750 A, from an alloy
containing 40.5¢. GaP. The threshold density for this material is
8.5 X 10° A /¢m®,

*G. C. Dousmanis, H. Nelson, and D. L. Staebler, “Temperature De-

pendence of Threshold Current in GaAs Lasers,” Appl. Phys. Letters, Vol.
5, p. 174, 1 Nov. 1964,
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EMISSION EFFICIENCY

The performance of lasers depends on many factors. Among these,
emission efficiency is perhaps the most important parameter. This
factor can be singled out by measuring the radiant power output below
threshold. Much attention was given to this study in the hope of find-
ing those factors that influence efficiency. The power output was
measured with a calibrated integrating sphere and photomultiplier.
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Fig. 3—Quantum efficiency of GaAs: .P. diodes below laser threshold. The
dashed curves outline the upper limit obtained thus far.

A plot of radiant power output versus current through the diode below
threshold permitted the determination of the external quantum effi-
ciency. Measurements were made at 78 and 300°K. The results are
shown in Figure 3. The large scatter in the data reflects the nonuni-
formity of parameters such as doping level and impurity gradient in the
junctions. The maximum cfficiency obtained at 78°K was 2.75% and
changed little with GaP concentration until & = 0.37, when it dropped
abruptly by an order of magnitude. These values agree quantitatively
with those of Pilkuhn and Rupprecht.! The maximum efficiency at
300°K was 0.21¢7 and decreased by a factor of about 50 above a = 0.84.

4+ M. Pilkuhn and H. Rupprecht, “Electroluminescence and [.asing Ac-
tion in GaAs.P, ., Jowr. Appl. Phys., Vol. 36, p. 684, 1965.
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The concentration dependence of the emission efficiency at low
temperature could be accounted for qualitatively on the basis of the
interaction between direct and indirect valleys in sharing the electron
population. Accordingly, the emission efficiency could be represented
by the proportion of electrons in the direct valley of the conduction
band. The relative population of the direct valley was calculated assum-
ing parabolic bands.* Figure 4 shows the results of this calculation
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Fig. 4—Ratio of the number of electrons N, in the direct valley to the total
number of electrons, N, in GaAs, .P. at 78

and illustrates the fair agreement with our low-temperature data. It
is worth noting that the doping level affects the relative population of
the direct valley (the closer the Fermi level is to the indirect valleys,
the more serious is the loss of carriers to the indirect valleys). Al-
though the analysis does not apply rigorously to the case of a junetion,
where the electron concentration decreases as one penetrates deeper
into the p-type layer, it indicates the maximum drop in efficiency to be
expected.

The temperature dependence of the emission efficiency is believed

5

*H. P. Maruska and J. 1. Pankove, Solid State Electronics (to be
published).
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to be dominated by nonradiative recombination processes. Hence, a
small temperature dependence of efficiency should be found in those
diodes that are most efficient at room temperature. Indeed, our data
confirms this correlation. Therefore, the possibility of efficient room-
temperature injection lasers should be associated with a small tem-
perature dependence of efficieney 5:5/7300 (4 quantity that is easier to
determine than the absolute efficiency). The ratio of efficiencies n;4/9100
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Fig. 5—Ratio of sub-threshold quantum efficiencies at 78 and 300 K ob-
tained with GaAs, .P. diodes of various compositions.

is shown in Figure 5 plotted as a function of alloy composition. This
figure shows that small temperature dependences are possible even
with r = 0.334.

The hypothesis that the temperature dependence of the emission
efficiency is duc to increasing internal absorption with increasing tem-
perature  is not consistent with the fact that there is no correlation
between the temperature dependence of the efficiency and the size of
the diode.

There seems to be an optimum doping of the n-type region for high
emission efficiency below threshold. Figure 6 shows a plot of efficiency
versus carrier concentration for diodes having r < 0.33. The results of

“T. Gonda, M. F. Lamorte, P. Nyul, and H. Junker, *Effect of Higher

Absorption in Non-Lasing GaAs Diodes at 300°K,” Jour. Quantum Electron-
ies, Vol. QE2, p. 74, April 1966.
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Herzog ' and of Klein et al® for GaAs are also plotted for comparison.
These results indicate that the efficiency is maximum in the vicinity of
N =4 x 10" em—3. The scatter of the data may be due to compensa-
tion by uncontrollable acceptors in the n-type region or by the grada-
tion of acceptors in the junction or by inhomogeneities in the material.

>
g'-° T T T T TTTT7T T '\I\llll[ T
w
8‘9 N\ A HERZOG
& 8l \\T=300°K .
L N
= N
Z sl N
g - <
3 5} RKLEIN \,
= . T=300°K
2 4} B
E‘.s- ¢ _
&
.

o 2 .
w
~N
3T :
=0 L1l 1 3ot 1 1
g 1, 2 3 456789 2 3 456789 2 3 4

7 18
21x10 10 10

DOPING (em=3)

Fig. 6—Sub-threshold quantum efficiency as a function of n-type doping
for x < 0.33.

PROBLEMS

Our experience indicates that both practical and fundamental limi-
tations hinder the achievement of good injection lasers at GaP concen-
trations greater than 34¢<.

One fundamental limitation is the intervalley scattering, which robs
carriers from the efficiently emitting direct valley. This loss of carriers
to the vast set of indirect states rises as the temperature or doping (or
both) increase. Of course, optimal (rather high) doping is wanted to
reduce joulean losses.

Another fundamental limitation is the competition of nonradiative
recombination. A better understanding of this process or processes is
needed to make further progress. As stated above, it is nonradiative
recombination rather than self-absorption that seems responsible for
decreased efficiency when the temperature is raised.

The dominant limitation at present, however, is the practical dithi-

" A. H. Herzog, “Quantum Efficiency of GaAs Electroluminescent Di-

odes,” Solid State Electronics, Vol. 9, No. 7, p. 721, July 1966.
" R. Klein, H. Kressel, L. Murray, and W. Agosto (to be published).
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Fig. 7—Normalized emission spectra of two diodes.

culty of getting a sufficiently homogeneous alloy composition. This
problem is best illustrated in Figures 7 and 8. Figure 7 shows the
electroluminescent emission spectra of two different diodes. The better
diode emits a 30-meV-wide peak, whereas the poorer diode’s line width
is 60 meV. The breadth of the emission peak and a combination of

other characteristics, such as large spectral shift with current but high
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Fig. 8—TPhoton energy of cathodoluminescence as a function of position near
the p-n junction of two alloy diodes. The dots mark the peak energy, the
vertical bars represent the spectral width at half maximum.



568 RCA REVIEW December 1967

reverse breakdown voltage, suggest that the poor diode was made of
grossly inhomogeneous material. This hypothesis was verified by prob-
ing the material (which has been angle lapped through the junction)
using a focused 20-kV electron heam. Figure 8 shows the variation of
the photon energy during cathodoluminescence as the electron beam is
scanned across the p-n junction. The measurement illustrates dramati-
cally the large fluctuation in composition in the neighborhood of the p-n
junction (resulting in a 250-meV fluctuation of photon energy). For

Table I—Performance of Selected GaAs, P, Injection Lasers

A P one side Q.E. T
x (A) (watts) (%) ("K)
97 0 9000 6.5 7.5 30¢
P—-221 .16 7860 12 15 300
107 17 7780 14 13 300
P—230 .23 7540 10 6 300
P—164 .29 7200 13 15 300
134 .20 7259 cw operation 78

comparison, the same measurement was made on the material from
which the better diode had been mzde. There, the fluctuation of cath-
odoluminescent photon energy is only 50 meV.

Hence, although a few problems remain to be solved (material in-
homogeneity and intervalley population sharing at high x) substantial
progress has been made in injection lasers emitting visible radiation
at room temperature.
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METHODS OF DEPOSITION AND PHYSICAL
PROPERTIES OF POLYCRYSTALLINE II-VI FILMS*

By
F. V. SIIALLCROSS

RCA Laboratories, Princeton, N ).

Summary—Techniques for making polyerystalline films of II-VI eom-
pounds on amoerphous and polycrystalline substrates are reviewed. The
films can be prepared by vacruum deposition using single or nultiple evapora-
tion sourees, by sputtering, or by various nonvacuum techniques. Many of
the physical properties of the layers depend critically on the deposition
parameters and on the tupe of post-deposition processing wsed. Structural
and electrical properties are particilarly sensitive to fabrication techniques.
Properties of semiconducting CdS and CdSe films for wse in thin-film active
devices are emphasized, although films suitable for other applications are
also considered.

INTRODUCTION

HE I1IB-VIB compounds have long been of interest as photo-

I conductors and phosphors.! More recently they have become im-

portant as semiconductors in field-effect devices® and piezoelec-
tric materials for use in ultrasonic transducers.” They have also been
employed in photovoltaic cells, electroluminescent devices,” and Hall
generators.” Thin films of these materials have been particularly im-
portant because of their ease of fabrication into precisely controlled
geometries, their compatibility with other processing required to make
complex devices, and the similarity between many properties of the
polycrystalline thin films and of bulk single-crystal material.

This paper reviews a number of methods commonly used to make
these films, and describes some of the physical properties of the films,
with particular emphasis on those that are sensitive to details of the
fabrication procedure. Because the author’s research has been pri-
marily concerned with semiconducting films of CdS and CdSe suitable
for use in thin-film active devices,” films of that type are discussed in
most detail.

Table T shows energy-gap data for the 12 compounds of interest.*!
Threre is a general correlation between energy gap and position of the

* Paper originally presented orally at Electrochemical Society Meeting.
Dallas, Texas, May 1967.
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Tuble I—11B-VIB Compounds with Energy Gaps in eV

VI B

0 S Se Te
1B

Zn Zn0 7nS 7ZnSe ZnTe
3.2 3.6 2.7 2.3
Cd CdO Cds CdSe CdTe
2.4 2.4 1.7 1.4
Hg HgO HgS HgSe HgTe
~2.3 2.0 ~0 ~(

components in the periodic table, except for some discrepancies in the
case of oxides. The majority of the compounds have energy gaps with
values corresponding to radiation in or very close to the visible part of
the spectrum, making them important for opto-electronic applications.
Nearly all have energy gaps large enough to make them suitable as
wide-band-gap semiconductors or insulators.

Table 11 gives crystallographic data for TI-VI compounds, listing
phases that are stable or metastable under normal-room-ambient con-
ditions.""'* Most of the compounds crystallize in either the wurtzite
or the zinc-blende forms, which are relatively similar structurally. A
few of the compounds, particularly oxides, exhibit other forms. In
addition, a number of the compounds, such as ZnS and CdTe, form
more complex structures built up from alternating layers of wurtzite
and zine-blende-type material by a stacking-fault mechanism. The strue-

Table 11—11-VI Compounds: Crystallography

Wourtzite 7Zn0, 7nS, ZnSe*. ZnTe*
(Hexagonal) CdS, CdSe, CdTe*
Zinc¢ Blende 7ZnS, ZnSe, ZnTe
(Cubic) CdS*, CdSe, CdTe
HgS, HgSe, HgTe
NaCl (Cubie) CdO
Cinnabar HgO, HgS
(Hexagonal)
Orthorhombic HgO

“Less Common
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tural similarities shown here are consistent with the fact that many
solid solutions exist with properties intermediate between those of the
parent compounds.

DEPOSITION METHODS

The choice of deposition method depends on the film properties
required and on the type of other device fabrication and processing
techniques employed. For convenience, the deposition methods can be
divided into vacuum and nonvacuum techniques. The vacuum methods
generally vield good thickness control and uniformity, and are com-
patible with precise masking techniques; they are capable of producing
high-purity material. The nonvacuum methods are often carried out
more nearly at thermal equilibrium, and therefore tend to have a lower
defect density. They are particularly useful when controlled doping is
important. They are also frequently simpler and cheaper than vacuum
methods.

In the vacuum evaporation of most II-VI materials, the compound
completely dissociates, as established by Goldfinger.”* Somorgai has
shown that the dissociation step is rate limiting, but is influenced by
charge-transfer processes at the solid surface, and is thus sensitive to
factors such as doping and illumination.'""™ The material therefore
evaporates in approximately stoichiometric proportions, and the con-
densation and re-evaporation processes at the substrate determine the
film composition. As described by Giinther," approximately stoichio-
metric films can be expected provided the substrate temperature is suffi-
ciently high to prevent permanent condensation of unreacted material,
and a sufficiently high flux can be maintained. A single source of the
type shown in Figure 1 can produce reasonably stoichiometric material
provided a high substrate temperature is maintained. This source,
consisting of a molybdenum wire basket coated with alumina and filled
with a quartz wool plug to minimize spattering, has been used by the
author to muake moderately conducting films of CdS or CdSe suitable
for thin-film transistors. As a small source, it is particularly useful in
conjunction with fine-pattern deposition. and it operates at relatively
low currents.

Quite a few workers have described other sources suitable for
evaporation of 1I-VI compounds. For example, a modified Knudsen
cell described by Escofferv'” uses a rather large quartz tube containing
the evaporant, which is beated by a tungsten coil. This source can be
operated at a well-controlled, relativelv low, source temperature. Indi-
make use of a baffle above

1%

rect sources, such as described by Galla,
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particles.”**¢ In this technique, as shown applied to CdS, a fine powder
is produced that is made into a suspension with an appropriate liguid.
CdCl., used as a flux, and appropriate activators, such as copper, are
added, and the layer is applied to the substrate by silk-screening, print-
ing, or spraying. The layer is then fired at about 600°C to cause the
grains to be sintered together and to drive off excess halide. This
method is particularly important in making photoconductive layers,
and is compatible with other thick-film techniques. The sintering mini-
mizes the problems associated with interparticle contacts that are
common to many deposition methods.

CdS FILM
+ VOLATILE
BY-PRODUCTS

SPRAY AQUEOUS
SOLUTION ON
HOT SUBSTRATE

Fig. 4—Chemical-spray process.

In the chemical spray process,”” an aqueous solution of a metal salt
(such as cadmium chloride) is mixed with an aqueous solution of a
sulfo- or seleno-organic compound, such as thiourea, to form a soluble
complex, as outlined in Figure 4. This solution is sprayed onto a sub-
strate held at 300° to 500°C, where it decomposes to produce the re-
quired film. The method can be applied to a large number of sulfides
and selenides, and is readily adaptable to the preparation of doped
films. Figure 5 shows a chemical-spray arrangement used by the
author to make CdS films. The propellant (compressed air) and the
appropriate spray solution are brought together in an atomizing spray
nozzle through filters. The spray is directed onto a substrate heated
by a hot plate. Suitable shields are used to surround the spray and
substrate. Films prepared by this method are quite similar to those
made by vacuum deposition.

Other chemical methods are also possible, including vapor trans-
port,*® in which a volatile intermediate permits transfer of II-VI com-
pounds across a thermal gradient at relatively low temperature, and
various vapor-deposition procedures.’
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B

PHYSICAL PROPERTIES

Many of the physical properties of I11-VI films are quite sensitive
to the method of deposition used and to the details of the fabrication
and processing technique. The microstructure, including crystallo-
graphic phases, crystallite size and orientation, and the surface features
such as roughness and uniformity are dependent on many factors such
as substrate temperature, deposition angle, and ambient pressure. The
stoichiometry, impurity content, and degree of film stress vary appre-

_~FILTERS

SPRAY _/

S .FLOW METER
COMPRESSED —N,
AIR
SPRAY
STAINLESS -
STEEL 4 SOLUTION
SHIELDS
————SUBSTRATE
__—STAINLESS STEEL BLOCK

-HOT PLATE

CHEMICAL SPRAY EQUIPMENT
Fig. 5—Chemical-spray equipment.

ciably for different fabrication methods. These variations are partic-
ularly important in influencing the electrical and opto-electronic prop-
erties of the films.

The nature of the substrate can have a marked effect on film prop-
erties. In most of the deposition methods, film formation begins with
the development of stable nuclei at certain preferred sites on the sub-
strate. These sites are likely to be associated with imperfections or
impurities on the surface. Many of the II-VI films can be grown epit-
axially as single-crystal layers on appropriate substrates, such as mica
or sodium chloride.”** Even when the substrates are not single erystals,
there are marked differences in density of nuclei and crystallography
between films on polyerystalline and on amorphous substrates.?! Ther-
mal effects are important; differential expansion between the substrate
and the film affects the film stress and is a factor in possible stress
failure. The thermal conductivity of the substrate influences the film
surface temperature during growth and also affects the performance of
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the films in devices where power dissipation is appreciable. Chemical
and electrical interactions between film and substrate are also signifi-
cant; for example, high-temperature processing can cause diffusion of
impurities from the substrate to the film. At lower temperatures
adsorbed species are important.

In vacuum-deposited films of CdS and CdSe, the density of nuclei
depends on the substrate temperature. Figure 6 shows electron micro-

—-1 l-—O.I;L
(1) (b)

Fig. 6—Electron micrographs of surface replicas of CdS films deposited at
56A/sec: (a) 35°C substrate, (b) 250°C substrate.

graphs of 7000 A CdS layers. Films deposited at low temperature have
a high density of initial nuclei and a resultant small grain size, together
with poor orientation and a high defect density. When the substrate
temperature is high, there is usually an initiation period before any
nucleation occurs, and the subsequent density of nuclei is small. The
resulting crystallites are considerably larger. Surface mobility and
stoichiometry also increase with temperature, leading to improved
crystallinity.

The surface crystallite size and degree of orientation increase as
the films grow thicker. The electron micrographs in Figure 7 show
the effect of thickness on CdS films. Some relatively large crystals
appear in the thicker layer. Growth processes that minimize grain-
boundary energy and a nucleation that is primarily limited to the sub-
strate interface can lead to this effect. Although there is usually some
preferred orientation in the initial nuclei, with the c-axis of the hex-
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agonal phase perpendicular to the substrate, there is apparently a differ-
ential growth rate along the c-direction leading to an increase in the
amount of preferred orientation with thickness.

As described ahove, many of the II-VI compounds can exist in both
the zine blende and the wurtzite structures. For several compounds
(ZnS, ZnSe, ZnTe, CdTe) the effects of variations of deposition condi-
tions on phase composition have been studied in some detail by Spinu-

(a) (b)

Fig. 7—Electron micrographs of surface replicas of CdS films deposited on
180°C substrate at 75A/sec: (a) 0.bg thick, (b) 3.2g thick.

lescu-Carnaru and others.®3* In the case of a number of compounds
that more commonly occur in the cubic phase, hexagonal material could
be obtained by using an excess of the group II element, such as Zn or
Cd. Excess of the group VI element favored the cubic phase. The
optimum substrate temperature to obtain hexagonal material was
around 300°C; lower temperatures yielded cubic material. In some
cases substrate temperatures over 500°C also gave cubic films. The
ambient pressure during deposition was also important. A residual
atmosphere of about 10— torr of argon favored the formation of
hexagonal films. The general conditions outlined here appeared to be
similar for a number of the II-VI films.

Impurities, deviations from stoichiometry, and other crystal defects
are particularly important in determining electrical properties of the
films.*?® For many II-VI films the conductivity is largely determined
by deviations from stoichiometry. Although both interstitials and va-
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cancies apparently exist in the films, it is likely that the electrically
active species are anion or cation vacancies. Chlorine is an important
donor in II-VI films, particularly when it is used in the fabrication
process as in chemically sprayed or sintered layers. Copper is a common
acceptor introduced during deposition or by post treatment.

Fig. 8—Electron micrograph of 1300-A CdS film.

Many of the II-VI oxides, sulfides, and selenides tend to be obtain-
able as n-type materials only. Several factors are involved, including
the tendency for acceptor levels to be comparatively deep lying, the
low hole mobility, and the limited solubility of acceptor-type impurities.

Surface species are important in II-VI materials; this is particu-
larly true for chemisorbed oxygen. which acts as a deep-lying donor,
with marked effects on the observed conductivity, mobility, and sta-
bility of the films.®*® A large variety of trapping states have heen ob-
served in various experiments on CdS films. In many cases they appear
to be associated with erystal defects such as interstitial sulfur, and are
quite sensitive to annealing and other post-deposition processes.

Figure 8 is a transmission micrograph of a thin CdS film that
emphasizes the importance of defects, grain boundaries, and inter-
crystalline contacts in the films. Understanding the electrical proper-
ties of material such as this is obviously more difficult than for single-
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crystal material. For example, the observed Hall mobility for this
type of film often has a complicated behavior.

The observed Hall mobility for many of the films increases with
temperature, as illustrated in Figure 9. It is generally appreciably
lower than single-crystal mobility, although it can be varied over a
wide range by changes in erystallinity, impurity content, and adsorbed
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Fig. 9—Hall mobility data for CdS films.

surface species. The exact form of the temperature dependence appar-
ently ean vary. Usually there is an exponential dependence on —1/T,
as indicated in the black dots;* this effect can be attributed to inter-
crystalline barriers or possibly other types of imperfections within
crystallites. In some cases a T3/2 dependence is reported, as shown in
circles ;™ this result could arise from scattering by charged impurities.
Experimentally it is rather hard to distinguish between an exponential
dependence (particularly with several activation energies) and the
T3/2 relationship.

The properties of II-VI films can be modified by various post-deposi-
tion treatments. In practice, they frequently are important steps in
film processing. They can be used to produce major changes in film
stoichiometry by out-diffusion of excess material in a suitable ambient
or by incorporation of material from an atmosphere containing one of
the components. Desorption of surface species such as chemisorbed
oxygen and change in impurity concentration by diffusion are also
feasible. Annealing at temperatures of several hundred degrees C can
lead to erystal growth, changes in film stress, and a reduction in defect
density. As studied by Gilles and Van Cakenberghe, Vecht, and others,
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massive recrystallization can occur in II-VI films by treatment that
incorporates an appropriate flux.3"

Table III illustrates the effects of post-deposition processing, based
on previous work by Dresner and Shalleross on vacuum-deposited CdS
films.*"*" At low substrate temperature, the stoichiometry is poor
and resistivity is low. A high-temperature air bake produces out-diffu-
sion of cadmium together with some oxygen incorporation, leading to

Table 111—Processing Effects on CdS Flms

TS;?ig%i?re Processing I({gﬁlrit_lcvrlnty S(izgs(tii
35 None 0.1 ~ 0.05
35 500.C Air ~ 104 > 0.05
100 None 102-103 —
100 30B5al({:e S ~ 106 -
170 None 104-10% 0.1-1
L in CdS a1 = 0 ~10
170 Recry star wed 10-10% 103-104

a marked increase in resistivity. Some increase in crystallite size
occurs as well. For films deposited at 100°C, stoichiometry is still not
very good; it can be increased by heating of the layer in sulfur vapor,
as illustrated here.

A major change in doping and crystallite size and orientation can
be accomplished by high-temperature processing of the films in contact
with suitable materials such as cadmium sulfide powder doped with
copper and chlorine, or with an adjacent layer of silver. This last
process can lead to films that are essentially single-crystal layers. Dop-
ing and recrystallization processes of this type have pronounced effects
on properties such as Hall mobility and photoconductivity.

Field-effect devices made with II-VI films are quite sensitive to
many of the electrical properties of the layers.** An empirical approach
to control of deposition and processing for semiconductor films used in
thin-film transistors is often convenient. For example, by measuring
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the source-drain resistance during CdSe deposition by vacuum evapora-
tion, it is possible to adjust deposition rate and film thickness to obtain
the desired conductivity in the film.** The effects of a post-deposition
air bake on the completed CdSe units can also be observed by moni-
toring eiectrical properties during processing. This type of monitor-
ing permits one to control the baking time and temperature to obtain
optimum performance. When processing is well controlled, field-effect
devices made with II-VI films have been particularly useful in large
arrays such as thin-film scan generators and solid-state image sens-
Ors.i'.'.ﬁi

In summary, it should be emphasized that most of the II-VI com-
pounds have relatively similar physical properties when allowance is
made for gradual changes associated with position of the components in
the periodic table. There is a wide variety of film-deposition methods
available, the optimum method depending on the specific applications
intended. Many of the physical properties of the films are quite sensi-
tive to deposition technique, and a high degree of control over these
methods is desirable.
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COPLANAR-CONTACT GUNN-EFFECT DEVICES
By

J. F. DIENsT, R. DEAN*, R. ENSTROM, AND A. KOKKAS

RCA Laboratories
Princeton, New Jersey

Summary—The fabrication and operation of Gunn-effect devices with
caplanar contacts is described. For the generation of low-frequency (~1
GHz) high-power oscillations, this geometry has some advantages over the
canventional sandiwich structure. However, high-power operation has not
been attempted as yet with these devices. The best device produced a micro-
wave output of 385 mW at 680 MHz with an efficiency of over 2%. The
coplanar devices were operated in microstrip circuits and direct microscopic
observation of the device during operation was possible.

INTRODUCTION

bilities in n-GaAs, much additional research has gone into un-

derstanding and exploiting this phenomenon. The bulk of the
work reported to date deals with devices of the “sandwich” type geom-
etry, i.e., plane-parallel ohmic contacts on opposite sides of the GaAs
crystal (Figure 1(a)). However, the sandwich configuration may not
be the best geometry from the standpoint of such important factors as
operating frequency, heat sinking, and mass-production techniques. An
evolution in the geometry of these devices may be expected similar to
that which has taken place in transistor technology where we now
have, for example, planar transistors with intricate junction geome-
tries. In this paper we discuss some experimental results for a device
configuration in which the ohmic contacts are placed on the same face
of the GaAs erystal. We call such configurations “coplanar” devices
(Figure 1(b)).

The coplanar device is attractive for the following reasons. Firstly,
in trying to generate low-frequency (~ 1 GHz) high-power oscillations
using the transit-time mode in a sandwich device, the problem of pro-
viding a heat sink for the active region bhecomes severe. The active

SINCE J. B. Gunn’s! discovery of high-frequency current insta-

* Now at Princeton University, Princeton, N. J. )
1J. B. Gunn, “Instabilities of Current in 111-V Semiconductors,” IBM
Journal of Research and Dcvelopment, Vol. 8, p. 141, April 1964.
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region must be about 100 um long at this frequency, resulting in a
heat flow path length of about 50 um, assuming effective heat sinking
at both contacts. For the coplanar geometry, the frequency is deter-
mined by the gap between the coplanar contacts, which is ~ 100 pm for
one GHz; the dimension perpendicular to the carrier flow can be made
much smaller, say 10 pum. In addition to heat sinking at the contacts,

mLm\ METAL OHMIC

n-GoAs-f- ““““ ) CONTACTS

(a)
METAL OHMIC

o —7 CONTACTS
N -GaAs —

{b)

Fig. 1—(a) Sandwich geometry, (b) coplanar-contact, and (¢) Gunn-effect
devices.

an electrically isolated heat sink can also be applied to the opposite
side of the device, thereby substantially reducing the heat flow path
(Figure 1(c)). Secondly, the coplanar geometry allows all contacting
to be done simultaneously on one side of the material, an obvious ad-
vantage for mass production. Thirdly, devices with coplanar access
electrodes fit naturally into integrated circuit microstrip applications.

In this paper we give the results of some experimental work with
coplanar-contact devices prepared for epitaxially grown GaAs. The
following section describes the problems attendant upon the prepara-
tion of the starting material, fabrication of the devices, and, espe-
cially, the importance of carefully prepared surfaces for application of
the contacts. The third section is devoted to a description of the
experimental results and a discussion of the circuits used in the ex-
periments.

DEVICE FABRICATION

All of the devices and results described herein were obtained from
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epitaxially deposited layers of GaAs. However, coplanar devices have
also been fabricated from bulk-grown GaAs and that work ® was the
foundation for the work reported here.

The system used to vapor deposit GaAs from AsH;, Ga, HCI, and
H. has been described in detail® N-layers in thicknesses of from 1
to 100 pm have been prepared in n+-n-n* structures with a modi-
fied version of this system. Measurements of electron carrier concen-
tration and mobility in the n-layers have yielded concentrations as low
as 10" em—3% and mobilities as high as 7200 cm®/volt-sec at 300°K
and 60,000 em=/volt-sec at 7T7°K.

For the coplanar devices it was necessary to grow thin, smooth
n-layers of comparable purity over relatively large areas on semi-
insulating rather than the usual high-conductivity GaAs substrates.
The substrates were Cr-doped, < 100 > oriented GaAs with a resistivi-
ty of 4.7 X 108 ohm-cm and mechanically polished to a mirror finish.
Layers 25 um thick deposited on these substrates were very smooth
and had electron carrier concentrations of approximately 2 X 10 em—3
as determined by point-contact-probe breakdown voltages. Successful
devices require that the contacting surface be very smooth and clean.
Microscopic scratches at the edge of the gap allow incipient spikes of
contact metal to form during the metal evaporation and alloying
processes, and these generate local high-field regions during operation.
As a result, one or more of these spikes elongate and eventually short-
circuit the gap. Such filament formation is shown in Figure 2.

The active layer had a resistivity of approximately 0.5 ohm-cm,
and an evaporated layer of tin with a nickel overlay was used to make
ohmic contact. The wafer was then alloyed in a hydrogen atmosphere
at 400°C and sawed into individual units as shown in Figure 3.

ELECTRICAL BEHAVIOR
Terminal Characteristics

As is well known, the successful operation of Gunn-effect devices
requires contacts that are ohmic. The usual criteria for ohmic con-
tacts are: (a) that the low-field resistance (EF < E;) be constant,
(b) that the low-field resistance be independent of the direction of
current flow and (¢) that the experimental low-field resistance of the
device agrec well with the resistance as calculated from the known

2 C. T. Wu, RCA Laboratories, private communication.

3J. J. Tietjen and J. A. Amick, “The Preparation and Properties of
Vapor-Deposited Epitaxial GaAsa.»P. Using Arsine and Phosphine,” Jour.
Electrochem. Soc., Vol. 113, p. 724, 1966.
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Fig. 2—Photomicrograph of a coplanar device clearly showing the filaments
of tin across the gap.

resistivity of the material and the geometry of the device. The first
two are determined by simply measuring the current-voltage charac-
teristic for a given device, and are independent of the geometry. The
last requirement can be checked rather easily for the sandwich geom-
etry, where the current density is uniform. However, for the coplanar
devices, the current density is not uniform, so that the calculation of
the resistance of a device is more complicated.

Two-dimensional analogs of the coplanar devices were constructed
from resistance paper to study the effects of altering the length of the
contacts and the thickness of the active layer while keeping the gap
length constant. These studies showed that the length, L, of the con-
tacts does not substantially affect either the resistance of the device
or the field distribution so long as L is greater than both the gap
length, [, and the thickness, ¢, of the active layer. Figure 4 shows an

0.120" "
-~ {=0.004" | [~~0.00

)
pes

5 ~00l15
s

o
7
/ GoAs SUBSTRATE
EPITAXIAL N-GoAs (p~10®2-cm)

(p~058-cm) Sn-Ni
OHMIC CONTACTS

Fig. 3—Structural details of a typical coplanar Gunn-effect device.
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experimental curve illustrating the variation of normalized device
resistance (R/r), as a function of layer thickness (r is the resistivity
of the resistance paper in ohms per square and R is the total resistance
measured between the analog contacts). With this curve it is possible
to calculate the active layer resistivity p from the dimensions of the
sample and the total low-field resistance, R,

P = bRo(R/T) -t ’

where b is the width of the sample. On the basis of this equation and
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Fig. 4—Normalized resistance obtained from a resistance-paper model.

Figure 4, resistivities of 0.46 and 0.52 ohm-em were calculated for
two particular devices of widths 0.008 inch and 0.198 inch, respec-
tively. These results agree well with a resistivity of 0.54 ohm-cm cal-
culated from the carrier concentration obtained by breakdown voltages
and an assumed mobility of 6000 c¢cm2/volt-sec and also attests to the
uniformity of the epitaxially deposited n-layer.

Figure 5 shows a typical pulsed I-V characteristic for a coplanar
device. 1t is from this characteristic that R, was obtained,

Coherent Oscillations

Bias-voltage pulses of 80-100 nanoseconds duration were applied to
the sample, which was mounted in a simple microstrip circuit. The
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sample was placed in series with the hot side of the microstrip line
and a small current-monitoring resistor. Contact to the coplanar elec-
trodes of the sample was made by small probes soldered to the strip-
line. The voltage developed across the current-monitoring resistor
was observed on a sampling oscilloscope.

A coherent current instability was observed when bias voltages
exceeded a threshold of about 57 volts. A typical oscilloscope trace is
shown in Figure 6(a); however, this is not a faithful reproduction of
the current wave shape because of the reactance associated with the

SAMPLE |
83-1 2 '
ost

) =
03; /ﬂ

e oneaa e oW
. 2040 60 80
! V(VOLTS)
) d
s L Vrures ~ 97V
Vinres I rhres ~0.45A
R=106Q

Fig. 5—Typical I-V characteristic of a coplanar device.

monitor resistor and its leads. To obtain the current wave shape, the
voltage wave form of Figure 6(a) was Fourier-analyzed into d-c
through third-harmonic components, and each of these was divided by
the appropriate computed reactance of the monitor resistor. These
current components were then added in the proper phase relationship
and the resulting current wave form of Figure 6(b) was obtained.
This current wave form is in good qualitative agreement with the pub-
lished results of other workers,*® and indicates that we are seeing
domain formation and translation in the active layer.

The average threshold bias voltage for the onset of noisy current
instabilities was about 57 volts. Within a small range of voliages
(=~ 5 volts) above this threshold the oscillations were coherent. Since
it is difficult to calculate the electric field in the active layer, we again
made use of the resistance-paper analog. Figure 7 shows a field plot
for a bias voltage of 60 volts, which is within the range for coherent

*A. G. Foyt and A. L. McWhorter, “The Gunn Effect in Polar Semi-
conductors,” JEEE Trans. ED, Vol. ED-13, p. 79, Jan. 1966.

5J. S. Heeks, “Some Properties of the Moving High-Field Domain in
in Gunn Effect Devices,” IFEE Trans. ED, Vol. ED-13, p. 68, Jan. 1966.

¢D. E. McCumber and A. G. Chynoweth, “Theory of Negative-Con-
ductance Amplification and of Gunn Instabilities in Two-Valley Semicon-
ductors,” IEEE Trans. ED, Vol. ED-13, p. 4, Jan. 1966.
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Fig. 6—(Top) Voltage developed across current-monitoring resistor (0.5

nanosecond/division horizontal scale, and 0.3 ampere/division vertical scale),

and (bottom) current through the coplanar device producing the voltage
waveform in (a).

oscillations. The electric field over most of the active layer is rather
uniform and appreciably higher than the accepted threshold field of
about 3.3 kilovolts/cm for the Gunn effect in GaAs. However, the
field at the edge of the active layer opposite the contacts and to either
side of the uniform-field region is approximately the threshold field
(see Figure 7). Apparently for bias voltages less than ~ 57 volts the

ELECTRIC FIELO ~4.9kv/cm
CONTACT CONTACT

Vo by (A—
ov-- ‘—%'\ = = .j/. 7777 60V
I SRS SR v |
’ y L INEsae
' . i
2 4 \ 12 20 2832 40 48 56 58
VOLTS

ELECTRIC FIELO ~ 3.4kv/cm

Fig. T—DPotential distribution in a resistance-paper analog of a coplanar
device.
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electric field at the edges of the uniform-field region falls below the
threshold field even though the field in the vieinity of the source elec-
trode is higher than the threshold field. This parallel low-field path
tends to collapse any space-charge accumulation layer that tries to
form near the source electrode. This condition leads to either no
oscillations at all or noisy oscillations, depending upon the size of the
low-field shunt path.

Bias voltages in excess of about 10-15% of the threshold voltage
caused the coherent oscillations to break up into noisy oscillations,
and again this is consistent with previously reported? results.

Using the microstrip measuring circuit, we were also able to ob-
serve the device under a microscope during operation. In general, the
anode contact was the first to deteriorate at high bias voltages, and
the spikes seen in Figure 2 seem to emanate from the anode. Prior
to any noticeable change in either of the electrodes, microscopic white
particles could be seen erupting from the crystal at random locations
within the gap. Sporadiec current fluctuations accompanied these erup-
tions. After a time the entire gap surface was covered with a film of
this fine white powder that could easily be brushed away. The powder
was not analyzed but is probably an oxide of gallium.

Circuit Effects

The fundamental transit-time frequency for all of the samples
tested was about 600-700 MHz, which is quite a bit lower than the
1000 MHz that was expected on the basis of a gap length of 100 pm.
The lower transit-time frequency in low-reactance circuits suggests
that the domains follow a curved path that is longer than the gap
length.

To improve the power output and investigate the effects of the
circuit surrounding the device, a variety of microstrip circuits were
designed and used. In all cases the output voltage was taken as that
voltage developed across the 50-ohm impedance of the sampling oscil-
loscope. The microstrip-circuit technique proved very useful from
several aspects. First, it was easy to change line impedance and con-
struct a variety of tuning elements. Second, since the sample was
not mounted in a cartridge, parasitic package reactances were avoided.
Third, since the sample was not soldered into the circuit, the same
sample could be used in the various circuits as they evolved.

The best performance was obtained with the circuit shown in the
photograph in Figure 8. The tuners and shorting stub were set so

"D. G. Dow, et al,, “High-Peak-Power Gallium Arsenide Oscillators,”
IEEE Trans. ED, Vol. ED-13, p. 105, Jan. 1960.
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Fig. 8—Microstrip circuit constructed of Polyguide.

that, at the fundamental frequency, the device was presented an induc-
tive reactance approximately equal to the low-field d-c resistance. The
circuit, when viewed from the device, should be open-circuited at the
second harmonic, and the A/4 tuner nearer the device was adjusted
accordingly. These conditions are in agreement with the findings of
Carroll? A device inserted in the circuit adjusted according to these
criteria produced a useful output of 385 mW peak pulsed power at 680
MHz with an efficiency of better than 29,. This was an 0.008-inch-wide
sample, and the circuit required only a minimum of readjustment
from the predicted values to achieve this result. It is estimated that
at least a 3-db improvement in power output can be achieved by using

RF QUTPUT IOns
VOLTAGE
B x

|.6v.,RF VOLTAGE
J: 20v.,BIAS PULSE

a— APPLIED BIAS PULSE

Fig. 9—RF output from the circuit shown in Figure 8.

8 J. E. Carroll, “Resonant Circuit Operation of Gunn Diodes: a Self
Pumped Parametric Oscillator,” Electronices Letters, Vol. 2, p. 215, June
1966.
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a lower-loss dielectric for the microstrip and fixed, rather than ad-
justable, tuning elements. Figure 9 illustrates the output-voltage wave
form as viewed with the sampling oscilloscope.

SUMMARY

The operation of Gunn-effect devices having coplanar contacts has
been successfully demonstrated. The units were used in microstrip
circuits, and coherent peak pulsed power outputs as high as 385 mW
at 680 MHz were obtained from 0.008-inch-wide devices, with con-
version efficiencies of over 29%.

During the course of these preliminary experiments, we were able
to directly observe the devices during operation and identify the anode
as the contact first subject to deterioration under excessive bias con-
ditions. We believe that this is probably also true of the conventional
sandwich geometry devices and underlines the importance of providing
an adequate heat sink at this electrode for high-power operation. With
improved epitaxial material and contacts, i.e., contacting material
capable of withstanding higher operating temperatures, it should be
possible to realize significant increases in power output from these
devices.




EFFECT OF NOISY SYNCHRONIZATION SIGNALS
ON SPLIT-PHASE CODED SYSTEM PERFORMANCE*

By

A. B. GLENN AND G. LIEBERMAN
RCA Defense Electronice I'roducts

Comden, N, J.

Summary—The performance of a noncoherent frequeney-shift-keyed
system utilizing split-phase waveforms was investigated under eonditions
of noisy synchronizing signals. The analysis showed the probability of de-
gradution of signal-to-noise ratio or bit-error probability due to time jitter
«t the switching and sampling operations.

signal are unknown, a receiver with post-detection matched

filters represent the optimum. This condition becomes signifi-
cant when the frequency uncertainty of the carrier is greater than the
bandwidth required by the information.! In actual communication
svstems it is impossible to maintain exact synchronization between the
sampling times and the end of the data pulses. Since the bit proba-
bility of error depends upon the ratio of signal energy to noise-power
spectral density at the instant of sampling, it is evident that lack of
synchronization will deteriorate the system performance. The degra-
dation of the system performance will increase as the lack of synchroni-
zation or time jitter on the sampling pulses increases. This paper
analyzes system degradation as a function of the time jitter on the
sampling pulses for the split-phase coded waveform. This type of
waveform is analyzed because of its desirable bandwidth requirements
and transition density characteristics.

Kx/\ "/T’HEN both the frequency and the phase of a received digital
\

SYNCHRONIZER DESCRIPTION

Figure 1 shows the detector and synchronizer for the split-phase
waveform of a noncoherent frequency-shift-keved receiver operating

This work was done under NASA Contract NAS2-3772 for AMES
Research Center.
1A, B. Glenn, “Analysis of Noncoherent FSK Systems with Large
Ratios of Frequency Uncertainties to Information Rates,” RCA Review,
Vol. XVII, p. 272, June 1966.
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Fig. 1—Noncoherent FSK receiver.

under conditions where the exact frequency and phase of the received
signal are unknown. Under these conditions, the optimum receiver is
one with post-detection matched filters.

The structure of the signal for a mark consists of frequency f,
transmitted during the first half of the signal duration, T, and fre-
quency f, transmitted during the second half. As shown in Figure 2,
the envelope detector at the output of the band-pass filter tuned to The
shown by waveform (a), consists of a positive pulse (or mark) during
the first half, and zero during the second half of the signal duration.

+1 -

(a)
OUTPUT
MARK
DETECTOR
bt

0 .-  —

]
OUTPUT
SPACE
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2.

geeie T [ L L

+1

@
PERFECT
SWITCHING
NRZ

-1

© 1
SAMPLING l
PULSES ¢

+1
«
INTEGRA-
TOR o~
OUTPUT
-1

Fig. 2—Effect of zero timing errors for split-phase coded waveform.
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The other envelope detector output, shown by waveform (b), is re-
versed in polarity; i.e., it has a zero output during the first half and
a negative pulse (or space) output during the second half. Similarly,
the structure of the signal for a space consists of frequency f. trans-
mitted during the first half of the information bit and frequency f,
transmitted during the second half.

The synchronizing signal is obtained at the output of the summer.
After this signal is suitably processed, the output is used for the
switching and the sample and dump operations. Let us first consider
zero timing errors for these operations, as shown in Figure 2. The
switching waveform is shown by (c¢). The sync pulses at the reversing
switch input alternately produce a polarity reversal of the respective
inputs from the two envelope detectors. If a mark is transmitted, the
positive pulse from the f, envelope-detector output keeps its polarity,
whereas the second negative pulse from the polarity reversed f. enve-
lope-detector output is reversed in polarity. The resulting output
shown by waveform (d) consists of a positive pulse of duration T.
This assumes that the sync pulses occur at integral multiples of T/2
corresponding to the f,, f. switching times.

This analysis shows that a split-phase waveform enters the switch-
ing circuit and a non-return-to-zero (NRZ) waveform leaves at point
(d) in Figure 1. The NRZ waveform is then applied to an integrate
and dump circuit. Sampling pulses, shown by waveform (e), from
the synchronizer will sample and dump the integrator output. The
resulting waveform is indicated by (f). The above discussion illus-
trates the results for perfect switching and sampling of a split-phase
coded waveform.

The two basic modes for synchronization are acquisition and track-
ing? If the mission requires fast acquisition, the bandwidth of the
phase-locked loop (PLL) should be large. The limit is determined by
the S/N ratio and the resulting phase jitter, which determines the
probability of unlock.®* For example, the time for a 19 probability of
unlock during the acquisition mode should be at least ten times the
acquisition time. The acquisition time should be about one-hundredth
the total communication time. The switching, sample, and dump opera-
tions will depend upon the phase jitter in the synchronizing signal.
In other words, the probability of making a decision at the end of each
information bit depends upon the S/N ratio. But, as will be discussed,
S/N will depend upon the phase jitter. Since the bandwidth of the

2 F. M. Gardner, Phasclock Techniques, John Wiley & Sons, Inc., New
York, 1966.

3R. W. Sanneman and J. R. Rowbotham, “Unlock Characteristics of
the Optimum Type II Phase-Locked Loop,” Trans. IEEE, Vol. ANE-11,
p. 15, March 1964.
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phase jitter in the synchronizing signal depends upon the S/N in the
PLL bandwidth, this bandwidth during the tracking mode should be
as small as possible. Since the PLL requirements during the fast
acquisition and tracking modes are directly opposite, the two-mode
PLL will be optimum for these mission requirements.

SYNCHRONIZATION EXTRACTION FROM A SPLIT-PHASE BINARY SIGNAL

In order to extract synchronization information from a split-phase
message, the split-phase format must be converted to a return-to-zero
(RZ) form. This must be done in order to obtain a discrete component
at the keying frequency.*® This is accomplished by nonlinear process-
ing, such as delay, inversion, addition, and squaring. Bennett ® showed
that the power at the discrete keying frequency is 4 db below the total
RZ power. A second-order, two-mode phase-locked loop? will be used to
filter this discrete component from the output of this band-pass filter.
If the frequency difference between the received signal and the volt-
age-controlled oscillator (VCO) is less than the PLL bandwidth, the
PLL will acquire in the lock-in frequency mode.* In this mode, the
acquisition time is inversely proportional to the natural radian fre-
quency (o,) of the PLL. After acquisition, or lock-in, the loop will
switch to the tracking mode where the PLL bandwidth B, is less than
one-tenth of the acquisition PLL bandwidth. This tracking bandwidth
is also about one hundredth the information bandwidth. When the sine
of the phase difference between the VCO output and the incoming
signal plus noise can be approximated by the phase difference, the
phase-locked loop performance can be described by a linear model. With
this model, the VCO output phase equals the phase angle of the loop-
filter output for an input equal to the loop-input signal plus noise.
The VCO phase jitter equals the difference between this signal-plus-
noise phase angle, and the phase angle in the absence of noise.

For loop-filter-output signal-to-noise ratios greater than 10 db, the
VCO phase jitter is approximately normally distributed with RMS

[+

* Lock-in time as defined as the first zero-time crossing of the transient
phase error.

*S. J. Martin, “A Comparison of the Synchronization Efficiency Offered
by Several PCM Code Formats in a Noisy Channel,” Proc. Nat. Telemetry
Conf.. p. 342, 1966.

*W. R. Bennett and J. R. Davey, Dat« Transmission, Chap. 19, p. 315,
McGraw-Hill Book Co., New York, 1965.

value*
—12
radians . (1)
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Fig. 3—Phase jitter versus signal-to-noise ratio.

This relationship is plotted in Figure 3.

Assuming that the total communication time is about 20 seconds,
the acquisition time should be less than 0.2 second. The limitation on
this acquisition time is that the time for a 1< probability of unlock
should be greater than 20 seconds. Figure 4, which is taken from Ref-
erence (4) and extended (dotted curve), shows the normalized mean
time to unlock 7 versus the phase jitter for a second-order PLIL.

DECREASE IN S 'N RATIO DUE TO PIIASE JITTER IN A RECEIVER
EMPLOYING EXTRACTED TIMING

The extracted reference signal plus noise is

wt
1'(t):Acos<~>+n(f) , (2)
T
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where T is the information bit duration. This produces a timing signal
with successive axis crossings T seconds apart. If this funection is
processed in a phase-locked loop, the VCO output signal will he

T 0.62 PROBABILITY OF
\ UNLOCK AFTER T

\ T TIME TO LLESS .01
\ PROBABILITY OF UNLOCK
\\ T =007
4
107 \ 2. 1 2
F ol — — ,nrapn.
NOR- |- 2(5_
MAL- [ \ N/BL
1ZED | \
TIME

UN LO:;() \

T
—

1
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U, RMS NOISE OUTPUT OF LINEAR LOOP IN DEGREES

Fig. 4—Normalized mean time to unlock versus phase jitter (Reference (3)).

t
v,,(t):cos[ﬁ ~+A(}(!)]‘ 3)
T

where Af represents phase jitter at the output of the loop filter.

This phase jitter has to be related back to the timing jitter in the
sampling process. This timing jitter can be related back to an equiva-
lent loss in signal-to-noise ratio. This loss in S/N ratio can then be
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directly applied to the error probability versus S/N characteristies for
any system. The degradation in error probability can then be easily
determined.

The instantaneous output signal-to-noise-power ratio at the video
matched-filter output is of the form:

i\* K
— — 0 0=t=T
1‘ AN'U

{
p() :\' 4

t\* FE
2 —— : T=1t=2T
7)) &

where E/N, is the maximum signal-energy to white-noise-power spec-
tral density at this low-pass-filter output. The equivalent time jitter
for phase jitter Af is

AOT
Af=—— [Af] <. (5)

Equation (5) assumes that the reference signal in Equation (2) is
time delaved by At, and that this delay can either be positive or nega-
tive. This time-delayed reference signal can bhe written

w(f + At) wt
cos <— = co8 <—+A9>, (6)
T T

from which the definition of Af# in Equation (5) becomes evident.
From Equation (4), the maximum degradation in output signal-to-
noise ratio occurs when one samples at time t =0 or t =2T. Let ¢,
denote the actual sampling time. One can write

f,=T+ At (7

From Equation (4), there will be no degradation when Af = 0. Posi-
tive Af corresponds to sampling late. Negative At corresponds to sam-
pling early. The worst cases occur when Af ==*T. Assuming At
=T, it follows that |Af| = =, as stated in Equation (5). In practical
systems, At will be considerably less than T.

Figure 5 shows the switching effects of successive positive (late)
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timing errors. Waveform (a) represents the f, envelope detector out-
put. Waveform (b) represents the negative f» envelope detector out-
put. Waveform (c¢) shows a set of time-displaced switching pulses of
duration T/2 due to a sequence of positive timing errors. Waveform
(d) shows the desired switch output waveform with no timing errors.
The last waveform (e) shows the consequences of imperfect switching.

@ -
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) 4 _

()
OuUTPUT
SPACE
(1)

-1 —

LATE
/'PERFECT P

G T = =" ay, 17 — at, 1T I'—|| i I
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+1-
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SWITCHING

+1= i |
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-
(e)
IMPERFECT
SWITCHING

-1=

Fig. 5—Effect of late timing errors in the switching operation for split
phase.

To illustrate how this last waveform was obtained, let us consider
the first information bit. Due to the positive timing error At,, the
negative f, envelope is switched late, thereby causing a notch of width
Aty in waveform (e). The switching operation consists of multiplying
the negative switching waveform (¢) and the sum of waveforms (a)
and (b). No operation takes place during the first part of the infor-
mation bit until this switching process begins. The switching wave-
form is initiated by the same timing source as the sampling waveform
used for the integrate and dump operations. When the switching
waveform occurs, it reverses the polarity of either waveform (a) or
(b). Assuming B, T < 1, the switching pulse will be turned off late by
an amount A, ,, which is approximately equal to A¢,. Af, is the time
that the switching pulse was late.
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The net switching effects are as follows. When there are two sue-
cessive marks or spaces, there will be two notches per information
pulse, one near the center and one at the end. When there are alter-
nate mark and space, there will be one notch near the center of the
information bit. The results are essentially the same for negative or
early timing errors.

+1 -

(a)

So

+1

PERFECT LATE

Fig. 6—Effect of late timing errors on NRZ and split-phase coded wave-
forms.

Figure 6 shows the combined effects of the switching and sample
and dump errors due to imperfect late timing. Waveform (a) shows
the switching output for positive (late) timing errors. Waveform (b)
shows the ideal waveform for perfect switching. Waveform (c¢) shows
the sampling pulses. The waveforms in (d) show the outputs of the
integrate and dump outputs for waveforms (a) and (b).

In the absence of switching errors or for an NRZ waveform, the
integrator output is shown by the dashed curve. The solid waveform
shows the integrator output for the split-phase coded waveform, which
was subject to combined switching and sample and dump timing er-
rors. Let us assume that the integrator starts to build up late by
Aty. During this build-up process, a notch occurs due to switching,
causing the integrator to reverse the direction of integration. At the
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end of the notch, the integrator starts to integrate positively. The
switching notch at the end of the information causes the integrator
to again reverse direction until it is finally dumped. The amplitude
for this first integrator output is [1 —4 (A¢/T)].

The four errors occur as follows. One error due to late integra-
tion; two errors due to the integrator reversal in the middle of the
information bit; and one error due to the integrator reversal at the
end of the information bit.

On the second pulse, the integrator starts late again. There is a
reversal of the integrator in the middle due to a switching error.

Table I—Amplitude Factors for Combined Switching and Sample and
Dump Errors (Split-Phase Waveform); B.T <« 1.

s Mark Space
[

4]A¢| 2|at|
Mark 1 — — | p—

T T

2]t 413t

Space 1—— 1 ——

T T

The switching error at the end of this second information bit produces
an elongation rather than a notch. Since the sampling pulse is late,
the integrator continues its positive build-up until it is dumped. This
additional build-up cancels one of the timing errors. Therefore, the
resulting amplitude factor is [1 —2(A¢/T)]. It follows that when
there is a polarity reversal at the end of the information, there are
four timing errors. This is true for either late or early timing errors.
Table I summarizes these results.

From Table I, we obtain an expression for the signal-to-noise ratio
corresponding to any sampling pulse for equal mark and space prob-

abilities:
| 4|a0|\ 2 E
[ I : with probability 14 |

T N,
P= (8)

2|0\ = I
1——— ] — ;with probability 15,
(

ki N

0
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Using the normal distribution approximation to A#, it follows that Af
has probability density

2 y
py) =—¢| — ) ¥y=0

ag g
9)
=0, otherwise
where ¢ is the standard deviation of A# in Equation (1), and
1 [ u*
¢ (u) = ——exp - — . (10)
\Ver .2

Since Af is a random variable, p is characterized by its probability
distribution function
Fp(z) = P {p=12}

1 1
=—P.Jp 'ZIA}-{- P.ip ZlB},
2 2

(11)

where A refers to successive marks or spaces, and B refers to succes-
sive mark-space reversals. From Equations (8) and (9),

( 4|A0|\: E
Plp=z|A}=P, {1 - — — =2
L ™ Nv')

T Nz
211 & 1 — . (12)
4a E |
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Fig. 7—Distribution function for output signal-to-noise ratio of 8 to 20 db.

Applying Equations (12) and (13) to Equation (11),

™ N,z | T / N,z |
{

/

Fp2)=2—& — 1 b — 1 , (14)
4 b E 20 V/ E |

where ¢ is the standard deviation of Af# defined by Equation (1).
Figure 3 contains a plot of ¢ versus p, in decibels.
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The distribution function given by Equation (14) is plotted in
Figure 7. Since the information bit error probability varies as a
negative exponential of E'N,, the error probability is very sensitive
to changes in E/N,. These curves show, for example, that for a signal-
to-noise ratio p out of the PLL of 20 db, the S N ratio degradation will

10° g
16’ —
95 PERCENTILE
3db
2 8
16 —
12
Pe 00
103 L 10 sWT
IC;4 E — -
os L Il

i 1
-20 -15 -10 -5 0 s 10 15
E/WTNg = (S/N); (db)

Fig. 8—Bit error probability curves for a wide-band frequency-shift-keyed
system for WT = 10 to WT — 104,

bhe greater than 0.1 db for 59 of the time. Decreasing S'N to 10 db
results in an increase in degradation of greater than 1.8 db for 5%
of the time.

Figure 3, which is obtained from Reference (1) shows the bit error
probability curves for a wide-band frequency-shift keyved system for
WT =10 to 10%, where W is the bandwidth of the predetection filter.
The signal-to-noise ratio at the input to the envelope detector is E
(N, WT), where F is the energy of an information bit and N, is the
no’'se-power spectral density. These curves were derived for perfect
sampling. The curves for W7T = 10 show the result of imperfect switch-
ing and sampling for split-phase coded waveforms. These curves are
the 95 percentile points for PLL signal-to-noise ratios (p) of 8, 10,
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and 12 db. This data is obtained directly from the curves in previous
figure.

CONCLUSIONS

Since both the time for synchronization and time jitter on the
synchronizing signal are important, a two-mode synchronizer utilizing
the split-phase coded format was investigated. The analysis showed
the probability of degradation of signal-to-noise ratio due to time
jitter at the switching and sampling operations.
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PRACTICAL ASPECTS OF INJECTION LASER
COMMUNICATION SYSTEMS*

By

W. J. HANNAN,T J. BORDOGNA,** AND D. KARLSONSt

Summary—This paper describes several pertinent design factors for
lager line-of-gight communication systems utilizing GaAs laser diodes oper-
ating at room temperature in a pulsed mode. Amnalysis, experimentation,
and construction of several such systems have revealed that (1) reliable
voice communication can be achieved effectively over ranges of at least five
miles with a one-watt pulsed injection laser; (2) if background radiation
i3 high (e.g., daylight operation), there i3 a receiver field of view beyond
which a photodiode receiver minimizes required transmitter power; and (3)
for a photodiode receiver that 18 optimized for detecting the pulsed radia-
tion from a room-temperature-operated GaAs injection laser, use of an
optical filter to suppress background radiation will not (in most cases of
practical interest) tmprove overall performance.

INTRODUCTION

munication systems have been developed that provide fair-

weather voice communication over a line-of-sight range of more
than five miles at sea level. In most of these systems, the equipment
design parameters have been optimized to achieve small size, light
weight, and low power consumption consistent with desired perform-
ance and requirements for portable systems.

Typical components of these systems are the hand-held transmitter
and receiver shown in Figures 1 and 2. The transmitter shown in
Figure 1 is composed of three modules, as evidenced by the sectional
construction shown in the photograph. The upper section is the optics
module and contains four GaAs laser diodes,} four collimating lenses,
a sighting telescope, a microphone, and cireuitry to drive the laser
diodes. The center section, or electronics module, contains the modula-
tion circuits. The power module (the lower and smallest section) con-

SEVERAL VARIETIES of GaAs room-temperature IR laser com-

* Research reported in this paper was sponsored by the U.S. Army
Electronics Command, Fort Monmouth, N.J., under contract No. DA28§-
043-AMC-01284 (E).

+ RCA Laboratories, Princeton, N.J.

** Moore School of Electrical Engineering, University of Pennsylvania,
Philadelphia, Pennsylvania.

1 Arrays of several diodes are used frequently to provide greater trans-
mitter power than is available at the present state of the art with one diode.
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tains rechargeable NiCd batteries and a de-to-de converter to provide
the necessary system operating voltages. The receiver, shown in Fig-
ure 2. consists of a hand-held receiver and sighting telescope and sep-
arate power module and earphones.

(a) (b)

Fig. 1—Typical hand-held laser voice transmitter: (a) view showing
microphone face and handles, and (b) view showing light-emitting face
with four lenses that collimate light beams from four GaAs diodes.

COMPARISON OF LASER AND NONLASER DIODES

A comparison of currently available laser and nonlaser diodes re-
veals that nonlaser diodes can provide higher average output power,
but laser diodes can provide higher peak output power. Another sig-
nificant difference is that nonlaser diodes can operate continuously,
whereas laser diodes must be operated in a pulsed mode (at room tem-
perature). Hence, the basic question is which device will provide a
greater communication range. One could also consider a pulsed non-
laser diode, but it can be shown that the reduction of average output
power (caused by the higher I°R losses when the device is operated
in the pulsed mode) offsets any advantages gained.

Theoretical analysis leads to the conclusion that the laser diode is
the better choice for the communication system considered here. In
particular, it can be shown that a nonlaser diode would have to emit at
least 15 times the average power of a laser diode to provide equivalent
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performance. At the present state of the art, laser diodes can emit an
average power of about 4 milliwatts. Therefore, a nonlaser diode must
emit at least 60 milliwatts to be competitive. Since currently available
nonlaser diodes can emit only about 30 milliwatts (at room tempera-
ture), the laser diode will provide better performance.

Fig. 2—Typical hand-held receiver: (bottom) hand-held receiver, power
pack, and earphones, and (top) close-up view of 4-inch receiving mirror
with low-noise photodiode preamplifier at focal point.

When one considers the size of the transmitter optics needed for
laser and nonlaser diodes, it is evident that the laser diode has an
effective power advantage much greater than 15:1, especially if a very
narrow transmitter beam width is needed. Since the radiation from a
laser diode is emitted in a relatively narrow cone, it can be collected
efliciently with a small lens. For example, consider the situation where
the transmitter beam width must be less than 10 milliradians and where
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the diameter of the transmitter lens is restricted to 1 inch for maxi-
mum portability. Since the active diameter of a typical noncoherent
source is about 0.05 inch, the focal length of the transmitter lens must
be at least 5 inches. Assuming all the power emitted from a nonlaser
diode is radiated in a 60° cone, then only 1/25th of the emitted radia-
tion is collected by the 1-inch lens. On the other hand, all the light
emitted from a laser diode can be collected and focused into a 3-milli-
radian beam by a 16-mm microscope objective lens with a diameter of
three-eighths inch. In fact, an array of four laser diodes can be
assembled within a 1-inch diameter, increasing the power output 4:1
over that of a single laser transmitter. Thus, for this case, the laser
diode obtains an additional power advantage of as much as 100:1.

OPTIMUM DUTY FACTOR OF AN INJECTION-LASER DIODE

Since currently available room-temperature diodes must be operated
in a pulsed mode, the question of optimum duty factor is an important
one, especially in relation to its effect on radiated output power. The
answer to this question lies in the experimental relationship between
peak output power and peak drive current. This relationship is shown
in Figure 3, where three regions of diode operation are clearly evi-
dent—the nonlasing region below threshold current, the lasing region
between the threshold knee (/) and the saturation knee (/.,), and
the lasing region beyond the saturation knee.

Clearly, the optimum operating point lies somewhere in the region
above the lasing threshold. The location of this point can be deter-
mined by mathematical analysis. It can be shown that when the diode
drive current is less than I, (and greater than I,), laser output power
increases approximately as the seventh power of drive current; where-
as above [, laser output power increases in direct proportion to the
drive current. In either region, diode power dissipation increases as
the square of the drive current. Therefore, maximum efficiency is
achieved at the highest value of drive current in the region between I,
and I, i.e., at I, At this value of drive current, duty factor is
limited by the maximum average power dissipation deux that the diode
can tolerate. With this limit, optimum duty factor ¢, can be shown
to be

Pd"lll X

qo]ll =

(lsu( ):)'

(1)

where » is the diode resistance.
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The above expression neglects diode heating effects that occur dur-
ing the pulse. If the laser diode is driven by long pulses (e.g., greater
than 100 nanoseconds), then diode temperature rise during the pulse
may lower output power; if the pulse is long enough, the diode may
stop lasing. Therefore, the value of g, Ziven above is valid only for

10°r
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Fig. 3—Light output power versus diode current.

the case where the pulse duration is of the order of 100 nanoseconds
or less. Typical parameter values of state-of-the-art diodes are f—)d,,,,,,
= 0.2 watt, I, = 40 amperes and » = 0.2 ohm. Substitution of these
values into Equation (1) gives q,, — 6 X 10 4. The duty factor is

q=rf, (2)

where r is the pulse duration and f is the pulse repetition rate. Since
the pulse repetition rate required for 3-kHz voice transmission is
f = 8 kHz, the optimum pulse duration is 75 nanoseconds.

RECEIVER THRESHOLD DETECTION LEVEL

Communication range is limited by the threshold detection level
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of the received signal. In particular, the threshold detection level of
a pulse-modulation receiver marks a received signal level below which
output signal-to-noise ratio (SNR) deteriorates rapidly. As shown in
Figure 4, noise is suppressed in a pulse-modulation receiver by the use
of limiting and squelch circuits, which, in effect, slice the midsection
from the received pulses, thus suppressing noise. It is evident that
noise peaks that exceed one-half the peak signal amplitude will gener-
ate extraneous pulses. Similarly, if the addition of noise and signal
drops the resultant pulse amplitude below its nominal half-amplitude

— LIMITING LEVEL

— SQUELCH LEVEL

Fig. 4—Signal at output of pulse modulation receiver.

value, then a signal pulse will be suppressed. Hence, the threshold de-
tection level corresponds to the level at which the peak signal amplitude
is twice the peak noise amplitude. The signal-to-noise power ratio that
corresponds to this condition can be determined as follows.

The SNR of the receiver will be a maximum®' when the receiver
bandwidth is B =10.4 /7, where r is the pulse duration of the laser
transmitter. For this condition, the ratio of peak-to-rms signal ampli-
tude is approximately /2. It is well known that the noise prevalent
in an optical receiver has a gaussian amplitude distribution, the ratio
of peak-to-rms noise amplitudes being about 4:1.% Accordingly, the
ratio of signal power to noise power at threshold is

S (peak signal current/ V2)* (2)(4)72
— . — - =E232F (3)
th

N (peak noise current '4)* V2 o

From this result, it follows that the maximum communication range
is that range at which the signal-to-noise ratio has dropped to 32, or
15 db.

' C. Cherry, Pulses and Transients in Communication Cirenits, p. 219,
Chapman and Hall, Ltd., London, 1949.

* OQver a sufficiently long period of time (i.e, a period much greater
than the reciprocal of the receiver bandwidth), the peaﬁ amplitude of gaus-
sifanhnoise will exceed four times the rms amplitude approximately 0.006%
of the time.
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COMPARISON OF P11OTODIODE AND MULTIPLIER PUHOTOTUBE RECEIVERS

The salient feature of the multiplier phototube is the high, essen-
tially noise-free, internal gain of its electron multiplier. For most
applications, the gain of this device is high enough to make amplifier
noise negligible compared to the amplified shot noise from the photo-
cathode. On the other hand, a photodiode has no internal gain, and
amplifier noise may be significant. For applications where received
background radiation is high, the shot noise from a photodiode may be
comparable to (or even higher than) the noise introduced by the
amplifier. For these applications, the photodiode will provide better
performance than a multiplier phototube, because the responsivity of
a4 photodiode is about two orders of magnitude higher than that of
the photocathode of a multiplier phototube.

The expression for received background noise power is

MargAr'STu ToBopt
Pb =

(4)
4

where M is the solar irradiance, a, the receiver beam width, A, the
area of receiver optics, £ the background reflection coefficient, 7, the
transmission of atmosphere, T, the transmission of optics, and B, is
the pass band of optical filter.

As can be seen, the received background power is proportional to the
square of receiver angular beam width. It follows that increasing the
receiver beam width increases the required transmitter power because
background power is increased. The effect of beam width on required
transmitter power is different in the case of the photodiode receiver
than it is for the multiplier phototube receiver. To determine this
difference, the ratio of required transmitter power for the photodiode
receiver to required transmitter power for the multiplier phototube
receiver [i.e., (7)), (P, | was determined and plotted in Figure 5.
This plot is based on typical system specifications and the equation for
signal-to-noise ratio at the output of an optical receiver:

S p2P 2R G2

—= (5)
N  2¢B(pP,+ pPy + 1) RiG* 4+ 2FkTB
where p = responsivity of photodetector (amperes/watt),

P, = received signal power (watts),

P, = received background power (watts),

R; = load resistance (ohms),
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e = charge on an electron (1.6 X 10—1!® coulomb),
B = bandwidth (Hz),

F = noise factor of preamplifier,

k = Boltzmann’s constant (1.38 x 10 =3 joule/°K),
T = temperature (°K),

I, = detector dark current (amperes),

G = internal gain of photodetector.

IMPROVEMENT RATIO [(Py) pp 7 (Py) py |

PHOTOMULTIPLIER | PHOTODIODE
RECEIVER BETTER «——{ RECEIVER BETTER
[s) (1 1 ll 1 1 1 1
[o] 10 20 30 40 50 60 70

RECEIVER BEAMWIDTH ( MILLIRADIANS)

A.=8X 103 meter: R, =1000 ohms
Boe =100° A I,=2x10-7 ampere (photodiode)

7= 75 nanoseconds 1X 101 ampere (phototube)
M = 0.1 watt/meter “/A p — 0.3 ampere/watt (photodiode)

T = 300°K 3 X 103 ampere/watt (phototube)
T,.= 0.2 S/N =32

a, = 3 milliradians F=2

£=105 A =9000 A

Fig. 5—Power improvement ratio versus receiver beam width.

The curve in Figure 5 was obtained by substituting the given
parameters into Equation (4) and solving for background power P,
as a function of receiver beam width «,. This value of P, was substi-
tuted into Equation (5) along with the given parameters, and received
signal power |both (P,),, and (P,),,] at the 15-db threshold signal-
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to-noise ratio was determined. Since required transmitter power is
directly proportional to received signal power, the ratio of (P.),,”
(P py yielded (P .,/ (Py) py directly.

The curve in Figure 5 indicates that when the receiver beam width
is wider than 31 milliradians, the photodiode receiver provides better
performance, since required transmitter power for the photodiode re-
ceiver is less than that for the multiplier phototube receiver in this
region.

Of course, the 31-millirad crossover point is valid only for the par-
ticular set of parameters selected for the analysis. If a different set of
parameters were used the crossover point could change radically. For
example, if the curve shown in Figure 5 were plotted for night opera-
tion, when received background power is very low, the result would
show no crossover point, indicating that the multiplier phototube would
provide better performance regardless of receiver beam width. The
important fact revealed by this analysis is that (1) there are certain
conditions under which a photodiode will provide better performance
than a multiplier phototube and (2) these conditions are likely to
exist in injection-laser communication systems.

OPTICAL FILTERING

Of the two terms present in the denominator of the noise expres-
sion of Equation (5), the first term expresses the effect of shot noise
on the signal-to-noise ratio and the second gives the effect of noise
introduced by the load resistor and the preamplifier following the opti-
cal detector. Since the optical filter serves to reduce the background
powei P,, it is apparent that this filter affects the magnitude of only
the first term in the denominator.

It can be shown that a photodiode receiver designed to detect 75-
nanosecond laser pulses is amplifier-noise limited. Accordingly, the
second term in the denominator of Equation (5) predominates in such
a receiver, and, therefore, the expression for SNR reduces to

S p*P*R\G*
L (6)
N 2FkTB

Equation (6) indicates that the SNR of the photodiode considered here
is virtually independent of background radiation. Thus, it is evident
that the addition of an optical filter to suppress background radiation
will have little effect on SNR. In fact, addition of an optical filter may
actually deteriorate performance because of the transmission loss due
to the filter itself.
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PHOTODIODE BIAS IN A LASER RECEIVER

In a photodiode receiver, the signal-to-noise ratio is dependent on
photodiode bias, since shot noise varies as a function of bias voltage.
This bias can be critical or noncritical, depending on the value of the
detector load resistor used. Compare, for example, a noncoherent (non-
laser) voice communication system that utilizes a narrow receiver
bandwidth of about 6 kHz and a coherent (laser) system that employs
a 5 MHz bandwidth. In either system, the maximum permissible load
resistance is given by

1

R, = g (M)
2xCB
where B is the bandwidth and C is the total capacitance shunting the
load resistor. Since C is essentially the same in either system, it is
evident that the detector load resistor is orders of magnitude smaller
in the laser system. As a result, the performance of the laser system
is virtually independent of shot noise generated within the photodiode
(i.e., photodiode bias remains essentially constant despite large changes
in received background power). Thus, the laser system is affected
little by changes in background radiation and, therefore, complex
automatic bias controls are not needed.

REQUIRED TRANSMITTER POWER VERSUS RANGE

Based on the state-of-the-art and the desire for minimum size and
maximum portability, a typical set of laser communication system
parameters can be listed as follows:

Diameter of receiver optics ............ 4 inches
Responsivity of photodiode ............. 0.3 ampere/watt
Transmission wavelength .............. 9020 .A
Transmission of optics ................ 0.7

Information bandwidth ............. ... 3 kHz

Noise factor of preamplifiev ........... 2

Pulse repetition rate
Transmitter beam width
Receiver beam width
Pulse duration

.............. 3 milliradians
.................. 23 milliradians

....................... 75 nanoseconds
Detector bandwidth ......... .. ... .. . . 5 MHz
Detector load resistance ....... . ... ... 1000 ohms
Threshold signal-to-noise ratio ......... 15 db
Solar irradiance at 9020 & ... ... ... ... 0.1 watt/meter2/4
Atmospheric attenuation coefficient . . .. . 0.2 km—?
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Based on the above system parameters, Equation (6), and the
expression for required transmitter power,

P,a,2R2
P=— (8)
A,T,T,

PEAK TRANSMITTER POWER {WATTS)

3 N R W S S T
o | 2 3 4 5 & 7 8 9 10

RANGE (MILES)

Fig. 6—Required transmitter power versus range.

the required transmitter power-versus-range is plotted in Figure 6
for several values of fading margin. Test results with such a system
have revealed that the received signal level frequently fluctuates 10
db due to atmospheric perturbations over a 5-mile path. Oceasionally,
the signal level fluctuates as much as 20 db. Hence, as shown in Figure
6, reliable communication over a 5-mile range calls for a peak trans-
mitter power of more than 1 watt.
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AN IMPROVED CASSEGRAIN MONOPULSE
FEED SYSTEM

By
C. E. PROFERA, JR. AND L. H. YORINKS

RCA Missile and Surface Radar Division
Moorestown, New Jersey

Summary—The cfficiency and, hence, the gain of a Cassegrain antenna
may be increased beyond that which has been previously attainable by illu-
minating the antenna subreflector with a wave-guide horn excited with a
combination of the TE,, and LSE .. wave-guide modes. The wave-guide horn
is positioned so that the subreflector is in the near field of the horn aperture.
The radiation characteristics of such a feed are discussed and the expected
antenna performance is deduced. The feed efficiency, that is the product of
spillover efficiency and antenna aperture taper efficiency, is greater than
80% throughout a band of 10 to 15%. Monopulse operation is obtained by
exciting the feed with additional higher-order wave-guide modes.

INTRODUCTION

grain antennas are well known. Incorporation of a high-effi-

ciency feed, one that provides a low spillover-loss character-
istic with no compromise of antenna-aperture efficiency, results in a
low-noise high-efficiency reflector antenna system suitable for radar,
satellite communications, or radio astronomy applications.

Improved performance of the Cassegrain antenna is provided by
improving feed radiation characteristics. A successful technique pro-
vides for improved feed performance by exciting a single wave-guide
horn with a combination of modes. A monopulse tracking capability
is conveniently provided in the single horn by generation of additional
modes. The resulting single-aperture multimode monopulse feeds have
been shown to provide increased antenna efficiency relative to four- or
five-horn monopulse feeds.

The feed system described here is a monopulse system that pro-
vides a significant efficiency improvement over the multimode mono-
pulse feed mentioned above. It combines multimode and near-field
radiation characteristics and produces patterns that are essentially
side-lobe free over 10 to 15% bandwidths, resulting in significant
reduction of feed spillover loss in the Cassegrain geometry. The feed
spillover-loss reduction results in improvement of both sum and differ-

THE inherent low-noise-temperature characteristics of Casse-

620
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ence modes of operation so that increased sum and difference mode
antenna gains result.

DESCRIPTION OF FEED SYSTEM

The improved Cassegrain monopulse feed combines the beam-col-
limating properties of near-field feeds with the beam-shaping and
monopulse capabilities of controlled higher-order-mode radiation. It
takes advantage of the fact that very near the aperture (within a
maximum limit determined by aperture dimensions and wavelength),
the radiation pattern is essentially a reproduction of the aperture
electric-field distribution.

HYPERBOLOID
SUB-REFLECTOR  /

| /
oy /
«t t +
N
REAR
FOCUS
FORWARD FOCUS | 2

d 1
l‘-Ss a —-l

Fig. 1—Near-field Cassegrain feed system.

For horn feeds, the near-field pattern closely resembles the electric-
field mode distribution in the horn, which is a spherical wave centered
at the feed vertex. For a square aperture with side dimension d, the
limit of the near-field region is determined approximately by the re-
lation

S=— (1)
2A

where S is the distance from the center of the feed aperture to a
point of observation in the near field and A is the free-space wave-
length. In the resulting spherical-wave near-field Cassegrain feed
system, which is illustrated in Figure 1, the feed vertex is coincident
with the forward focal point of a hyperboloid subreflector.
Verification of the near-field radiation properties of simple pyra-
midal horns was obtained by pattern computation. A program was
written to accommodate any radiating pyramidal horn mode or com-
bination of modes. Beam-width characteristics of computed dominant
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Fig. 2—E- and H-plane near-field patterns,

(TE,,) mode near-field radiation were compared to experimentally
obtained pattern data for specific horn geometries. Excellent agree-
ment was obtained between analytical and actual results. Typical TE;,
mode E and H-plane near-field patterns are shown in Figure 2. The
E-plane pattern resembles the E-plane aperture mode distribution,
which is uniform over the angular extent of the horn, 26’, .x. The H-
plane pattern is tapered and side-lobe free, resembling the TE,; mode
H-plane cosine distribution.

Use of the near-field technique for improved feed efficiency in a
Cassegrain geometry requires that the feed pattern be rotationally
symmetric and virtually side-lobe free. These characteristics are pro-
vided by tapering the TE,, mode E-plane aperture distribution by
generation of a higher-order mode. The required higher-order mode is
the LSE,, (hybrid TE,, + TM,.) mode. Figure 3 illustrates the TE,,

Fig. 83—Sum monopulse modes.
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and LSE,. mode electric-field distributions. The spherical-mode field
distribution resulting from a combination of the TE;, and LSE;,
modes for the horn geometry shown in Figure 4 and for the field
polarized in the 8’ direction is

¢’ l e’ ] [ b’ :I
Ey12(0°¢") = cos——— + B | cos cos . (2)

’ ’ ’
2¢ MAX. 2¢ MAX. g MAX.
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Fig. 4—Near-field horn geometry for feed-pattern computation.

Here,

LSE,., mode amplitude
R _ely

TE,, mode amplitude

B =

'

and ¢ is the phase difference between TE,, and LSE,., modes at the
feed aperture. A typical tapered EK-plane feed aperture distribution
for B = 0.6 is shown in Figure 5.

The near-field patterns were derived from the field distribution at
the aperture of a conventional pyramidal horn. In order to arrive at
the specific aperture distribution, the horn was assumed to be an
infinitely long quasi-pyramidal waveguide ' propagating the desired
mode. The field distribution at those points in the infinite guide cor-
responding to the aperture of the finite guide was taken as the aper-
ture distribution. The aperture was then divided into elemental areas,
or Huygen’s sources, of dimensions such that the near-field pattern

'F. E. Borgnis and C. H. Papas, “Electromagnetic Waveguides and
Resonators,” Handbuch Der Physik, Vol. XVI, 1958.
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observation points were well in the far-field of each elemental source.
The pattern was then obtained from the following expression

Gr(0:9) = |2

—¢'Max —#'MAx | # I

o'max  aax K, (6',¢7) 1+ cos 6”7
> 2 | |, @
2

where G, is the complex vector field at a given observation point “p”
in the near field of the horn aperture; K, (#,¢") is the vector field at

E-PLANE
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8
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Fig. 5—Normalized E-plane distributions.

the aperture point (6%,¢") (electric field of Huygen source) for the
desired mode; 7 is the vector from the aperture point (6’,¢’) to the
observation point p; 6” is the angle between the normal to the Huvgen
source and a ray from the source to p, and 8 = 2=/A.

The effect of the LSE,, mode on the E-plane near-field radiation
pattern is illustrated by comparison of computed TE,, and TE,,
+ LSE,, near-field patterns in Figure 6. Computed E, H, and 45
plane near-field patterns of a horn excited with the TE,, + LSE,.
modes are shown in Figure 7. The computed phase variation relative
to a spherical wave centered at the feed vertex is also shown in Figure
7 for the various planes. For optimum Cassegrain subreflector illu-
minations, the phase variation is a maximum of 20°. This phase varia-
tion has only a negligible effect on antenna performance.

Incorporation of the spherical-wave near-field feed in a Cassegrain
geometry requires that the feed and subreflector diameters be as
large as practical and that their separation be as small as practical.



RELATIVE POWER {dB)

IMPROVED CASSEGRAIN FEED

20

25

30

35

a0

L
36°

o]
ANGLE

SYSTEM

_TE
TEo + LSE,
' L |
\ o
h P e i
| ‘
L o
. Oy 7 16.3°
| a, = 817
s, =216
36°

Fig. 6—E-plane near-field patterns.

Therefore, the Cassegrain geometry must be designed so that feed

and subreflector aperture shadowing are essentially equal.

In addi-

tion, it is generally desirable to make the feed length as short as
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Fig. 8—Difference modes.

possible to provide space within the feed support cone for microwave
network packaging. Optimum subreflector illumination occurs for 6

0.8 6”\y4x, S0 that the hyperboloid included angle at the feed vertex
is less than the horn included angle.

Monopulse capability is provided by independent generation of two
additional modes, namely the LSE,; (TE;; + TM;;) and TE., modes,
which are illustrated in Figure 8 Computed near-field £ (LSE,,) and
H (TE.,) plane difference patterns are shown in Figure 9. A signifi-
cant improvement in antenna difference-mode performance will result
using the spherical-wave near-field multimode feed. The feed differ-
ence-pattern envelope falls partially within the sum-pattern envelope
and is virtually side-lobe free, resulting in a difference-mode spillover
loss that is lower than that exhibited by more conventional monanpulse
feeds.
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Fig. 9—E- and H-plane necar-field difference patterns.
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FEED PERFORMANCE

A C-band spherical-wave near-field feed system designed for a
29-foot-diameter Cassegrain antenna is shown in Figure 10. The feed
is a pyramidal horn with 33° included angle and 18-inch-square aper-
ture. In an optimum configuration, the feed subtends a 28° total
angle at the subreflector resulting in an equivalent paraboloid system

Fig. 10—C-Band spherical-wave near-field feed.

with focal length to diameter ratio of 2.04. The feed is designed to
provide an LSE,, to TE,, mode amplitude ratio B of 0.6. Analytical
investigation has indicated this to be a near-optimum value. A con-
ventional C-band monopulse combiner is utilized to excite the feed in
the TE,,, LSE,;, and TE., modes. LSE,. mode generation is provided
by a mode-generating step discontinuity* in the feed. For proper
utilization of the feed pattern-shaping capabilities of the LSE,, mode
the phase difference between the two modes at the feed aperture must
be an integral (n) multiple of 360° for the design frequency. For opti-
mum bandwidth, n should equal unity near the center frequency.

The antenna performance for a particular feed system is found by
determining the total expected antenna efficiency. For reflector an-
tennas, the antenna efficiency 7, is defined as

2C. E. Profera, Jr., L. H. Yorinks, “A High Efficiency Dual Frequency
Multimode Monopulse Antenna Feed System,” Supp. to IEEE Trans. on
Aerospace and Electronic Systems, Vol. AES-2 No. 8, Nov. 1986.
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nr — MalapMo1M¢p"o » (4)

where
7, = antenna aperture taper efficiency,
7.p = spillover efficiency,
7, = aperture blockage efficiency,
aperture phase efficiency,

N
n, = polarization efficiency,

n, = other efficiencies (diffraction losses of subreflector,
main reflector, etc.).

FREQ. £ 5.65 GHz

—
6
1.0— @TH
s
nze 16.3°

0.9~
70
nsp;0f il
0-8‘_/\
S Y R S
13° 14° 15° 16°
fn

Fig. 12—Spillover, aperture, and feed efficiency versus 6x.

For a common-reflector configuration, a feed system comparison
can be made by considering only two of the above parameters, 5, and
74 Feed efficiency is defined as

NF = NaNsp - (5)

Monopulse sum patterns of the spherical-wave near-field feed measured
at 5.4, 5.65, and 5.9 GHz are shown in Figures 11(a) through (c).
To provide a complete set of data for an efficiency evaluation, patterns
were recorded in the E(0°), H(90°), diagonal (45°), and intermediate
(22.5°; 67.5°) planes of the feed aperture at 0.1 GHz intervals over
the 5.4 to 5.9 GHz frequency band. The observed patterns indicate
near beam width equality in all planes over the full 10% frequency
band. Feed-pattern side lobes are virtually nonexistent, indicating
extremely high spillover efficiency. The spillover, aperture, and feed
efficiencies at 5.6 GHz are plotted in Figure 12 versus the angle 6,
subtended at the feed vertex by the subreflector edge. Feed efficiency
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Fig. 13—Feed efficiency versus frequency.

versus frequency at §,, = 14° is plotted in Figure 13. The feed efficiency
varies between 81 and 84% over the full 109 band, indicating excel-
lent wide-band performance.

A similar analysis was made for the conventional multimode feed
and the dominant-mode feed (center horn of 5-horn feed). Optimized
feed efficiencies are compared in Figure 14 for the spherical-wave
near-field multimode, conventional multimode, and five-horn feeds.
Over the operating frequency band, the spherical-wave near-field multi-
mode feed shows an improvement of from 0.1 to 0.6 db relative to
the conventional multimode feed and from 1.5 to 2 db relative to the
5-horn feed.

QB = NEAR FIELD
MULTIMODE
FEED
080
Kl
CONVENTIONAL
075

MULTIMODE
FEED

070|— DOMINANT

‘ MODE FEED
065L 4 l _l L S

54 55 56 5.7 58 59

FREQUENCY - GHz

Fig. 14—Optimized feed efficiency versus frequency.
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Phase-front data was obtained from the experimental C-band feed
by measuring the relative phase of the sum modes on a spherical sur-
face centered at the approximate feed vertex. Phase-front data at 5.4,
5.64, and 5.9 GHz are shown in Figure 15. The feed phase efficiency
determined from the above data was essentially unity at the center fre-
quency and 0.98 at the band edges, indicating that the phase-front
deviation from a pure spherical wave has only a negligible effect on
antenna gain.

E-PLANE

59 GHz

54 GHz
-30°
SUB-REF_ECTOR
e AT " INCLUDED ANGLE
1-30"
-20°
~10°

e 00 5 5* 100 15°

100
~-20°
_300

REL.
PHASE

54,565,59 GHz

Fig. 15—Phase front data.

E- and H-plane principal-plane difference-mode patterns of the
spherical-wuve near-field feed are shown in Figure 16. Patterns were
recorded in the 0°, 22.5°, 45°, 67.5°, and 90° planes to obtain the typi-
cal E- and H-plane difference-mode contours shown in Figure 17 and to
provide sufficient information for determination of difference-mode
spillover efficiency. The difference-mode contours are invarient with
frequency over the 5.4 to 5.9 GHz band.

The difference-mode aperture efficiency is obtained by comparing
the difference-mode contour on the antenna aperture to known differ-
ence-mode functions of the form

folpd) =Jy(kp) cos ¢ (6)

where J,(kp) is the Bessel function of first kind of order one and p is
the normalized fractional radius for a circular aperture geometry.
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Both difference patterns and aperture efficiency have been computed
for distributions of the above form. The near-field feed difference-
mode contours are approximated by Equation (6), with k = 2.8 in the
I plane and 3.0 in the H plane, resulting in aperture efficiencies of 0.54
and .53, respectively. Feed spillover loss was determined from the
measured patterns and found to be 28% and 38¢ in the A and E
planes, respectively.
The difference-mode feed efficiency 7, is

H-plane
Nen = (.53) (.72) = .38

E-plane
npp = (54) ((62) = .34

The resulting difference-mode antenna gain will be approximately 3.4
db and 3.9 db below the sum-mode gain in the H and E planes, respec-
tively.

CONCLUSIONS

The spherical-wave near-field feed has extremely desirable radiation
characteristics. Furtber improvement by the employment of multi-
mode beam-shaping techniques yields a feed with an efficiency not
previously attainable. The resulting feed patterns are rotationally
symmetric and virtually side-lobe free over bandwidths of 10% to 15%.
The efficiency of such feeds has been found to be greater than 80%
over a 10% band.

Use of the spherical-wave near-field feed as a multimode single-
aperture monopulse feed yields monopulse difference-mode feed effi-
ciencies of 38¢, and 349 in the H and E planes, respectively.




THE ACOUSTOELECTRIC EFFECTS AND THE
ENERGY LOSSES BY HOT ELECTRONS—PART III

SOME ASPECTS OF THE LARGE-SIGNAL
ACOUSTOELECTRIC EFFECTS

By
A. RosE

RCA Laboratories

Ep1Tor’s NOTE: This is the third part of a several part paper. Part 1
appeared in the March 1966 issue (Vol. XXVII, No. 1, p. 98) and Part II
in the December 1966 issue (Vol. XXVII, No. 4, p. 600).

Summaru—The small-sigral theories of acoustoelectric gain I < A and
>N are cast in a form that allows a ready graphical comparison of their
cpproach to the lavge-signal regime. For 1< A\ the onset of net acousto-
clectric gain is also the ansct of large-signal saturation of the drift velocity
at the velocity of sound. For 1>\ the onset of net acoustoelectric gain is
separated from the onset of large-signal saturation at the velocity of sound
by an intermediate range, where the flux is sufficient to canuse a departure
from Ohm’s law but not sufficient to completely bunch the carriers. It is
shown that the large-signal regime must inherently terminate at high fields
in a current instability. The classical and quantum treatments for 1> A
are shown to be in substantial agreement and to be equivalent to a Landau-
damping type of argument. The threshold fields are derived for the onsef
of net acoustoclectric gain and for the high-field currvent instability. Also
« criterion is obtained for the existence of net acoustaclectric gain. The
incubation time is cxpressed in terms of the applied field and the time
canstant for acoustic losses.

INTRODUCTION

waves for piezoelectric coupling and for the mean free path |
of an electron < A was derived by White! and Hutson® and
confirmed experimentally in their own work * and that of many subse
quent investigators. On the other hand, the attempts to understand

THE small-signal theory for acoustoelectric amplification of sound

! D. L. White, “Amplification of Ultrasonic Waves in Piezoelectric Semi-
conductors,” Jour. Appl. Phys., Vol. 33, p. 2547, Aug. 1962.

“A. R. Hutson and D. L. White, “Elastic Wave Propagation in Piezo-
electric Semiconductors,” Jour. Appl. Phys., Vol. 33, p. 40, Jan. 1962.

*A. R. Hutson, J. H. McFee, and D. L. White, “Ultrasonic Amplifica-
tion in CdS,” Phys. Rev. Letters, Vol. 7, p. 237, Sept. 15, 1961.

634
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the large-signal behavior reported by Smith* in CdS and by Bray and
coworkers ® in several I1I-V compounds have raised a number of ques-
tions concerning the large-signal aspects of the acoustoelectric effect
and the role of quantum effects that have not been resolved. A group
of papers ® presented at the Kyoto Conference on Semiconductors char-
acterize both the state of the art and its major ambiguities.

In the present paper, the large- and small-signal analyses of the
acoustoelectric effects for both [ <A and !> A are presented in such
form as to allow certain conclusions to be drawn with some confidence
and at the same time to emphasize the area where a good theoretical
understanding is still lacking.

We begin with the small-signal theories of White?! for | < A and
of Spector,” Conwell, and Yamashita® for > A. Spector’s classical
analysis and the quantum treatments by Conwell and by Yamashita are
shown to be in essential agreement (meaning that the effect is essen-
tially classical). It is shown further that the same result can be ob-
tained from a Landau-damping argument.

The acoustic gain for large flux amplitudes, sufficient to bunch all
of the carriers, is written out of hand and is the same for I <A and
> A

The small-signal theories are then cast in a form that shows by
inspection a relatively simple transition to the large-signal form for
| < A and a more complex transition for I > A. It is in this transition
region for | > A where theory is mostly lacking.

Several significant parameters are derived—the minimum coupling
constant for the existence of acoustoelectric amplification, the threshold
fields for departure from Ohm’s law and for saturation of the drift
velocity, the incubation time, and the maximum field beyond which the
current should depart abruptly from its saturated value towards its
ohmic value.

4+ R. W. Smith, “Current Saturation in Piezoelectric Semiconductors,”
Phys. Rev. Letters, Vol. 9, p. 87, Aug. 1, 1962.

5P, O. Sliva and R. Bray, “Oscillatory Current Behavior in GaSb and
Its Relation to Spontaneous Generation and Amplification of Ultrasonic
Flux,” Phys. Rev. Letters, Vol. 14, p. 372, 8 March 1965; J. B. Ross and R.
Bray, “Acoustic Buildup Versus Intrinsic Breakdown in p-InSb,” DBull.
Amer. Phys. Soe., Vol. 11, p. 173, Feb. 1966; R. Bray, C. S. Kumer, J. B.
Ross, and P. O. Sliva, “Acoustoelectric Domain Effect in III-V Semicon-
ductors,” Pro. Int. Conf. on Semicon. (Kyoto 1966), p. 483.

% Proc, Int. Conf. on Semicon. (Kyoto 1966), Section XI, pp. 443-501.

7 H. N. Spector, “Amplification of Acoustic Waves through Interaction
with Conduction Electrons,” Phys. Rev., Vol. 127, p. 1084, Aug. 15, 1962.

“ E. Conwell, “Effect of Phonon Drift on Low Temperature Conduction
in Semiconductors,” Physics Letters, Vol. 13, p. 285, 15 Dec. 1964.

*J. Yamashita and K. Nakamura, “Instability of the Electron-Phonon
System in Strong Electric Fields,” Prog. Theor. Phys., Vol. 33, p. 1022,
June 1965.
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The last effect, the high-field instability, was treated by Beale *
under a special set of conditions and was ascribed by him to a heating
of the electrons. In the present paper, the high-field instability is
obtained as a general result of large-signal behavior and does not
require the heating of the electrons. Our result is in agreement with
that obtained by Ridley '* by an independant argument and communi-
cated to the author while the present analysis was in progress.

SMALL-SIGNAL THEORY (I < A)

The following expression '* for the small-signal theory is a simple
generalization of the White! theory to include the various types of
coupling :

dE (l)r (l)c
— =BEw . (1)
at (we + 0p)® + o

In Equation (1)

FE = total energy density of sound wave = K¢/ (8nf)
K = relative dielectric constant

Cw = peak electric field of sound wave
B = ratio of electrical energy to total energy of sound wave
o, = o(vy —v,) /v,

o, = 47 nep/K

ap = kTp/(eA?)

v, = phase velocity of sound

vg = drift velocity of electrons
A=A/2x

1*J. R. A. Beale, “Acoustoelectric Effects with Hypersonic Waves of
Large Amplitude,” Phys. Rev., Vol. 135, p. A1761, 14 Sept. 1964.

"' B. K. Ridley (Private Communication).

2 A. Rose, “The Acoustoelectric Effects and the Energy Losses by Hot
Electrons, Part I,” RCA Review, Vol. 27, p. 98, March 1966. All of the
entries in Table I of this reference should satisfy the form of Equation (1).
The diffusion term w, was erroneously omitted from the last two entries:
“Intervally Deformation Potential” and “Metals”. The reason given for the
omission was that the energy relaxation process occurred in phase space
rather than in physical space so that the density of relaxed carriers re-
mained uniform in physical space (see, e.g., Figure 4 of this reference). The
argument is erroneous because the density of carriers in physical space
must be evaluated for each valley separately. Under these conditions the
density in physical space is nonuniform, and diffusion plays its usual role.
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Equation (1) is rewritten in the form

dE  nevw, cwt
—= (&=C)— — (2)
dt 2 (Ce+ )+ (=)0

by making use of the relations

dmwnep  4mwned pn I
W, = = =_—cnx-—
K K A A
kT kT n n
Wy = =——=&p—
A er A A
(&3]
Kéw?
E =
B8~w
Ty — U, 8 - 80 .
—_ = | This is valid only in the
v, E, small-signal approximation |
where ¢ = applied field and ¢, = v, 1.
Note that the condition for the small-signal theory is
P LA+ EDFH (=) (4)

The small-signal theory was derived on the assumption that only a
small fraction of the carriers is bunched in the troughs of the sound
wave. This means that &, < ¢, where ¢, is the field required to bunch
all of the carriers. It also means that the effective diffusion field is
|An/n) [T/ (ed) | < ¢, where An n is the fraction of carriers bunched
Finally, since the small-signal theory assumes a constant drift velocity,
the perturbation of this velocity by ¢, must be small compared with
the relative velocity (¢ — ¢, pn.

LLARGE-SIGNAL THEORY (I < A)

In the limit of a very-large-amplitude coherent sound wave, the
carriers are completely bunched in the troughs of the sound wave and
are locked to the velocity of sound. This means that ', > £, in order to
bunch all of the carriers and that ¢’y > |kT/(ed) ] and &y > £ — &, in
order to prevent carriers from escaping from the troughs either by
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diffusion or by the excess applied field. Under these conditions the rate
of doing work on the wave (per unit volume) can be written out of
hand as

dE

= n"(é)_(,n)vx' (5)
dt

Equation (5) states that when the carriers are locked in the
troughs of the sound wave the force ne, causes the carriers to drift
at the velocity of sound while the excess force ne (& — ¢’,) is transmitted
to the sound wave by pushing the carriers against its flank.* The ex-
cess force does work on the sound wave at the rate ne(¢’ — ¢’,)v,. This
ix the model originally invoked by Smith * to account for the saturation
of drift velocity at or near the velocity of sound. It is in contrast with
the model used by Bray * and by Yamashita® in which the drift velocity
approaches the velocity of sound asymptotically at high sound-flux
densities but cannot in principle be equal to the sound velocity. Since
the gain in Equation (5) is proportional to the electric field it contains
the necessary feedback mechanism for the formation of domains, i.e..
a local increase of electric field due to excess flux tends to exaggerate
the rate of build up of flux and field in the place where the excess
oceurred.

Recent observation by Many and Balberg ™ on the time rate of
decay of current towards its saturated value strongly favor the model
expressed by Equation (5). As they point out, the “lock-in” model of
Equation (5) leads to a much more rapid decay of current, once the
sound flux has reached a magnitude sufficient to bunch most of the
carriers, than does the model of Bray and Yamashita.

Note that Equation (5) is based on a single coherent sound wave.
In practice, a range of frequencies in the neighborhood of the fre-
quency for maximum gain is amplified to form a noisy sound flux.
Thus, while the average energy of the sound flux may be more than
sufficient to bunch all of the carriers, the instantaneous energy will at
times fall below this value and permit the drift velocity to exceed the
veloeity of sound. Qualitatively, the effect of the noisy flux is to relax
the lock-in model in the direction of the Bray model. Quantitatively,
however, the lock-in model leads to a much more rapid approach to the

*In the case of “domains”, ¢’ is the field in the domain as measured by
potential probes.

' A. Many and I. Balberg, “On the Mechanism of Acoustic Gain Under
Large Signal Conditions,” Physics Letters, Vol. 24A, p. 705, 19 June 1967;
I. Balberg and A. Many, “Current Decay Characteristics Associated with
AcnlusticlAn%pliﬁcation in CdS Crystals,” Physics Letters, Vol. 24A, p. 707,
19 June 1967.
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drift velocity of sound for average fluxes exceeding that necessary to
bunch all of the carriers than does the Bray model. For the lock-in
model the approach should vary as

vg—v, K

v, E

where F, is the energy density of flux needed to completely bunch the
carriers.

Moore ' has shown that the combination of a noisy flux and the
lock-in model gives good agreement with his observation on current-
voltage curves in CdS.

COMBINED LARGE- AND SMALL-SIGNAL THEORY (I < A)

The small- and large-signal expressions, Equations (2) and (5), are
plotted in Figure 1 as a function of ¢, which is proportional to the
energy density of sound flux (see Equation (1)). The nominal demar-
cation between large and small signalsis "2 = (s + Ep)2+ (£ — €3
At this point, the two theories fail to meet by a factor of two. The
actual transition is certain to be smooth rather than abrupt. We have
chosen, for convenience of discussion, to use a simple extrapolation of
a small-signal theory (shown dashed) to represent the transition. If
the transition is curved above or below the small-signal line (see dotted
lines), the error involved in our choice is likely less than a factor of
two.

COMBINED GAIN AND Loss CURVES (I < A)

To compute the steady-state flux we need to compare the rates of
gain and loss of acoustic energy. The latter is assumed to be charac-
terized by a time constant r, and is plotted in Figure 2 as a linear
function of ¢’y Note that r, refers to the loss of acoustic flux by
processes other than the interaction with the free carriers that are

4 A. R. Moore, “Acoustoelectric Current Saturation in CdS as a Flue-
tuation Process,” Jour. Appl. Phys., Vol. 38, p. 2327, April 1967.
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Fig. 1—Rate of energy gain by acoustic flux as a function of energy density
of flux (I <A). (Note: ¢’ = B X energy density of flux.)

responsible for amplifying the flux. Two representative gain curves
are plotted in Figure 2, the higher curve being for a higher value of
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Fig. 2—Combined rates of energy gain and loss by acoustic flux as a fune-
tion of energy density of flux (I < 1).
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Since gain curve 1 in Figure 2 lies always below the loss curve,
there will be no amplification of acoustic flux. Gain curve 2 lies above
the loss curve and will accordingly lead to an amplification of flux such
that the steady-state value is determined by its point of intersection
with the loss curve. By inspection, therefore, the onset of net acoustic
amplification will occur when the gain and loss curves first coincide,
that is, when

dFE F
—_ = — (6)
d{ guin T
dFE
where — is the small-signal form of the gain curve. But this
dt

nin
onset of acoustic amplification is also, by inspection of Figure 2, essen-
tially the onset of the large-signal theory and of « drift velocity satu-
rated at the velocity of sound. The choice of the upper doited transi-
tion curve in Figure 1 would lead to the same abrupt transition of the
drift velocity to the velocity of sound at a somewhat lower value of
¢ — ¢’» The choice of the lower dotted transition curve would lead to
a value of ¢ — ¢’, for saturation somewhat higher than the value of ¢
— ¢, for the onset of acoustic amplification. In both cases, less than
a factor of 2 is involved.

We note that curve 2 in Figure 2 is simply a constant factor higher
than curve 1. This will be true according to Equation (2) if (¢ — &,)®
< (¢’ + ¢’p)* and hence is negligible in the denominator. If, on the
other hand, (¢ — ¢’,)* > (¢, + ¢'p) % an increase in ¢ — ¢, will, accord-
ing to Equation (2), lower curve 1 rather than raise it. Accordingly,
the gain curve could not he made to intersect the loss curve and there
would be no condition for net acoustic gain. By this argument, the
criterion for the existence of net acoustic gain is

C—C.=c+ o, (D

where ¢ — ¢, has its threshold value determined by Equation (6).
Since ¢’ — ¢, < ¢« + ¢’p» We can maximize the gain given by Equation
(2) by minimizing the value of ¢, + ¢’;,. From their definitions (see
Equation (3)), the minimum occurs at A = L, = Debye length. The
wavelength for optimum amplification is shifted by about a factor of
two to the long-wavelength side of L, because 7, = A. (Actually a
range of wavelengths near 2L, will be amplified.) Hence the denom-
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kT

inator of Equation (2) becomes (14) ¢’ =Y < —>, and Equation
el

(2), rewritten for the above conditions, is

i wE
=2nev, (£ — ) — (8)

(lt (:,h:

In the large-signal range, where the loss curve intersects the gain
curve (e.g., curve 2 of Figure 2), the point of intersection is given by

the large-signal theory:
dE E
(lt gnin T

K()u""

8xB 1, '

or

nev, (¢ — &,) (9)

The large-signal behavior, that is v, = v,, will persist so long as
— o< w. Since, however, 7 increases only as (¢ — ¢,)V'2, there
will be an applied field ¢, above which > — ¢, > ¢’y and the current
rises abruptly to its ohmic value.

CALCULATION OF THRESIIOLD PARAMETERS

Equation (8) is inserted into Equation (6) to obtain the threshold
field for the onset of amplified acoustic flux and, at the same field, the
onset of large signal behavior. The result is

onset of net &—c 1
aconstie gain —= = (10)
(00 4BT,/)(I)*

Where o* = v,%¢/(kTp) and is the same as the o, of the Hutson-White
terminology. Equation (9) with ¢’y = ¢ — ¢, is used to compute the
high-field instability :

onset of &=
high-field — = 287 0. . (11)

-

instability o
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Figure 3 shows schematically the expected current-voltage curves*
for several values of coupling constant 8.

The condition for the possibility of net acoustic gain is obtained by
inserting ¢’ — ¢, from Equation (10) in Equation (7) to obtain:

condition for
possibility of 2B 7400 > 1 (12)
net acoustic gain

where oy, = v,/L;, .

o HIGIF:JE-'IELD
{ : STABILITY !

| P : '

i § : :

0 ) ] '
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d 13 43 42 ]
. . [ '
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o.l t—
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I S— _x/ S | S— —,
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Fig. 3—Drift velocity as a function of applied field for several values of
coupling constant (I < A).

We note further by inspection of Figure 2 that at the onset of net
acoustic gain, the time constant for the gain curve is equal to the
time constant for the loss curve. Further, the time constant for gain
varies as (¢ — ¢,) ~1. The time constant for net gain then is

1% i) RN )
c - ( " C/ C“

Yy - Th = TP (13)
(@=cp) = (% = & E—cF

where ¢ is the onset field determined by Equation (10).
The total time required to build up acoustic lux from some small

We have shown the current as saturated at the drift velocity of sound
in the large-signal range—a result consistent with a single value of w.
A. R. Moore '* has shown that for a range of  the flux is noisy and thereby
leads to a positive slope of v, versus £.
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initial value, taken to be either the thermal flux or some shock excited
flux, to the magnitude required to bunch a significant fraction of the
carriers is called the incubation time. By Equation 13, the incuba-
tion time is

cF—=c
t, = % InG, (14)
Chal G

where G is the ratio of final to initial flux. The gain G needed to
amplify a narrow cone of the thermal flux up to energy densities
sufficient to show large-signal effects is in the order of 10'. Whether
the actual gain is as low as 107 or as high as 10'% affects the incuba-
tion time by less than a factor of two. Hence, using 10! as a nominal
value for G, the incubation time is

O el

¢ — Co
t =20 ——r1,. (15)
@ =&

The minimum length of crystal to accommodate the incubation process
will then be

Ly=v,1
(16)
C/,* - (’u
=20 7,0, Cm
&=

That is, for a finite length of c¢rystal, the applied field must exceed ¢'*
by an amount sufficient to satisfy Equation (16). This will tend to
blur the onset of a saturated drift velocity. The onset is shown in
Figure 3 as an abrupt transition for an infinite crystal.

COMPARISON WITH EXPERIMENT

Table I lists the values of the parameters used to compute the
threshold fields of Equations (10) and (11). A carrier density of
10'%/cm* was selected as representative of a number of experiments
reported for CdS '* and GaAs.'™

A, R. Moore and R. W. Smith, “Effect of Traps on Acoustoelectric
Current Saturation in CdS,” Phys. Rev.. Vol. 138, p. A1250, 17 May 1965.

1P, Leroux-Hugon, Conference on Phonons, Grenoble, April 1966.
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Onset of Acoustoelectric Effect

F___g"_: Jo.os for CdS (300°K)
e 105 for GaAs (77°K)

]

Onset of High-Field Instability

e
0

€& _ | 100 for CdS (300°K)
6,000 for GaAs (77°K)

Table I
CdS (300°K) GaAs (77°K)
B 0.05 (Ref. (2)) 2.4 X 10-3 (Ref. (2))
w* 2.9 X 10'0/sec (Ref. (2)) 109/sec (Ref. (2))
v, 4.3 X 105 cm/sec 3.3 > 10% em/sec
n 101%/cmd 1016 /cm3
L, 5 X 10—6 em 25 X104 ¢m
v,/Lp 9 % 1010 /sec 1.3 X 10" /sec
T 3 X 10—" sec (Ref. (17)) 2 X107 sec (Ref. (18))
n 200 em2/volt sec 5,000 em=/volt sec
W, 2.7 > 101" /sec 6 % 1012/sec

The results for the onset of the acoustoelectric effect reflect the
observation '* that the drift current in CdS departs from its ohmic
value essentially as soon as the applied field exceeds ¢’,. On the other
hand, this departure for GaAs, as reported by Leroux-Hugon * for
long samples, occurs at values of (&> — ¢,) ¢, above unity and con-
sistent with his carrier densities of =~ 5 X 101%/em3.

The results for the onset of the high-field instability show that for
a density of carriers, 10'%/em?, the threshold field is over 10* volts ‘em,
or well beyond the usual range of applied fields. Such fields may be
attained within the localized domains of CdS and thereby limit the
maximum field in the domgin and set the minimum width of domain.
The product of domain width and domain field should equal the voltage
applied to the sample in excess of that needed to attain the velocity
of sound.

1"J. E. May, Jr., “Electronic Signal Amplification in the UHF Range
with the Ultrasonic Traveling-Wave Amplifier,” Proc. IEEE, Vol. 53, p.
1465, Oct. 1965.
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If we adopt Pomerantz ™ suggestion that r, « A < L), all of the
above threshold fields vary as the square root of the free-carrier
density. Moreover, the same relation inserted in Equation (12) yields
the following condition for the possibility of net acoustoelectric gain:

4% 102> 1 for CdS at 300°K
an

4 X 1038 >1 for GaAs at T7°K

From Table I, it can be seen that the values of B readily satisfy Equa-
tion (17). It is interesting that this result is independent of the
carrier density. It is implied that at low carrier densities the speci-
men length must be increased so that it is always sufficient to achieve
the full steady-state amplification. For CdS, for example, the specimen
length would need to exceed one centimeter at a carrier density of
10" /cm® and a value of (™ — ¢’,) /(¢ — &*) = 1. At higher fields the
erystal length, by Equation (16), could be shorter.

The incubation times reported by Smith* for CdS are less than
0.1 microsecond. Those reported by Bray for GaAs are in order of a
few microseconds. In brief, the incubation times for GaAs are over
ten times larger than those for CdS and in qualitative agreement with
the corresponding ratios of 7, the time constant for acoustic loss,
shown in Table I.

SMALL-SIGNAL THEORY (I > &)

Spector has derived an expression for the small-signal acousto-
electric effect for I > A using a classical Boltzmann transport argu-
ment together with a shifted Maxwellian distribution. In the termi-
nology of Equation (1), Spector’s™ result is

dE l w0,
— =BEw-

- . (18)
dt Ao, +op)*

Equation (18) differs from Equation (1) in the absence of the v, term
in the denominator and in the presence of the additional factor I/A.
Conwell ®* has obtained essentially the same result using perturbation
theory for acoustic phonons coupled by a deformation potential. While
Conwell’s result, as published, contains Planck’s constant k explicitly,
other factors, also containing Planck’s constant implicitly, combine to
eliminate h from the final expression for induced emission of phonons.

M. Pomerantz, “Temperature Dependence of Microwave Phonon
Attenuation,” Phys. Rev., Vol. 139, p. Ab01, 1965,
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Conwell’s result does not include the . term in the denominator. This
is a4 screening term that takes into account the reduction or relaxation
of the electric field of the coherent sound wave by the conductivity of
the free carriers. The screening term was introduced phenomenologi-
cally by Yamashita® in his perturbation treatment of the acoustoelec-
tric effect. Yamashita’s result, after elimination of the various h
factors by self cancellation, agrees with Spector’s. The fact that the
two quantum treatments agree with the classical treatment indicates
that the problem is essentially a classical one.

Note in Equation (18) that, while the mean free path [ appears
explicitly, it is cancelled by the fact that both o, and w, are propor-
tional to l. We have chosen this form for ease of comparison with Equa-
tions (1) and (2). .

Both the quantum and classical treatments assume a Maxwellian
distribution for the free carriers shifted to their mean drift velocity,
vy = ¢'n. This means that electron-electron collisions must be frequent
enough to maintain the Maxwellian distribution centered at v, = Fu—a
condition that may be met in the range of small signals but becomes
impossible as the flux density approaches that necessary to completely
bunch the carriers and saturate the current at the velocity of sound.
To emphasize this point we outline another method of obtaining Spec-
tor’s result. This method is essentially a Landau-damping type of
argument.

In Figure 4, a shifted Maxwellian distribution centered on v, is
shown schematically. In the neighborhood of v,. Figure 4 shows a slice
of the distribution of width Av on each side of v,. This is the slice of
the distribution that is energetically trapped in the trough of the sound
wave. Hence,

omo, + A0 — Yomo = = €A, (19)
or, for Av > v,
A
(Ar)= = (20)
m

The slice to the right of v, is trapped on the forward or up flank of
the wave and does work on the wave, while the slice on the left of v,
is trapped on the back or down flank of the wave and abstracts energy
from it. Hence, the net work done on the wave per unit volume is

dE

= (ny—n,)ec’yv,. (21)
dt
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where n, is the total number of carriers in the right-hand slice and =,
is that in the left-hand slice. From the geometry of Figure 4 and the
Maxwellian distribution, the quantity n, — n, is*

3 (v, — v,) (Av)*
Ny — Ny = n, — — for Av LK vy and v, <7v,, (22)
2 v

Vx

007
777

Fig. 4—Schematic diagram for calculation of acoustic gain by a Landau-
damping argument.

where n, is the total density of carriers and v, is the thermal velocity.
Equations (20) and (22) are inserted into Equation (21) to give

dE 3 e*p,*
— =—&wEn, (vy—v,). (23)
dt 2 moie

Equation (23) reduces to Equation (18) without the o, term in the
denominator of Equation (18), i.e., without screening. Screening is
introduced by recognizing that the field ¢’y of the acoustic wave is par-

“ For v, > v, the number of carriers energetically trapped in accord-
ance with Equation (19) rapidly vanishes as does the acoustoelectric effect.
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tially relaxed by the electron density n, so that

1
€||’|s(-n-«m~|l = (‘ll o

A\® (24)
14+{—
I‘I»

where L, is a Debye length (KkT/4mn,e*)/% Insertion of the screen-
ing factor of Equation (24) into Equation (23) yields Equation (13).
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Fig. 5—Rate of energy gain by acoustic flux as a function of energy density
of flux (/> A).

The point to be emphasized here is that electron—electron collisions
due to the distribution of electrons outside the Av slices must maintain
the Maxwellian distribution, centered on v, = ¢’», within these slices.
When the slices are a small fraction of the total, this is a reasonable
condition to be satisfied. However, as the large-signal limit is ap-
proached, the slices by definition tend to encompass all of the electrons,
and the maintenance of the Maxwellian distribution centered on v,
becomes impossible. This is the transition region shown dashed in
Figure 5 and it merits further theoretical study. In the course of this
transition the center of the Maxwellian distribution shifts from v,
= ¢’p to a value close to v,. Also, in the course of this transition and
as the large-signal limit is approached, it is likely that the random-
phase approximation, on which the quantum arguments are based,
breaks down.
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COMBINATION LARGE- AND SMALL-SIGNAL THEORY (I > &)

We re-write Equation (18) to make it directly comparable with
Equation (8) using the same arguments that led to Equation (8) :
dE l ()""'.
— =2Bnev (£ — ¢,) — —. (25)
dt A ()11:

The difference between Equation (25) and Equation (8) is the factor

|O5r
qu‘/.oss= E/vg

|O4‘> Es

€3
|

IOsi— €
2

dt

Ak

{) €|

£-£o INCREASES FROM GAIN CURVE

10
NO | TO CURVE NO.4
€,-Eo—* NO NET GAIN
€,-€o > THRESHOLD FOR NET GAIN
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Fig. 6—Combined rates of energy gain and loss by acoustic flux as a func-
tion of energy density of flux (I > A).

[/A, which by assumption is greater than unity. Figure 5 shows a
plot of Equation (25) for I A = 10 and shows its approach to the large-
signal region as a dashed segment of an as yet uncertain form. The
major point to be made here is that the small-signal theory for [ > A
introduces a large intermediate or transition region that is substan-
tially absent for ! < A. The factor [ A causes the linear extrapolation
of the small-signal theory to miss joining on smoothly to the large-
signal theory and hence leads to the dashed transition segment.
Figure 6 shows the same graphical operation for the ! > A curve
as was shown in Figure 2 for the | <A curve. As the applied field
is increased, the gain curve intersects the loss curve earlier than in
Figure 2 by the factor I/A. At the first intersection, however, the flux



THE ACOUSTOELECTRIC EFFECTS 651

is considerably less than that needed to saturate the drift velocity.
There is, therefore, a range of fields for which the equilibrium flux
increases with increasing field toward the large-signal saturation
{imit. This transition region can account for the slow departure from
ohmic behavior observed in GaAs as compared with the abrupt de-
parture observed in CdS.

Figure 6 shows that, at sufficiently high fields, the drift current
should be saturated at the velocity of sound. At fields intermediate

1or x
\ HIGH
\ TRansiTion FELO N
\ RAN(iE/ N
R
\ !
v A POSSIBLE \ '
,./ = TRANSITION hS !
SMALL CURVE LARGE
SIGNAL SIGNAL
Yd RANGE RANGE
o}
£o
1 - 1
o.l [ 10 102

£

Fig. 7—Drift velocity as a function of electric field (I > A%).

between the onset of net acoustoelectric gain and final saturation at
the velocity of sound, it is possible that the model used by Bray may
be a good approximation to account for saturation at velocities well
above the velocity of sound. This behavior is sketched in Figure 7.
A more reliable estimate of the current voltage curve in the inter-
mediate region will depend on a better understanding of the depar-
tures from the v,-drifted Maxwellian distribution encountered as the
large-signal limit is approached.

Conceptually, this means understanding the transition from a small-
signal formulation of the gain,

Gain « (vy— v,) X Eqy, - (26)
to the large-signal formulation of Equation (5).

Gain « €& — &, . (27)
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The small-signal formulation is proportional to the energy density of
sound flux; the large-signal formulation is independent of the flux.
This means that, in the small-signal formulation, the electrons sample
the full strength of the electric field of the flux. In the large-signal
formulation, the electrons are bunched near the bottoms of the troughs
of the sound waves and do not sample or are not “aware” of the full
amplitude of the electric fields of the sound waves.

Drift velocities saturated close to the velocity of sound favor Equa-
tion (27). Drift velocities, as observed by Bray for the III-V com-
pounds, that are saturated well above the velocity of sound, favor
Equation (26) and the corresponding analysis carried out by Bray.

CHARACTERISTIC PARAMETERS FOR | > A

The onset of net acoustoelectric gain, as pointed out above, is
given by Equation (10) with the value of 8 enhanced by the factor
[/A or I/(2L,). The onset of final saturation at the velozity of sound
should be essentially the same as for [ < A, since the large-signal theory
is the same for both. The criterion for the existence of net acousto-
electric gain should again follow Equations (12) and (17) for I < A
with B replaced by BI/(2L,). The incubation times are given as be-
fore by Equation (14), where £* is determined by Equation (10) with
B replaced by Bl/(2L,).
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ADAPTIVE DETECTION WITH REGULATED
ERROR PROBABILITIES*

By

HaroLD M. FINN

RCA Missile and Surface Radar Division
Moorestown, N, J.

Summary—A class of auwtomatic detection modes has been developed for
operation in a target environment of statistically non-stationary extended
clutter. These modes yield both a falsc-alarm probability invarient with
changes in clutter level and a lower bound of the detection probability over
a specified range of clutter-level ehanges. Spatially sampled maximim-
likelihood cstimates made of the elutter levels at eaeh of the radar resolution
cells on a first sequential step are used to control aspects of the radar policy
affecting discrimination against the clutter on subsequent sequential steps.
In addition to effecting uniform performance, the adaptive-detection proce-
dures offer the potential of a significant reduction in sensor-system cost over
the case of a radar system operating with a non-adaptive mode in the same
environment. A complete performance analysis of such an adaptive mode for
the Swerling Case #2 fluctuating target model is presented.

The falge-alarm-rate regulation mechanism is a threshold control pro-
cedure—the detection threshold at a resolution cell is made proportional to
an updated maximum-likelihood estimate of the output variance due to the
clitter phenomena at the resolution cell. The mechanism for controlling a
lower bound of the detection probability, in this analysis, involves making
the number of transmissions yielding statistically independent clutter
sampleg on the second sequential step a function of the maximum of the
clutter-level estimates made on the first sequential step. Other adaptive dis-
crimingnts that may be employed in such a mode are also discitssed.

INTRODUCTION

HE WORK described is associated with the maintenance of uni-
form performance and a minimized cost of a surveillance radar
system designed to automatically detect a point target embedded
in a statistically non-stationary extended-clutter target environment.
Where the noise involved is statistically stationary, the detection
procedure normally employed is to compare the linearly detected

* This work was partially supported under Air Force Contract No.
AF30 (602)-4145.

653
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matched filter output with a fixed threshold. The extreme sensitivity
of the false-alarm probability of such a detection mode to small changes
in the noise level is indicated in Figure 1(a). As can be seen, a 3-db
increase in the total noise-power density (clutter plus thermal noise)
causes an increase of 10,000 times in the single-cell false-alarm prob-

FALSE ALARM
PROBABILITY

—-—1

1 1

'
o] 2 4 6 8 10 12

3DB || INCREASE IN TOTAL NOISE
POWER DENSITY IN DB

FROM CESIGN VALUE

Fig. 1(a)—Change in false-alarm probability with noise level (fixed-thresh-
old system).

ability (Pr4). This represents a change of four orders of magnitude
from the design value (P, =10-*toP,, =10-*). The dual na-
ture of the problem is revealed when one considers a system where, in
some manner, the detection threshold can be reset to compensate for
this 3-db increase in noise-power density, i.e., where the false-alarm
probability is again set at 105, The 3-db increase in noise level would
then cause the detection probability to fall from 0.9 to 0.15. Because
a non-adaptive detection mode is so sensitive to a statistically non-
stationary clutter environment, the sensor system must, in most cases.
be designed to handle a worst-case clutter level at each beam position.
The system expense of a look at each beam position would be equally
high, matching the case of a uniformly high clutter level in all beam
positions of the surveillance volume. For those surveillance situations
where typical clutter encountered is of a heterogeneous nature, i.e.,
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where some beam positions have high clutter levels and others have
light clutter or experience a clear environment, the non-adaptive mode
would provide a serious mismatch condition. Such a hypothetical case
is shown schematically in Figure 2, where the clutter level and non-

0.5
0O e e - e o
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S o \ 1B =
F 04l (FALSE ALARM PROS. , g
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R i 5
P i
| -
O.IE |—_” -
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Bdbl‘,_‘ INCREASE IN TOTAL NOISE POWER
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Fig. 1(b)—Change in detection probablhty with noise level for the case
where the threshold is reset for I’¢y = 10—

adaptive system cost are plotted as functions of the position of the
beam within the surveillance volume.

This paper describes an adaptive detection procedure that provides
(1) a false-alarm probability that is invariant with changes in the
clutter power density, (2) a specified lower bound of the detection
probability for an hypothesized target type and range of clutter level
changes, and (3) a cost that is roughly proportional to the clutter
encountered at a beam position. Typical regulated forms of the detec-
tion and false-alarm probabilities for this adaptive mode are shown
in Figures 1(a) and 1(b), respectively. The cost per beam position is
related to the encountered clutter, and this type of cost function is
schematically illustrated in Figures 2 and 1(b). The average cost for
the adaptive mode for this hypothesized heterogeneous clutter environ-
ment is lower than the cost for the corresponding non-adaptive mode,
indicating the possibility of a reduction in the overall system costs.
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BASIC ADAPTIVE-DETECTION-MODE DESIGN PHILOSOPHY

It is assumed that the surveillance beam can be programmed
through the surveillance volume in discrete steps and that the dwell
time at a beam position can change from one beam position to another.
Consequently, a multiple-stage decision processor can be employed at a

N ! I | I A
NON -ADAPTIVE COST
SO OO DE ] SO JOIL JOs O .—_“_T“———-—_-—
177 N
| T T COST OF ADAPTIVE 4
DETECTION NODE — | % P
| L S 4 5

-
L)
s o
v (5]
PR (S DRR S S R R IR "V SR SR 0 2V A DU R R 4.
| /7 B [ \ e
| L s S Y e 3| 5
AVERAGE ADAPTIVE/ K 1 1 3 o
MODE COST | -._ x
...l ........ // \\ CLUTTER LEVEL \
5 i B B S B B
1]
- o>

BEAM POSITION IN SURVEILLANCE VOLUME

Fig. 2—Indication of potential system cost saving of adaptive detection
mode in non-uniform clutter environment.

beam position to perform the two-alternative statistical hypothesis test
relating to the presence of a target, the number of stages employed
being a random variable. The adaptive-mode design philosophy in-
volves embedding within a multiple-stage decision processor framework
those adaptive mechanisms that most efficiently regulate the error
probabilities when a non-uniform and statistically non-stationary clut-
ter environment is encountered. These adaptive modes are developed
here within the context of a decision processor having a maxmium of
two sequential steps. (However, there are no limitations that would
preclude the use of more than two steps.) The first sequential step at
a4 beam position in these modes provides an estimate of the encoun-
tered clutter levels in the admissible target parameter space. This
estimate of the target-scattering function of the extended clutter
target phenomena is then used to determine the transmission, recep-
tion, and data-processing requirements on the second step. Thus, the
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overall error probabilities, false alarm, and false dismissal are regu-
lated over the specified range of clutter-level changes. The basic
clutter-level estimation procedure employed in these adaptive modes' is
based on a priori assumption of the shape of the continuous target
scattering function of the clutter p(r, f) dvdf. That is to say. it is
assumed that

p(nfrdedf = Cp’ (z,f)d+df , (1)

where p’(7.f)drdf is the assumed shape of the target-scattering func-
tion and C is the magnitude to be estimated. p(+.f)drdf represents the
average value of the energy returned from the clutter targets in the
clementary region having a range of delay lving between r and = 4 d+
and a doppler shift lying between f and f + df. For the uncorrelated-
clutter models considered here (i.e.. where clutter returns from dis-
joint portions of the parameter space are statistically uncorrelated),
the ensemble average of the square of the linearly detected matched-
filter output E{|MF(z,f;)|*} may be represented as the two-dimen-
sional convolution of Woodward’s signal ambiguity* | X(7,f) |* and the
target-scattering function p(r.f)drdf. plus a term N, representing the
additive thermal noise power density of the receiver. Thus,

EX

of¥ 2} = f f | X f)|*p(r + 70f + f)drdf + N,. (2)

7; and f; are the coordinates of the ith resolution-cell delay and doppler
frequency; the coordinate system has been centered on the resolution
cell under test.** For this model, the clutter return is the result of a
spatially distributed random collection of point scatterers; the en-
semble average of the clutter returns in non-overlapping portions of
the range doppler-angle space is uncorrelated. For this clutter model
the maximum likelihood estimate (MLE) of the variance of the out-
put of the resolution cell under test, E} MF (7,.f,) |}, may be approxi-
mated as

'H. M. Finn, “Adaptive Detection in Clutter,” P’roc. Nat. Electronics
Conf VOI XXII, p. 562, 1966.

Woodward I’?obubzhh/ and Information Theory, with Applica-
tions to Radm McGraw-Hill Book Co., Inc., New York, 1953.

3 E. C. Westerﬁeld, R. H. Prager, and J. L. Stewart, “Processing Gains
Against Reverberation (Clutter) Using Matched Filters,” IRE Trans. on
Information Theory, Vol. 11-6, p. 342, June 1960.

* R. Price and P. E. Green, Jr., “Signal Processmg‘ in Radar Astronomy-
Communication via Fluctuatm;z Multipath Media,” Lincoln Laboratory
Tech. Report 234, Oct. 1960.
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1y A
E{ Mﬁ'(ryyfu) I:} = = (3)
NT W,

for two important cases of interest in this paper. One is the case
where the predominant component of the output variance is due to
the clutter return rather than the additive thermal noise of the re-
ceiver; the second case is where the clutter level is assumed to be
uniform over the breadth of the resolution cells involved in the estima-
tion (see Appendix I and Reference (1)). The random variables
IX;= |MF(r,f) |} are the linearly detected matched-filter outputs of
the N resolution cells surrounding the cell under test and covered by
the clutter cloud. The weights {1} are defined by

o
W, =—, (4)
a,”
or, using Equations (1) and (2) for the clutter limiting environment,
by

Y
W,=— (5)
Yo
where
1 :jj X(r.f) |:’l'(T + rof + f)drdf . (6)

The numbers {y;}, and consequently the {W,}, are based on the
known signal-ambiguity function |X(r,f)|* and the a priori assumed
‘shape-factor’ of the target-scattering function. For the case where
the clutter level is assumed to be uniform over the resolution cells
involved in the estimation procedure, the weights {W;} are each equal
to unity. A functional diagram of this estimation procedure employed
in a specific adaptive-detection mode, which is the subject of this paper,
is shown in Figure 3.

The receiver system may be assumed to be composed of a number
of contiguously spaced matched filters covering the admissible range-
doppler parameter space of a target, where the dimension of each of
the resolution cells in range is Ar = 1/B, and for the doppler dimen-
sion Af = 1/7, where B and T are the bandwidth and duration of the
transmitted signal, respectively.
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If the decision process used to compare the output of each resolu-
tion cell with a threshold made proportional to the clutter-level estimate
of that cell is the MLE procedure defined by Equation (3), the false-
alarm probability would be a constant and would not vary with changes
in the clutter level.! The detection efficiency of this automatic thresh-
old-control procedure when applied to a fixed-sample-size test is also
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Fig. 3—Adaptive detection mode yielding regulated error probabilities.

noted to be a monotonically increasing function of the number of reso-
lution cells employed in the threshold-control (or the clutter-level-
estimation) procedure. The detection efficiency of this procedure is
comparable to that of an ideal detection situation when 100 resolution
cells are employed (the ideal detection situation is defined as one
where the total clutter plus thermal-noise-power density is a known
quantity, and a fixed threshold can be emploved). This threshold-
control procedure becomes the adaptive mechanism for regulating the
false-alarm probability in the multiple-stage adaptive modes described
here. For each resolution cell, the decision statistic of that cell, which
is a function of the first and second sequential step outputs, is com-
pared with a threshold made proportional to an up-dated estimate of
the cell’s clutter level.
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This threshold control procedure does not, however, solve the other
major problem associated with detection in a clutter environment,
namely the sensitivity of the detection probability of a conventional
detection mode to small changes in the clutter level. As stated pre-
viously, an adaptive mechanism must be embedded within the
multiple-stage decision processor to achieve a control of the lower
bound of the detection probability over a specified range of clutter
levels. This mechanism involves making the degree of the second-step
discrimination against the extended clutter return a monotonically in-
creasing function of the estimate of the clutter level obtained on the
first step. Roughly speaking, if large clutter-level estimates are made
on the first step, a proportionately more expensive second-step look,
involving a greater discrimination against the clutter, is employed for
the second-step radar policy; a less expensive second step is employed
if the estimated clutter levels on the first step are relatively low. In
this manner, a degree of regulation of the detection probability is
effected, and the effort expended by the sensor system at a beam posi-
tion is a monotonically increasing function of the clutter encountered.
The variable clutter discriminant appropriate for this adaptive detec-
tion mode depends, for any one application, on the clutter model, the
sensor system constraints, and the cost function involved. This adap-
tive discrimination may involve a control of one or more of the follow-
ing second-step transmission characteristics—the transmitted signal
bandwidth, the signal duration, and the number of transmissions vield-
ing statistically independent clutter returns.

SPECIFIC CLASS OF ADAPTIVE DETECTION MODES

The specific class of adaptive detection modes developed in this
paper employs, as the adaptive discriminant, a control of the number
of second-step transmissions (N,) designed to yield statistically inde-
pendent samples of the clutter return. The number of transmissions is
based on the maximum of the clutter level estimates made on the first
step. (N, transmissions are assumed to be employed on the first step,
and this number is a deterministic quantity.) The decision statistic at
each resolution cell employed in this mode is the noncoherent sum of
the first- and second-step outputs, and this statistic is compared with
a threshold that is proportional to an updated estimate of the variance
of the ouput of the cell in question.

The method for accomplishing thc statistical independence of the
clutter returns of the (J =N, + N.) transmissions may be accom-
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plished by employing one or more of the following measures. (1) The
interval between transmissions may be made long with respect to the
correlation time of the clutter. (2) A sufficient carrier-frequency
‘jump’ may be employed on each transmission to effect the statistical
independence of the sum of the field vectors representing the discrete
point-scatter returns of the cloud at a resolution cell. (3) The wave-
form design may be changed for each transmission in such a manner
that the intersection, or convolution, of the clutter-target-scattering
function and the waveform-signal-ambiguity functions involve different
and statistically independent contributions of the extended clutter-
target phenomena. The particular measures actually employed to ap-
proximate this statistical independence would depend on the particular
surveillance situation involved.

A functional diagram of this adaptive mode is presented in Figure
3. The number of second-step transmissions is made a monotonically
increasing function of the estimate made at each resolution cell of the
quantity ¢;. This quantity is defined as the ratio of the variance of the
detected matched filter output of the ith resolution cell (which may
be in a clutter region) to the variance of the receiver output when only
thermal noise is present (the clear environment case) ;

E{lMF(Tivfi) I"}
E{X7py*)

Xpry is the sampled and detected filter output when only the additive
thermal noise is present. This receiver thermal-noise variance, E{X py*}
= N,, is assumed to be a known quantity or to be accurately measured.
For example, this measurement can be made periodically by sampling
the receiver output during the radar dead-time. This time interval of
no radar backscattering is typically sufficient to make the error in the
thermal-noise-level estimate negligibly small.

For the radar cases of interest where the power spectrum of the
noise is uniform over the receiver bandwidth and the target scattering
function of the clutter is relatively constant over the dimensions of
the resolution cell, ¢; is approximately equal to the ratio of the thermal-
plus-clutter noise-power density to the thermal noise-power density

Ci+Nu
b ——— .
N

4
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The estimates
E{IMF(Ti,fi) |2}
b=————
N

o

are obtained using the result of Equation (3) (see Appendix IIT and
Reference (1))

1 & X2
$i=—2 —. )
N =1 w,
The maximum of these estimates, ¢y x = MAX [$;},i=1,2, ..., is

then compared with a set of thresholds {¢r,} to determine the number
of second-step transmissions N. that are needed to vield statistically
independent clutter returns. J transmissions are employed (or J — N,
second-step transmissions) whenever ¢, _; < dyix < ¢ry; when
baax > ¢r, N transmissions are employed on the second step. This
latter policy rule places a limit on the expenditure of the sensor system
at a beam position, i.e., regardless of the encountered clutter, the num-
ber of transmissions at a beam position never exceeds N. Consequently,
when the true value of the clutter level exceeds a value where more
than N transmissions are required for the hypothesized average target
cross section at maximum range, the detection probability will fall
below the desired lower bound. Rather than placing a fixed maximum
or “cap” of N transmissions at each beam position, the expenditure at
prior beam positions could be memorized so that an adjustable cap
could be employed.

The adaptive mode is also designed so that at least one second-
step transmission is employed even in the clear environment. That is,
N, + 1 total transmissions are employed whenever 0 = ¢,y < b1y, 410

The general test procedure described, that of allowing the maximum
of the clutter-level estimates obtained on a first sequential step at a
heam position to control the second-step radar policy, follows a min—-max
tvpe of strategy. An alternative Bayes procedure (not considered
here) could involve basing the number of second-step transmissions
oh an average of these clutter-level estimates.

DECISION RULE FOR ADAPTIVE MODE

The observed random variables of the adaptive mode are the sam-
pled matched-filtered and square-law detected outputs and may be rep-
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resented as the set of cross-correlator outputs

(Y= | {Sﬁ('iv"'.',fi)vl\'(' )(“|"'} 6]

where Y, is the output of the /th resolution cell on the K'th transmis-
sion. Sy (t,7.f;) is a delayed (r,) and doppler shifted (f;) replica of
the Kth transmitted signal S, (t) for the ith resolution cell. V;(#) is the
input after the Kth transmission. The cells are assumed to be spaced
by the range and doppler resolution so that

1 1
i1 =7mt+—,andf; L =fi+—.
B

The decision statistics (the functions of the observed random vari-
ables that are emploved in deciding on the presence or absence of the
target) are formed in this adaptive mode after the second sequential
step. They are simply the sum of the (J) sampled square-law detected
outputs on both steps in a common resolution cell, N, transmissions
being emploved on the first step. For the ith cell, the decision statistic
is

J
Z;=3 Y. (10)
K=1

The target-present hypothesis is accepted in the ith resolution cell
if Z;=T,, where the threshold T, is made proportional to an estimate
of the variance of the output of the i/th cell. This estimate is based
on the sampled outputs of the (J — N,) second-sequential-step trans-
missions of the cells surrounding the cell under test, which, it is as-
sumed, are also covered by the extended clutter target phenomenon.
That is,

T, =K,E{|MF(=,f,)|*
or
2K, LS L Y

T,=— Z T

—2\'707(./ — N I=1E=Y+1 W,

where K, is the threshold control constant used when (J — N,) trans-
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missions are employed on the second sequential step. If no threshold
crossings oceur, that is

M
N IEA(Z<Tp]
i—1

is true, (where M is the number of resolution cells covering the admis-
sible target paramecter space) then the no-target hypothesis is ac-
cepted at the beam position.

ANALYTICAL FORMULATION

This analytical procedure for setting the {¢+,} and {K,} thresholds
and the performance evaluation of the adaptive mode are considered
in this section. An evaluation of the adaptive detection mode involves
a determination of the detection probability (P,) in the resolution cell
with the maximum clutter level (i.e., the one where ¢y,x = MAX [¢.},i
=1,2,...n), the single-cell false-alarm probability P,,. and the ex-
pected number of transmissions E(J) =N, + E(N.). All these
parameters are functions of the following:

(1) The number (N,.) of resolution cells employed in the control
of both the receiver thresholds and the average number of transmis-
sions.

(2) The set of actually encountered ratios {¢;}, and in particular
the maximum of this set ¢,,,x (the target scattering function p(r,f)df
and the thermal-noise-power density N, provide this information).

(3) The specified stochastic properties of the target fluctuations.

(4) The hypothesized ratio (for a single transmission) of the
average energy of the signal receiveii from the target to be detected
to the thermal noise power density, X, = E 'N,.

(5) The maximum number of transmissions permitted at a beam
position (N,,).

The detection probability in the resolution cell with the maximum
clutter level may be expressed as:

X',J‘»f(T‘,,J;N,.,,r¢,-})(IT., (12)

Ny » f J
S SN ISP LS

The single-cell false-alarm probability P, is symbolically represented
in the same manner, but on the hypothesis that X equals zero.
In Equation (12), P{Z, > T,,|X,J} represents the conditional proba-
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bility of detection based on the following: (1) the sum of the first-
step (N,) and second-step (N.) transmissions equals J, (2) the thresh-
old for the noncoherent sum of the J square-law-detected outputs in
a4 common resolutiop cell |Y;} is T,, and (3) the single-transmission
average signal energy to clutter-plus-thermal-noise-power density is X
(and expressing X in terms of the encountered ¢, ,x and the hypothe-
sized X,,X = X,/dbyax)-

The probability density function f(T,J;N.i¢;})dT,; in Equation
(12) represents the joint probability that J transmissions will be em-
ployed in the adaptive mode, and that the threshold lies between the
value T, and T, + dT,. This joint probability density of the discrete
variable J and the continuous variable Z, is a function of the number
of resolution cells N, employed in making the clutter-level estimates
and the actually encountered clutter levels at each of these cells (the
set {¢;}). Expressed in terms of conditional probabilities

(T, N dT, = f(T,|J;N (¢} dZ, P} . (13)

The discrete probability P{J} may be expressed

bry
P{J} =/ f(Puax s Nen{diH ) ddyax - (14)
¢

TS —1

That is to say, the probability of employing J transmissions in this
adaptive mode is the probability that the estimate ¢, \x lies between
the two ¢ thresholds ¢7, _, and ¢r,.

An exact evaluation of the probability density function f(dy.x:
N o)) ddyax is difficult since the set of {¢;} clutter-level estimates
made for each of the N, resolution cells and employed in obtaining
duax are not statistically independent of one another. These {¢;}
estimates depend on overlapping sets of resolution cell outputs. The
formulation difficulties are overcome if it is assumed that the resolu-
tion cell yielding the largest estimate of the set [$;} is actually the
cell containing the largest clutter level, i.e., ¢, = MAX|{¢;} where the
subseript zero designates the cell that actually encounters the maxi-
mum clutter level. The density function of ¢, on this hypothesis,
f(do| b0 = drax)dp, may now be employed in obtaining an approximate
formulation of P{J}.

oy
P{J} = P{J} =/ f(old, = dyax) dd, - (15)
¢

ry—1
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The probability density function of the estimator

2 Nl‘ NI )th

b 3 Y — (16)
N NN, 1 W,

based on Equation (8), but with square-law-detector outputs [Y .}, is

shown in Appendix III to be

NN, 1 [ NNé,
f(‘ﬁvld’u - 4’.\1.\.\')(1‘2"0 _'<‘_ _> ‘ﬁ'\(vxl ! expy——— d‘ﬁu 0
%o

— = (17)
(NoN; — 1)1

Here ¢, represents the ‘true’ value of the ratio of the clutter-plus-
thermal-noise- -power density to the thermal-noise-power density at the
zeroth resolution cell. P{J} may now be approximated as

<\’ N1¢>r,> <N(-N1¢'r./ 1>
P’{J} F!, B Fl,' B (18)
b, @,

1 X

Fo(X) = S / EeN1— 1 e~ dE (19)
(NN, —1) 1

]

where

The detection probability of Equation (12) may now be expressed as

o]

Vaax ( , .,
PI) Z f P Z = Z Yi > Tv.ll‘\’-'] f(Tv,[ v“,'d)'[ )(lllv )”Jl .
S=Narriee [ (20)

It is convenient to consider the change of variables & = Y, o, and
Bi=T;'a,* a,” as the output variance for the clutter-plus-thermal-noise
case. Then

AL ( J
P, \Z f P Z:‘Z, £> By X F(B|T)dB,PTY . (21)
1
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The conditional probability density function of the normalized
threshold B8; on the hypothesis of J transmissions is developed in
Appendix II, and is shown to be

1 IBJ A\'(.u/ — .\'lA 1 d,B
(B, 1)dB, =- — —‘<—> e Bty —, (22)
(Ne(J —Np) —1)! C,

where C, = 2K,/ (N(J — N;)) and the normalized threshold 8, is made
proportional to the clutter-level estimate made with the resolution cell
outputs of the N, surrounding resolution cells obtained on the J — N,
second-step transmission, or

2K, N, J Y,
B, = - — —y (23)
02N (J — N) .-Z, K .2:1‘“ W,

The development of the conditional probability of detection

. ) .
Pz > .§,->,8,,|X.J;
| i 1

is now considered. In the interest of expressing the adaptive detec-
tion-mode performance for some specific cases of interest, this analysis
considers only the case where the target cross section is assumed to
undergo relatively rapid fluctuations relative to the time interval be-
tween transmissions. Thus, the target cross sections on each trans-
mission are statistically independent of one another. This is the case,
for example, for the Swerling Cases #2 and #4 targets.” Since the
samples of the clutter return and the additive thermal noise are also
assumed to be statistically independent between transmissions, the

probability density function f(Z|J,X)dZ of the normalized noncoher-
J

ent sum of the square-law-detected outputs (Z = Z £) may be ex-
!

1
pressed as the convolution of the individual density functions

fi(¢)dé; or

FUZ) = FUENFfalEar e f(EE) . (24)

5P, Swerling, “Probability of Detection for Fluctuating Targets,”
IRE Trans. on Information Theory, Vol. 11-6, p- 269, April 1960.
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[> o}
where fignds = § 100

X=0

X) (X, X)dXd¢, . (25)

fCE|X)dE; is the conditional probability density function of the
square-law-detected outjut on the ith transmission on the hypothesis
that the input signal energy to tke total noise power density is X, and

- X —
frEIXds =€ 1L(2VXE) dg . (26)

(See. for example, Helstrom.?) This function is recognized as the Rice
distribution where I, (X) is the modified Bessel function of zero order.
Performing the integration of Equation (25) for the swerling Case
#2 target where f(X,X)dX = (e ¥ ¥/ X)dX:

/00 + X)

1
f(EHdé=—oe ds; . (27)

1+X

The probability density function f(Z|J.X)dZ is now obtained by per-
forming the convolution indicated by Equation (24),

f(Z)1,X)dX = o'Z! — Ve — *dZ (28)

where a =1/(1 +X). Now performing the integration

o0
riz>g,|xJ) = f f(Z|X,))dz,
YZ=p
we obtain
_ s—1 (af3))¥
PiZ>B,|XJ)=e ab; Z (29)
K=o K1

Employing the developed distribution, the probability of detection P,
of Equation (21) may now be expressed as

6 % C. Helstrom, Statistical Theory of Signal Detection, Pergamon Press,
1960.
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Ny * g (eB)F
P, == ) e—aby
! L I\'ZU K!
J=XN) +1 B 0 .

{' B-’ .\'ClJ -_— ‘\'l) —1
<7> aB,

~eBic— | PP{J),
(Ne(J —N) —1)! c

(30)
and finally
aT, K
M+K-1)!
- My J-1\ M
Po="2 X I A U PR C 3V
J=X;+1 K=0 i ’
! 1+ > K! (M —1)!
M

where M = N¢(J —N,) and 7, = 2K, and P’{J} is defined by Equa-
tions (18) and (19).

SELECTION OF {7,} THRESHOLD CONSTANTS AND THE
FALSE-ALARM PROBABILITY

The single-cell false-alarm probability is obtained from Equation
(31) by setting X = 0, so that «a = 1. The result is

TJ K
. (M, + K —1)!
M J—1 M,

Pl-,4= Z Z - — -—'— - “*‘P’{J}_ (32)
J=Nj+1K=0 Ty \Ms+ K
B apes K! (M, —1)!
M,
By setting
75 \F
M, +K—1)!
'\ M,
Frap= 2 — e —, (33)

PN p\ M+ K
[ K!' (M, —1)!
M,
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the threshold constants =, = 2K, are determined for all J =N, +1,
N,+2, ...,Ny. Then

A Y] Y
Puy= P"'Ao Z PJy = Pry, since Z PlJy=1, (34)
J=x, +1 4= Ny 40

and it is clear that the false-alarm probability of this adaptive mode
is a constant and is invariant to changes in the clutter plus thermal
noise power density.

SELECTION OF {¢y,} THRESHOLDS

The method employed in this adaptive mode for setting the {¢.,}
thresholds, which determine the number of second-step transmissions
that yield statistically independent clutter returns, is best illustrated
by putting the expression of P, (Equation (30)) in the form

Ny
Po= X (PP b <$,<ori}. (35)

J=N,+1

where the conditional probability of detection (P,,|J,X) for J transmis-
sions and an average return-signal-energy to thermal-plus-clutter-

noise-power density, A, is expressed as

aTy o
M; +K~—1)!
J 1 MI

P,1J.X — : (36)
/\'Zo Ty Al e U
<1+——- K! (M, —1)!

The discrete probability of employing a total of J transmissions in
the adaptive mode is

Py 1 < o< 1y} =P}, (37)

as defined by Equations (18) and (19). The aim in the threshold-
determination procedure is to keep the detection probability P, greater
or equal to a specified lower bound P, over a range of clutter-level
changes for the hypothesized target. The threshold ¢r; is set equal
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to the clutter level yielding the desired detection probability,
Py, =Py|JX (38)

when J transmissions are employed and where the hypothesized target
return-signal energy to thermal-noise-power density is X,. To deter-
mine the threshold ¢r,, we solve Equation (38) for X, and employ
the relationship

X.I Nﬂ

The X, is determined in this analysis by setting J = N, + 1 in Equa-
tion (38) and solving for X, and the first threshold $ry, is set equal
to one. By this procedure, the detection probability is regulated for a
range of clutter levels, and the specified lower bound P, 18 maintained
under the conditions

Pp=Py, and 1<y =oy,, - (40)

That is to say, the detection probability bound is maintained for the
range of ¢, not exceeding the clutter level ¢y, To maintain the detec-
tion probability above the lower bound for clutter levels exceeding
¢y, the number of transmissions would have to be greater than the
maximum number N,, allowed at a beam position.

PERFORMANCE EVALUATION

The expression for the false-alarm probability in this adaptive
mode (Equations (32) through (34)) is noted to be independent of the
encountered clutter level so that a constant probability of false alarm
is maintained.

Typical sets of computations of the detection probability based on
Equation (31) are presented in Figures 4 and 5 as a function of ¢,.
The detection characteristics curves exceed the specified bourd of 0.9
in Figure 4 and of 0.5 in Figure 5. As can be seen, a relatively
sharp fall occurs in the detection probability when the encountered
clutter level exceeds the value where the number of transmissions
required to maintain the lower bound are greater than the maximum -
permitted at the beam position. For clutter levels below this value,
however, a degree of regulation of the detection probability is achieved.
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The expected number of transmissions of the adaptive modes are
also plotted in these curves as a function of the clutter level. In addi-
tion, the number of transmissions that an ideal detector requires to
achieve the specified Pp in a given clutter environment is also plotted.
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Fig. 4—Detection probability as a function of the ratio of clutter-plus-
thermal-noise-power density to thermal-noise-power density (lower bound
P» =0.9).

The ideal detection situation is defined here as one where the clutter
level is a known value and the number of transmissions and detection
thresholds can consequently be deterministic quantities. The ‘loss’
of the adaptive mode from the ideal detection situation for these ex-
amples is noted to be less than 1 db.
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APPENDIX I—DEVELOPMENT OF SPATIALLY SAMPLED MAXIMUM
LIKELIHOOD ESTIMATE OF RECEIVED CELL OUTPUT VARIANCE

The development of a maximum-likelihood estimate (MLE) of
the ensemble average of the square of the matched filter output
E{|MF (+,f,) |2} based on using the set {X;= |MF (+,f;) |} of the N
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Fig. 5—Detection probability as a function of ratio of clutter-plus-thermal-
noise-power density to thermal-noise-power density (lower bound P5 = 0.5).

outputs of the resolution cells surrounding the cell under test (cen-
tered at r,f,) begins with the expression of the output variance of
the ith cell:

E{IMF'(n-fe)I”}=Jf

7, and f; are the coordinates of the ith resolution cell delay and doppler
frequency, respectively, N, is the noise power density due to the addi-
tive thermal noise of the receiver, and the component of variance due
to the incoherent clutter cloud is expressed as the two-dimensional
convolution of Woodward’s ambiguity function |X(s,f)|2 and the

X0 |*P(r + 70.f + fodrdf + N,, (41)

EXPECTED NUMBER OF TRANSMISSIONS
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target scattering function of the extended clutter phenomenon
p(z,f)d=df.

X(7,f) is the combined time and frequency auto correlation func-
tion of U(t) where the transmitted signal may be represented as

AU (t) exp [2xif ,t} and where U(¢t) is normalized so th}lth(f) U*(8)dt

=1 and

X(+.f) - fL'({) U*(t + 1) exp {— 2xift}dt. (42)

A basic assumption involved in the development of the estimate
E{|MF(r,f,)|%} is that the target scattering function p(r,f)drdf
may be expressed as

p(7.f)dzdf = Cp’(=.f) d=df (43)

where the shape factor p’(7,f)drdf of the clutter ‘cloud’ target scat-
tering function is assumed to be known, and where C represents the
unknown magnitude that must be estimated. The estimate E!|MF-
(74,f,) |*} may then be represented as:

E{I‘MIJ(Tmfu) |2} - ij /\'(Trf) Izl’,(f + To’f + fo)dfdf + No ’ (44)

since the additive thermal noise power density N, is also assumed to
be a known quantity. In effect, the C estimate of the magnitude of the
target scattering function is what is desired. To develop C, we first
form L(X,X0,X5, ... Xy; C), the likelihood of the receiving set (X}
when the magnitude of the target scattering function is C.

For the assumed clutter model, the likelihood may be expressed

N X, Xz
L(X,Xo...Xy;C) =T — exp LdX, (45)

i=1 0’,-2 2(7‘-2 |

where

[&]

o

- ((:‘/i2 + Nn) M (4(‘)’
2
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and

vit = fle(T'f) I:I;’(T + ./ + fi)(IT(If . (47)

The likelihood of Equation (45) is an expression of the conditional
probability of the (X;.X., ... X,), the outputs of the resolution cell
surrounding the cell under test and also covered by the clutter cloud,
on the hypothesis that the target scattering function may be ex-
pressed as Cp’(7.f)d+df. For the non-coherent clutter model assumed
here, where a large number of randomly oriented point scatterers ap-
pear in each resolution cell, the outputs [X;} for the no-target case in
Equation (45) are statistically independent of one another and Ray-
leigh distributed. The maximum likelihood estimator ((A‘) is the value
of C that gives the maximum L (XX, ...X_\»;(A’), and where we
determine MAX L by solving 9L 97 = 0 for C.

Working with the monotonically related quantity Inl:

u XX
Inl, Z <ln.\', Ine* > (4%)
i

20
and
olnl \ v \ 98

: - (49)
or i1 CyF+ N, i (Cy2+N)®

A solution of this 2Nth degree polynominal for the maximum like-
lihood estimator C is feasible, but in general, it is not practical in a
radar adaptive detection mode where real-time computations must be
made. However, for some important cases of interest, relatively
simple solutions are obtained. The first of these cases is the clutter-
limiting case where the clutter-power density is much greater than the
thermal-noise-power density (i.e., Cy2 > N,). In this case we may
write

C=— 2 — (50)
Ni y,f-'
and
1 X Xz
E{|MF(r, f)|?) =— 2 —, (51)
Ni W,

where
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Wy=—. (52)

The set {y;*} are defined in Equation (47).

The second case of interest is the one where the target scattering
function is relatively constant over the resolution cells involved in the
estimation procedure so that v,2=1v,2 for all { and J. For this case,
Equation (51) is again a good approximation where W.=1 for all ¢

1 N
E{|MF(r.f) |5V =— 2 X2. (53)
N N

APPENDIX II—PROBABILITY DENSITY FUNCTION OF THE
DETECTION THRESHOLD S8

The normalized detection threshold B8, (for the case where J
transmissions are emploved) is expressed as

2K, e J Yix
B, =—— L Sa T
0 Ne(J—N,)) i=1 k=5 +1 W,
(see Equation (23)).

The conditional probability density function of 8, on the hypoth-
esis of J transmissions, f(B3,|J)dB, (Equation (22)), is developed
in this Appendix.

B, may be expressed as

.\'(—- v
B,=C 2 2 i (54)
i=1 K=X,+1
where C = 2K, (N.(J —N})) and &, = Y, /02 Since Y,z = X x2/2.

& may be represented as &, = X2/ (202).

The probability density function of X,., the linearly detected out-
put of the ith resolution cell on the Kth transmission, is assumed to be
Rayleigh distributed, i.e.,

i exp [- A dX; (55)
1 20" "

f(Xig)dX ;=

o
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The probability density function of £, becomes

fEn)déiy = exp {— £} déy (56)

‘The probability density function of

.\’(. J
1= > > Ex (57)
i=1 K=x,

1

is first developed. Since for the assumed clutter model, the £ are
statistically independent, the Laplace transform

1 NeW — Ny
L(f(1)) -—< — > c (58)
J+1

‘Taking the inverse transform, we obtain

1
fydl = ——— N = Xy — 1 = U] (59)
(Ne(J —NpD — D!

Introducing the change of variable 8, = Cl, Equation (22) is ob-
tained;

1 By \ Ve N [— 8, dB,
(B, |J)d,3./ < > exp 1 — .
(No(J =N} n! C C C

(60)

APPENDIX 111 -DEVELOPMENT OF THE PROBABILITY
DENSITY FUNCTION f(¢,|¢, = MAX ¢,)do,

The estimate of the ratio of the variance of the output of the
zeroth cell for the clutter plus thermal noise case to the variance of
the cell output for thermal noise alone ($,) is expressed as

2 .\'(~ .\'l }'ih-
o, > > (Equation (16)).
N NN, i=1 i=1 W,
It is an estimate made after the first sequential step employing
the square-law-detected outputs Y,.. the ith resolution cell, and the
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Kth transmission, and where the outputs of the N, first sequential
step transmissions of each of the N,. resolution cells surrounding the
cell under test are employed. The zeroth indexed cell is assumed to
contain the maximum clutter level, i.e., ¢, = MAX [¢}.

The term ¢, of Equation (16) may be expressed as

¢n N ‘\.l
d)., - Z Z E.’/\'- (61)
NNy i=1 k=1
where

20,2 E|MF(z,./)]%}
0 = = - (Equation (7). (62)
N, N,

¢, 1s the ‘true’ value of the ratio of the output variances for the clut-
ter plus thermal noise and thermal noise alone case, N, is the thermal
noise power density, and & = Z,; /a2

The probability density function of

Yo N,

= Z Efn{
i=1 K=1

is shown in a manner similar to that employed in Appendix Il to be

1
fhdl = — ey —le—1dl (63)
(NN, — D!

employing the change of variable

éo
b, =- l (G4)
N¢Ny
Equation (17) results:
NN, >A" V1
< ﬁ N('Nld)n
f(‘l’u|¢u = duax)dd, = — — ¢, Ne¥1—exp \ l dé,. (65p

(NeNy — 1) | b,



A SYSTEMS LOOK AT SATELLITE-BORNE
HIGH-RESOLUTION RADAR

By

J. S. GREENBERG

Summary—In recent ycars, advances in radar-data-processing tech-
niques have made possible high-resolution radars of the synthetic-apertire
type that are eapable of achicving angular resolution comparable to con-
ventianal systems employing much shorter wavelengths. The synthetic-
aperture radar can. using coherent data-processing techniques, obtain angi-
lar resolution much finer than the angulay dimension of the radiated beam
itgelf. This resolution capability, along with the inherent all-weather and
all-time-aof-day capability of active UHF systems, makes radar an attrac-
tive candidate for performing surveillance of terrestrial targets from space.
This paper briefly cvalnates the performance capabilities of satellite-borne
high-resolution radar when used for terrestrial surveillance. The evaluation
is fram a systems point of view. Performance capabilitics and limitations
are disenssed and limiting constraints determined.

INTRODUCTION

ATELLITE-BORNE reconnaissance systems that operate in the
visible portion of the spectrum and rely upon reflected solar radia-
tion are limited to surveillance of terrestrial targets during day-

light hours. Their surveillance capabilities, because of the short wave-
lengths utilized, are further limited by cloud cover. Radar systems
operating in the UHF portion of the spectrum could eliminate these
undesirable restrictions. However, because of the relatively long wave-
lengths and moderate antenna size employed by conventional radar
systems, it has not been possible to achieve the desired resolution
capability.

In recent years, advances in radar-data-processing techniques have
made possible high-resolution radars of the synthetic-aperture type
that are capable of achieving angular resolution comparable to conven-
tional systems employing much shorter wavelengths. Thus, the possi-
bility exists of achieving a high-resolution capability without forsak-
ing the desired all-weather (and all times of day) reconnaissance capa-
bility. The synthetic-aperture radar is capable of obtaining angular
resolution that is much finer than the angular dimension of the radiated
beam itself. The angular resolution is achieved by synthetically cre-
ating a large linear array. The prerequisites for a synthetic-aperture

679
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radar system are predictable radar motion with respect to the targets
to be observed, coherent radar techniques (i.e., the receiver makes use
of a reference signal from which the transmitted signal was derived),
and a data-processing system that can efficiently process all of the col-
lected coherent data.

The following discussion briefly evaluates the performance capa-
bilities of satellite-borne high-resolution radar when used for ter-
restrial surveillance. The approach is from a systems point of view.
Performance capabilities and limitations are discussed and limiting
constraints determined.

RADAR SYSTEM

The satellite-borne high-resolution radar system under considera-
tion is of the side-looking or synthetic-aperture type."* The synthetic
array radar consists basically of a ecoherent radar whose antenna
(hereafter referred to as the real aperture) is in motion with respect
to the terrestrial targets under surveillance. Thus the real aperture
becomes a new element of the synthetic array with each succeeding
transmission. Data is collected by the real aperture as it traverses a
known flight path and is stored with both amplitude and phase pre-
served. At the end of the time required to traverse the synthetic
aperture, the data is summed vectorially with the result that a narrow
beam, which is substantially equivalent to that achievable with a large
linear array, is achieved. Thus, by using synthetic array techniques.
a single small antenna can have an effective beam width as narrow as
that possible with a large linear array. Range resolution is obtained
by transmitting wide-band signals.

The angular resolution attainable with the radar system is a fune-
tion of the length of the synthetic aperture and is determined from a
consideration of the received target signal history. Since relatively
long apertures are synthesized, focused systems must be considered.*

' C. W. Sherwin, J. P. Ruina, and R. D. Raweliffe, “Some Early Develop-
ments in Synthetic Aperture Radar Systems,” IRE Trans. Military Elec-
tronics. Vol. MIL-6, April 1962.

*H. L. McCord, “The Equivalence Among Three Approaches to Deriv-
ing Synthetic Array Patterns,” IRE Trans. Military Electronics, Vol.
MIL-6, April 1962,

2L. J. Cutrona and G. O. Hall, “A Comparison of Techniques for
Achieving Fine Azimuth Resolution,” IRE Trans. on Military Electronics,
Vol. MIL-6, April 1962.

*R. C. Heimiller, “Theory and Evaluation of Gain Patterns of Syn-
thetic Arrays,” IRE Trans. on Military Electronics, Vol. MIL-6, April 1962.

*W. G. Hoefer, “Optical Processing of Simulated IF Pulse- Doppler
Signals,” IRE Trans. Military E'ectronics, Vol. MIL-6, April 1962.

* Targets are in the near field of the synthetl( aperture.
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The system geometry is shown in Figure 1. Each target or point ob-
served by the real aperture as it traverses the distance d,, exhibits
a particular doppler history that is known a priori (because of the fixed
system geometry). The target signal characteristics are illustrated in
Figure 2 for three targets, two of which are at the same distance from
the satellite ground track but displaced from each other along the

NOTE
X = LOCATION OF REAL
APERTURE DURING
TIME OF RECEPTION

SATELLITE
FLIGHT
PATH

SATELLITE - rg

Fig. 1—System geometry.

ground track. Two of the three targets are displaced from each other
in a direction perpendicular to the satellite ground track. It should
be noted that targets at the same range from the ground track exhibit
the same doppler histories, but delayed in time. It should also be noted
that the slope of the doppler history curve is a function of the dis-
tance from the ground track. The angular resolution capability of the
synthetic aperture can be determined from a consideration of the
doppler history of two targets that are at the same distance from the
satellite ground track but displaced in the direction of the ground
track. Referring to Figure 2,

fdlz——t’ (1)
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2v? 2v°
fo,=—t——(ta— 1) . (2)
AR AR

To resolve the two targets, the bandwidth associated with each target
(taken to be twice the reciprocal of the observation time, 2/T,,,) must
be less than the doppler frequency difference. Therefore,

2
|f1l|_fd:|>* v (3)
Tobs
and
20 2
— (=) = —.
AR Tops
But

v (t, — t,) = separation of targets or resolution capability = d,”

and

v 1 ahs (Iu.w

Therefore, the angular resolution capability of the system, ¢,, is seen
to be

d’ A
¢8 | null-to-null — — = T (43)
R d,
or
d, A
Ge| —4ap=—= . (4b)
2d,,

Throughout the following pages, the —4-db beamwidth (Equation (4b))
is referred to as the resolution capability. d,” corresponds to the null-
to-null ground resolution and d, to the —4-db ground resolution (d,
=2d,).

It can be seen that the two-way power gain of a synthetic array of
length d,, is equivalent to the one-way power gain of a real antenna
of length 2d,,. The ground resolution, d,, is

AR A
dy=—=—

=— (5)
2d,, 2d,sind

where h is the satellite orbit altitude.
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The distance, d, that the real aperture moves during an interpulse
period is equal to the satellite orbital velocity divided by the radar
pulse repetition frequency (PRF). Since the orbital velocity is quite
large, d can become appreciable and can be many times larger than «a,,
the real antenna aperture dimension in the direction of the satellite
velocity vector. This results in a discontinuous aperture that intro-

L] L
ol
e

Fig. 3a—Antenna illumination function.

—>1 2:‘" (-4db BEAMWIDTH )
- \\
v I T~
/ \
/| \
/ \
- - —
2 e
A
- gy e

fa—— A .
a,
Fig. 3b—Intensity pattern.

duces angular ambiguities. This is illustrated as follows. Let the
illumination function be as shown in Figure 3(a), where a, is the real
aperture dimension along the flight path and d is the distance the real
aperture moves during an interpulse period.* The intensity pattern
resulting from this illumination pattern is shown in Figure 3(b). The
factor of one half (in A/2d) results from the two-way phase shifts of
the synthetic antenna pattern. Therefore, to eliminate the angle am-
biguities, d — a, must be decreased (by increasing the PRF or increas-
ing a;) to the point where the first major side lobe of the synthetic

* It is assumed that the real aperture transmits and receives in the
same position and then jumps to a position a distance d away where
d = v/PRF.
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aperture falls outside the main lobe of the real aperture. In the ab-
sence of a true antenna pattern, it is assumed that the major lobes of
interest of the real aperture extend an angular dimension of approxi-
mately two beam widths. Therefore

A 27
2d a
and
v
a;=4d =4 . (6)
PRF

Therefore, the PRF necessary to eliminate angular ambiguities is
given by

4v
PRF=—, D

o

The unambiguous ground range, r,, resulting from the elimination of
angular ambiguities is given by

a,c
Ty =—, - (8)
8vcos

where ¢ is the velocity of light. Equation (8) is illustrated in Figure 4.
It can be seen that the unambiguous ground range is relatively small
when the real aperture is on the order of 10 feet. The ground range,
7y, that may be observed from the satellite is also a function of the
real antenna pattern in the vertical dimension and the possibility of
“second-time-around” echoes. Consideration of these factors may tend
to reduce r, from the value given in Equation (8).

The restriction (Equation (8)) imposed upon r, may be eliminated
if successive transmissions occur at different frequencies. For ex-
ample, if two frequencies are employed (i.e., consecutive transmitted
pulses employ different carrier frequencies), the available ground cov-
erage becomes 2r,. The frequencies employed must be separated by at
least several times the system i-f bandwidth. The burden for decoding
must be borne by the receiving system (for example, multiple stable
reference signals) and data processor. It should be mentioned here,
and will be discussed again later, that the available ground coverage
determines the size of the real aperture (dimension perpendicular to




686 RCA REVIEW December 1967

the flight path)-—larger available ground coverage means smaller
apertures, which in turn means higher transmitter power.

The targets to be observed are illuminated for the length of time
that it takes to synthesize or traverse a distance d,,. This means that
the real aperture should have a beam width that is broad enough to

NOTE

o
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Fig. 4—Relationship of real apertui'e to maximum ground mapping inter-
val (r,)

constantly illuminate the target during the synthesis of d,,. Thus, the
real antenna resolution capability (on the ground) should be equal to
or greater than d,,. Therefore

R
— = daa 0 (9)
ay
Since, from Equation (5),
AR
das = =,
2d,

there results

a, =2d, . (10)
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Equation (10) states that the resolution capability is at best one half
of the real aperture dimension along the flight path.

Figure 3§ illustrates the synthetic aperture requirements in terms
of desired ground resolution and wavelength. The radar transmitter

1000 — qe
- . J
Ry
cz) B 4’/ oo . -
e 4 O, —_— e — — — - -
3 - , " -
3 o
o d
2 X l 3
a — ‘/. - b
- o P
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5 .
3 o &3
N 00— { —o1 &
-« — e “w
CO = | 37 ¢
- - :
2 = I -
2
2 sof- — 2
o - | 4 &
- H
g2 | J =
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o
00— —— — — = — — I -
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< EL. ANGLE 1 45°
- RESOLUTION (-4 4dd)
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Fig. 5—Synthetic aperture in terms of desired resolution and wavelength.

power requirements may be determined as follows. The received sig-
nal power, P, is given by

PG, o A,
P=— (11)
47R* 47R* L
S’nee n pulses are to be integrated coherently,

PG, o A, S
-——n={ — )KTB, (11a)
47R* 4aR* L N

and the average transmitter power is given by
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S
(47)2R* <—> KTL
N

Py = - : (12)
GlArUTint

In the above equations,

P, = peak received signal power (watts)
P, = peak transmitted power (watts)
P,,.— average transmitted power (watts)

o = target echo area (square feet)
R = slant range (feet)
A, = effective receiver aperture (square feet)
L = system loss factor
(S/N) = integrated signal to noise ratio
K = Coltzmann’s constant
T = effective receiver temperature (°K)
G, = transmitting antenna gain

T, — integration time or the time for the satellite to achieve a
synthetic aperture equal to d,, that will yield the desired
ground resolution (T,,, = n/PRF)

n = number of pulses integrated
B = bandwidth.

Equating Equation (5) and d,, = vTy,,

hA
Typy=—"". (13)
2vd, sin @
The radar transmitting antenna gain is given by
47Ta1a3
Gt = ) ’ (14)
A2

where & is the efficiency of the aperture. As stated previously a, is
limited by the need to eliminate angular ambiguities and is given by
Equations (8) and (10). The receiver aperture, A,, is

A, = a,a.8 . (15)
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Substitution of Equations (13), (14) and (15) and the following two
equations,

h
R = (16)
sin @
hA
a, = (17
r,sin%f

into Equation (12) results in the following form of the radar range
equation in terms of the important system parameters:

S
8xhr,? sin fvd, (— > KTL
N
P,.= - —_— —. (18)
(112/\820

Equation (18) is subject to the conditions that

v
2d, =a, = 8r,—cos 4.
c

It is important to note that the power requirements vary linearly
with satellite altitude provided the system resolution capability does
not vary with satellite altitude.. As discussed later, the side-looking
radar resolution capability is dependent only upon the realizable value
of d,,. The limit upon d,, is determined from a consideration of system
errors including tropospheric and ionospheric perturbations, attitude
stabilization, ete.

In order to obtain an estimate of the average transmitter power
requirements, typical parameters are assumed; the average power
versus target echo area is shown in Figure 6. The average power is
given versus the signal-to-noise ratio, typical values of which are dis-
cussed in following paragraphs.

Equation (17), and hence Equation (18) (and the data* shown in
Figure 6), imply that the transmit and receive beam widths are de-
termined by the ground mapping interval r,, as determined from PRF

* QOccasionally, in the following pages, specific values are given for a
number of the variables, These values are chosen to be typical or repre-
sentative of possible values and are given only so that estimates may be
made for values of the dependent variables.
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requirements. This need only be true for the transmit beam width,
since multiple receive beams may be employed resulting in larger re-
ceiver apertures and reduced transmitter power requirements. There-
fore, if different frequencies are employed on consecutive transmis-
sions and the transmitter gain reduced accordingly, power require-
ments are proportional to {r,, where { is the fractional increase in the
basic ground mapping interval, r,, which is established by PRF or
sampling requirements. If multiple beam widths (on receive) are not

100 8mary' siNBve, kTL
2 2
o, A8 o

o < 2d,

0, 2 er'%co'se

Mo [P
rg SINTG
= 200 N M1
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21000° K
L:10db
§:07
dg= 20 FT
rgr 14 M
0,212 FT

4
o (FT )'o:

PR 4

B L0t TR
109 10! 102 103 6= 45 0EG

ATy
Pove tw )
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Fig. 6—Average transmitted power versus target cross section.

employed, power requirements are proportional to ({r,)2, as shown in
Figure 7. The average power requirements when multiple receive
beams are employed can be further reduced if multiple receive beams
are used to cover the basic r, interval.

The transmitter peak power, P,, requirements are given by

P, a, c 5000 a,
P!=—= — T Pare = ~Pm'n ' (19)
T(PRF) 4v 2d, cos 6 d, cos @

where 7 is the effective pulse width and d, is the range resolution (per-
pendicular to the satellite ground track).

When typical parameters such as a, = 12 feet, d, = 20 feet, and
6 = 45° are substituted in Equation (19), P, = 4200 P,,.. Obviously
pulse compression, possibly of the “CHIRP” type, is desirable. When
the pulse compression ratio is 100, P, = 42 P,,., which is much more
realistic. When pulse compression techniques are used, r,, the map-
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pable ground range (or unambiguous ground range), is reduced by
twice the compression ratio multiplied by the compressed pulse width,
for the case illustrated, this amounts to a reduction in r, of approxi-
mately 2000 feet, which may be considered negligible.

10% — SINGLE RECEIVE
[~ BEAM
5x10° |-
»
e
< 102 |-
x = MULTIPLE
~ [~ RECEIVE BEAMS
L z —
a3l sxi0' }-
a [»n
B X=04FT
= o =10 FT?
10! S I N O O |
o 1 2 3 4 s

{ (FRACTIONAL INCREASE IN rg)

Fig. 7—Average power requirements in terms of mappable interval.

Signal-to-noise ratio has significance only when the clutter level is
low. Such is not necessarily the case in a side-looking radar that ob-
serves the surface of the earth. Here, undesired terrain echoes may
be significantly larger than the echoes from targets of interest. The
general terrain return parameter y for many types of terrain, inci-
dence angle, and frequency, has been measured. y is related to the
radar cross section by*

o=vA,, (20)
where
¢ = radar cross section
y = radar cross section per unit area of terrain

A; = incidence area, i.e., the area perpendicular to the line of sight
through which passes all the energy contributing to the re-
turn at a given range and time.

* Some authors prefer to characterize the terrain by the parameter o,
equal to o divided by the area of the terrain illuminated. The relation be-
tween o, and v is given by o, =¥ sin 6.
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For the usual case of pulsed radars,

[ d
A;=—R¢,tan§ . (21)
2

The terrain influence is thus isolated in the single factor y. Some
typical values® of y are shown in Figures 8, 9, and 10. Values of y vary

TAKEN FROM "TERRAIN SCATTERING
PROPERTIES FOR SENSOR SYSTEM DESIGN "'
(REF. 6) AND BASED UPON THE MEASUREMENTS 2
O~ OF WILTSE, SCHLESINGER, AND JOHNSON (REF. 7 )
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Fig. 8—Sea return at X-band.

from an upper limit of about 0.5 for very rough surfaces to less than
0.00005 for very smooth surfaces. The magnitude of y generally in-
creases with a corresponding increase in incidence angle, but as the
surface becomes rough (in terms of wavelength), y becomes inde-
pendent of incidence angle. For a smooth surface such as a concrete
road, the increase in y from 6 = 10° to # = 80° may be as large as
25 db, while for a vegetation-covered surface there may be no notice-
able change in y. When the terrain has a heavy vegetation cover, little
difference is noted in the value of y for vertical and horizontal polari-
zation. For smooth terrain there is a definite dependence of y upon
polarization, especially at grazing angles. The magnitude of y from
smooth terrain using horizontal polarization may be as much as 15 db

¢ R. L. Cosgriff, W. H. Peake, and R. C. Taylor, “Terrain Scattering
Properties for Sensor System Design (Terrain Handbook II),” Engineering
Experiment Station Bulletin 181, The Ohio State University, May 1960.

7J. C. Wiltse, S. P. Schlesinger, and C. M. Johnson, “Back-Scattering
Characteristics of the Sea in the Region from 10 to 50 KMe,” Proc. IRE,
Vol. 45, Page 220, 1957.
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0, TAKEN FROM R.L.COSGRIFF, W.H.PEAKE, AND
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Fig. 9—Seasonal changes at grass at X-band.

lower than the return from the same surface using vertical polariza-
tion. Water on a relatively smooth surface such as a road tends to
lower the return as much as 3 db.*

Signal-to-noise ratio has significance when considering the effect
of receiver noise upon false-alarm rate and probability of detection.
Signal-to-noise ratio is used to establish the power requirements in
terms of acceptable receiver noise. The tolerable false alarm rate and
probability of detection are functions of the number of resolution ele-
ments or decision elements subtended by the targets of interest. Since
the side-looking radar observes the surface of the earth, the effect of
spurious returns from targets that are of little or no interest must

o TAKEN FROM R.L. COSGRIFF, W.H. PEAKE, AND
R.C. TAYLOR, "TERRAIN SCATTERING PR)OPERTIES
FOR SENSOR SYSTEM DESIGN" (REF. 6
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Fig. 10—Contrast of y for various smooth surfaces at X-band.

* The above discussion of terrain echo area is based on Reference (6).
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be determined——that is, the clutter level must be considered. The
clutter background is a function of the class of targets of interest.
For example, if it is desired to map the surface of the earth with all
of its man-made as well as natural features, the set of targets is in-
finite and the set of clutter is null. If it is desired to recognize ships
at sea, then the set of targets is small (i.e., the ships) and the set of the
clutter is also small (i.e., the sea returns). In the former case, signal-
to-noise ratio is important; in the latter, both signal-to-noise and sig-
nal-to-clutter (or contrast) ratios are important. The signal-to-noise
ratio determines the minimum discernable signal and the signal-to-
clutter ratio determines the minimum discernable difference that can
be detected between target and background. In the latter example, the
echo area statistics of sea return must be different from that of ships
in order to detect ships no matter how high the signal-to-noise ratio.

From Figures 9 and 10 it can be seen that, typically, contrast ratios
of from 5 to 10 db between smooth concrete roads and grass are to be
expected (at X-band). Therefore, it may be concluded that smooth
concrete roads that subtend many resolution elements, e.g., when pass-
ing through fields, will be easily discernable. On the other hand, a
concrete slab that does not subtend many resolution elements may not
be readily discernable. Thus, shape as well as echo area character-
istics, are important.

A reasonable value of signal-to-noise ratio may be determined as
follows. The number of resolution elements per range sweep (r,/d,)
is on the order of 5000. If it is assumed that the false-alarm rate
should be small per range sweep, then p,, the probability of a false
alarm, should be on the order of 10—* to 10—5. It is usually desired to
detect a given class of targets with a high degree of confidence. There-
fore, it seems reasonable to assume that for targets having specified
echo area characteristics, the probability of detection, p,;, should be on
the order of 0.8 to 0.9, or perhaps greater. Therefore, S/N will assume
values " on the order of 10-12 db.

DATA PROCESSING*

A simplified block diagram of the overall system is shown in Figure
11, where the coherent radar operation is as described in the previous
paragraphs. The data collected by the radar may be processed in the

7@ W, Hall, “Prediction of Pulse Radar Performance,” Proc. IRE, Vol.
44; Feb. 1956.

*If an optical system is used, a doppler signal offset from zero fre-
quency is requlred This produces image lobes in the synthetlc antenna
pattern, necessitating a somewhat higher PRF than given in Equation (6).
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satellite and the final, or processed, information transmitted back to
ground terminals, or the raw unprocessed data may be transmitted to
ground terminals where the processing is then accomplished. Figure
11 illustrates the latter approach. Thus data from the radar is to be
recorded and stored in the satellite and transmitted to the ground
read-out terminals during the time that the satellite is observable by
the ground terminals. The recorder must have sufficient bandwidth
to record the raw radar data, but, as discussed later, the communica-

( COMMAND COMMUNICATION
FUNCTIONS SYSTEM
SATELLITES l
COMERENT | COMMUNICATION
RADAR e[S CORRER SYSTEM
A
DATA
LINK
[ A ..]/
DATA COMMUNICATION
PROCESSOR RECORDER SYSTEM
GROUND
TERMINAL
COMMAND COMMUNICATION
DISELAY FUNCTIONS | ™ SYSTEM

Fig. 11—System block diagram.

tion system data bandwidth need not be the same as the radar band-
width. A communication link from ground to satellite is required so
that the radar may be pointed in the proper direction at the proper
time.

The processing of the data of a side-looking radar is usually ac-
complished with optical recording and processing systems.”®*'® In a
pulse-doppler radar it is desired to obtain the frequency spectrum of
the return from a large number of range elements independently. A
simplified diagram of an optical processing system that accomplishes
multi-channel processing simultaneously is shown in Figure 12.% Co-

8 L. J. Cutrona, E. N. Leith, C. J. Palermo, and L. J. Porcello, “Optical
Data Processing and Filtering Systems,” IRE Trans. Information Theory,
June 1960. G

% L. J. Cutrona, “Optical Computing Techniques,” IEEE Spectrum,
Oct. 1964.

10, J. Cutrona, E. N. Leith, L. J. Porcello, and W. E. Vivian, “On the
Application of Coherent Optical Processing Techniques to Synthetic-
Aperture Radar,” Proc. IEEE, Vol. 54, No. 8, Aug. 1966.

* The following discussion of the optical data processing is based upon
Reference (5). :
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herent video is recorded transversely on a slowly moving film. Succes-
sive radar range sweeps lie side by side. Amplitude or density modula-
tion is assumed. Returns from a single range element fall on a vertical
line indicated by the row of dots. This assumption is valid if the range
resolution element of the radar is several times larger than the varia-
tion in range to a given target as the synthetic aperture is traversed
(see Figure 2 as an example, when d,, = 2 milest and h = 200 miles,
the maximum variation of range to a given target is 15 feet). The

6 FILM
CORD\N MOTION
RE F\LM
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COHERENT /0' o + | ORDER
—_— /|7J’/ ® 0 ORDER
MONOCHROMATIC 1L~
* — I ORDER
— |
LIGHT 1 |
— /r"//l
oNE¢
ﬂ“ég? J
oW L [ Z PLANE

Y PLANE

Fig. 12—Simplified pulse-doppler processing system.

film is illuminated by coherent, monochromatic light, and is located in
the focal plane of the spherical lens L,. The Fourier transform of the
function recorded on the film then appears in the other focal plane of
L,. The cylindrical lens L, is required to focus the Y-plane upon the
Z-plane in the horizontal direction so that the different range elements
will be processed independently. The zero-order pattern,i due to the
biasing (because negative amplitudes cannot be recorded) of the opti-
cal recording, is independent of doppler frequency, whereas the princi-
pal maxima of the first-order patterns move outward from the center
as doppler frequency increases. Thus, the pertinent mapping informa-
tion is in the +1 order terms, and the 0 and —1 order terms may be
disregarded.

For targets in the near field, or Fresnel zone, of the synthetic aper-

. T Throughout this paper, distances given in miles represent nautical
miles.

I The zero- and first-order patterns correspond to the principal maxima
of thé Fourier transform of a biased sinusoid pulse. :
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ture, doppler frequency of the signal varies linearly with time (Figure
2). The Fresnel-integral transform of the linear FM signal also re-
sults in zero-order and positive and negative first-order terms. The
useful information is contained in the positive first-order term; its
focal length is a measure of the rate of change of doppler frequency,
and its position on the Z-axis is a measure of the initial value of the
doppler frequency.

FILM (RADAR DATA) FILM (GROUND MAP)

I
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JE— Y .

S

-

— || ) I
U

—f——-

0 _
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I I
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Fig. 13—Radar data to ground map transformation.

The optical data processor therefore collapses (coherently) all of
the information obtained from n range sweeps to a single sweep on
the final “map.” Each range resolution element is treated independ-
ently, as illustrated in Figure 13. For a detailed discussion of optical
processing see References (5), (8), (9) and (10).

DATA COMMUNICATIONS

The data collected by the side-looking radar may be processed in
the satellite or at a ground terminal. In either case the data must be
transferred from satellite to earth. It is desirable to accomplish this
without physically recovering the satellite. The bandwidth required
for a communication link to transfer the radar data from satellite to
ground is a function of many things; for example, location of data
processor (space or ground), radar beam width, read-out time, etc.

Consider first the communication system bandwidth when data pro-
cessing is accomplished in the satellite, i.e., when processed data is to
be communicated. The data consists of a map or format having dimen-
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sions D, along the ground track and D, across the ground track. This
information must be stored in the satellite until the satellite is in
view of a ground read out terminal. When the resolution capability of
the system is d, along the ground track and d, across the ground track,
the total number of resolution elements, N, for which data is to be
transmitted is given by

(22)

The time, £, available to transmit the picture format is equal to the
time per resolution element multiplied by the number of resolution ele-
ments per format. The data bandwidth is approximately equal to the
reciprocal of the time per resolution element of the format. The format
data may be used to modulate an r-f carrier. The bandwidth (By,)
required i)y the video signal or data is

1 D,D,
Bde = 0
t dd,

(23)

D, is equal to the cross track ground range mapped by the radar and
is equal to ¢{r,. When ¢ =1, D, is equal to r, and is given by Equation
(8). Substitution of Equation (8) into Equation (23) yields

1 Dy, ¢
By, =— ) (24)
8t d,d, vcos¥

where

dy=a,/2.

When D, = 100 miles, a, = 10 feet, d, = 20 feet, d, = 20 feet and 4 = 45°,
By, =103/t MHz, where t is in seconds.

When the data processing is performed on the ground, the radar
data must be stored in the satellite until it can be read out to a ground
terminal. To obtain a single meaningful line. on the ground map, the
side-looking radar must traverse a distance d,, (Figure 13). There-
after, there is a one-to-one correspondence between radar range sweeps
and ground map traces. Therefore to obtain a ground map D, long,
the satellite must move a distance equal to approximately D, + d,,,.
The communication system data bandwidth B4, when processing is
performed on the ground is given by
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time to obtain data
Bdﬂ =

X radar bandwidth , (25)
time to transmit data

and

time to obtain data* = (D, + d,,) /v
time to transmit data = ¢, (25A)
radar bandwidth =1/~ .

The radar pulse width = is given by

2d, cos 8

T=— (26)
c

Substitution of Equations (25A) and (26) into Equation (25) yields

(D, + dgs)c
Bda = S

- (27)
2vtd, cos §

Substitution of Equation (5) for d,, into Equation (27) yields

hA
D,+— e
2d, sin 6

2vtd, cos §

Bdﬂ =

(28)
When D, > d,, Equation (28) reduces to

D

Byy=——, (284)
2vtd, cos §

and
D,
By, 2vtd, cos 6

Bd, 1 D,a, Cc

8t d,d, vcosf

* It is assumed that the total time between radar pulses is used to
obtain data.
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This reduces to

d,
By=4— B, . (29)
a,

When the numbers of the previous example are used, B,,= 8 B,,
= 825/t MHz, where ¢ is in seconds.
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Fig. 14—Time available for data transmission.

The time, ¢, available for data transmission from satellite to ground
is shown in Figure 14 as a function of satellite altitude and angular
distance, ¢, of closest approach of ground track to the read-out location.
ay is the maximum angle (as seen from the center of the earth) of
visibility of the satellite from the ground read-out station. It can be
seen that, typically, several hundred seconds are available for data
transmission without any appreciable loss in coverage available to
the read-out terminals.

The effect of transmission time and bandwidth upon the amount of
data per satellite passage that can be read out through the ground
read-out terminal coverage can best be illustrated by an example. Let
the data bandwidth be 25 MHz (limited by recorder read-out) and let
the time available for communication be 100 sec. Then, from Equa-
tion (28A),
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D,
— =09 x 105.
d,

When d, = 20 feet, D, is approximately 300 miles. The above applies
to the case where { is unity and the mappable swath width is approxi-
mately 14 miles.

Power requirements for the communication link from satellite to
ground may be estimated as follows:

(C/NYAKT'BL
pp=— (30)
GG,
where

P, = transmitter power
C/N = carrier-to-noise ratio = 20 db

A = path loss = (4=R/A)* =170db (when h = 200 miles and A
= 1/5 foot)

K = 1.38 X 10-23 joules/deg Kelvin = — 228.6 db
T’ = effective receiver temperature = 20 db

B = receiver noise bandwidth

L = system losses = 10 db

G, = satellite transmitter antenna gain

G, = ground terminal (20-foot dish) receiving antenna gain
= 48 db.

Using the above typical parameters,
P,(db) = B(db) — G,(db) — 56.6
When the receiver noise bandwidth is about 50 MHz,

P,(db) = 20.4 — G,(db) .

Since the satellite will be stabilized and directional references will
undoubtedly be available, directional antennas may be used to reduce
the transmitter power requirements. If a 20-db antenna (approxi-
mately one foot in diameter having a beam width of about 14 degrees)
is employed in the satellite, transmitted power is on the order of a few
watts.

COVERAGE

In discussion of coverage capability of the side-looking radar satel-
Jite, two terms must be defined—the mappable ground coverage and



702 RCA REVIEW December 1967

the field of view. The mappable ground coverage is defined as the area
that is actually mapped (the swath) by the side-looking radar and that
has a dimension perpendicular to the flight path of {r, where 7, is
determined by the antenna aperture and PRF and is given by Equation
(8) and Figure 4. The field of view is defined as that area of the earth
observable from the satellite and limited theoretically by line of sight
considerations. There are, however, some practical considerations that
limit the field of view—(1) the increase in range resolution element
size as the depression, or elevation angle, 6, is increased and (2) the
increase in the angle-resolution dimension and required slant-range
capability as the elevation or depression angle decreases. The ground
resolution along and perpendicular to the ground track, are, respec-
tively,

AR
dy=——, (5)
2d,, sin 8
and
cr
d, = . 31
2cos f

When 6 = 60°, the resolution perpendicular to the ground track has
degraded to 1, its theoretical maximum; when 8 = 30°, the resolution
along the ground track has degraded to 1% its theoretical maximum.
Thus, if one-half theoretical maximum is used as a limiting value, the
field of view from the satellite is limited to depression or elevation
angles between approximately 30 and 60 degrees. Since it is possible
to observe from either or both sides of the satellite, the field of view
has a gap in it directly below the satellite. The mappable ground cov-
erage can occur anywhere in the field of view, as illustrated in Figures
15 and 16 for satellites at 200 and 500 miles altitude, respectively.
Slant range, ground range, and field of view capability as a function
of altitude are shown in Figures 17 and 18.

From Figures 15 and 16, it can be implied that the mappable cov-
erage (or mapped swath) can occur at any position, as desired, within
the confines of the field of view. In order to fully utilize the data-
gathering capability of the side-looking radar system, it must be de-
signed with this fact in mind, i.e., the radar should be so designed that
it can be pointed upon command from the ground in a given direction
to observe a given target of interest. With this in mind, the capa-
bility of observing targets of interest as a function of time can be
seen from Figures 15 and 16. It can be seen that a single 200-mile-
altitude polar satellite has the capability of observing all targets of
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interest at latitude greater than 50 degrees (except for a small gap)
every 24 hours. This latitude coverage (> 50°) can be reduced by
using 2 or more satellites in polar orbit. The number of satellites must
be dictated by the time allowed or desirable hetween successive observa-

>
—_—
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Fig. 15—Ground coverage of 200-mile altitude satellite (polar orbit)
30° < 9 < 60° period = 92 min.

tions of the same target and the target handling capability of each
satellite. The value of going to higher altitudes can be seen by re-
ferring to Figure 16. From an altitude of 500 miles the total earth
can be observed (field of view) from a single polar satellite once every
24 hours except for some small gaps at latitudes 30 degrees and 0
degrees.
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JAMMING

The vulnerability of a satellite-borne side-looking radar system
should be assessed in terms of electronic countermeasures (jamming),
target camouflage, concealment or simulation, and space radiation
effects. The following paragraphs discuss only electronic counter-

READOUT TERMINAL COVERAGE
( 5° HORIZON ANGLE )

Fig. 16—Ground coverage of 500-mile altitude satellite (polar orbit)
30° < 9 <60°.

measures, except for the following few statements pertaining to target
camouflage.

Target camoufiage, coricealment or simulation, is mainly a function
of the targets that the system is designed to observe; for example
small targets such as tanks will be relatively easy to camouflage or
simulate (automobiles and tanks may appear similar to a radar that
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Fig. 17—Slant range and ground range as a function of satellite altitude.
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cannot resolve details of either) whereas large installations may be
relatively difficult to camouflage or simulate. Chaff spread over a field
may seriously confuse and degrade the radar performance.

The degree of vulnerability of the side-looking radar system to
electronic countermeasures may be roughly assessed in terms of the
ratio of peak received signal power to rms received jammer power
(S/J). The received signal to jammer power ratio (integrated) is

given by
S P, Adk R
- | pe— (32)
J Bint R2
Pyl — |A,47R?
J
where
P,.. = average transmitter power (radar) == 1000 watts,

P,..; = average transmitter power (jammer),
A = satellite real aperture = 40 ft2,
¢ = target echo area = 100 ft2,

k = ratio of maximum satellite receiver gain to gain in direction
of jammer =1,

B,,; = integration bandwidth and is approximately equal to the
reciprocal of the time to traverse the synthetic aperture
(see Figure 5) = 10 Hg,

B, = bandwidth over which jammer spreads its power* = 100
X 106 Heg,

A; = effectlive aperture of jammer (ft2),
R = radar slant range = 300 miles,
R, = jammer slant range.

When the above typical parameters are substituted into Equation (32),

S ko /R,\?
—=— (). (324)
J  PugA, \R

Equation (32A) implies that relatively modest requirements are
imposed upon the jammer even when jamming the side-looking radar
through side lobes that may be 40 db (k = 10*) below the main beam
gain, and R, is on the order of R. Anti-jamming techniques should be

* B, assumed equal to or greater than 2/7,
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incorporated where possible, but such techniques as pulse-to-pulse fre-
quency hopping may not be very effective, since relatively wide band-
widths are already required by the system. It should be mentioned that
frequency agility may not have great utility, for the specific geometry
of the side-looking radar system, against a properly located repeater
type jammer. Jamming of the side-looking radar seems technically
feasible; however, operational factors may impose some problems upon
the potential jammer. For example, if the side-looking radar system
is used to spot-check a target area having small dimensions, say on
the order of 20 by 20 miles, then the time required for mapping the
target area is on the order of 5 seconds. Thus if the potential jammer
is not “looking” in the right direction at the right time, the side-
looking radar will have served its purpose prior to being jammed.

DiscussioN

The type of mission for which the side-looking radar may be used
will be radically affected by the achievable resolution capability. The
resolution capability in the direction of the satellite ground track is
determined by the synthetic aperture radiation pattern. To success-
fully accomplish the formation of a synthetic aperture radiation pat-
tern, a high degree of phase coherence must be maintained in the sig-
nals transmitted to and reflected from a target as the real aperture
traverses the synthetic aperture. The phase coherence may be per-
turbed by unpredictable variations in the propagation media, unknown
or uncompensated motions of the real aperture, fluctuations or varia-
tions in the receiver signals, etc. The loss of phase coherence mani-
fests itself as beam broadening, loss in peak gain, beam canting, and
an increase in side-lobe levels.

The phase coherence is disturbed by variations in the propagation
delay to and from the targets caused by variations in the electron
density or index of refraction in the ionosphere and by temporal and
spatial variations in the density, temperature, and relative proportions
of the constitutent gases and other particles in the troposphere. The
propagation effects on phase coherence are both time and space de-
pendent. Rondinelli and Zeoli'' have considered the tropospheric effects
on a relatively low altitude side-looking radar. Their calculations indi-
cate that system performance will not be materially degraded when
apertures of up to several thousand feet are synthesized at X-band fre-

1 L. A. Rondinelli and G. W. Zeoli, “Evaluation of the Effect of Random
Tropospheric Propagation Phase Errors on Synthetic Array Performance,”
Eighth Annual Radar Symposium Record, June 1962, University of Mich-
igan.
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quencies. Since tropospheric effects are generally confined to altitudes
below about 15,000 feet, their results may be extrapolated to vehicles
at higher altitudes.

Little data is available as to the fluctuation of the index of refrac-
tion in the ionosphere over paths separated by feet or tens of feet.
Thus, the phase fluctuations across the aperture caused by spatial
fluctuations in the index are not accurately known. However, estimates
have been made that range from achievable resolution on the order of
feet (if one is an optimist) to on the order of many tens of feet (if
one is a pessimist). The implication of the above is that only rela-
tively gross (on the order of possibly 50 feet or more) target charac-
teristics may be distinguishable. Thus, vehicles on a road may be de-
tected and perhaps identified as vehicles by their presence on a road
(not by distinguishing an image of a vehicle). It will probably not
be possible to directly determine type of vehicle (i.e., automobile, tank,
truck, etc.). On the other hand it will probably be possible to dis-
tinguish between roads, buildings, ships, etc.

The satellite-borne side-looking radar is basically limited to map-
pin\gr narrow strips of the earth’s surface (see Figure 4). Because of
PRF, data-processing, and power considerations, the mappable swath
width will probably be limited to several tens of miles. The field of
view from a 200-mile-altitude satellite is, however, several hundred
miles (30° < § < 60°). Thus, to fully realize the maximum capability
of the satellite, the radar system should be designed so that the mapped
swath can occur, as commanded from the ground terminals, at any de-
sired position within the field of view. The requirements for this may
be fully appreciated by viewing Figure 15. In order to provide this
capability, phased array or frequency scan antennas seem desirable
(rather than physically rotating an antenna or the satellite) for posi-
tioning the mapped swath in the desired position.

Because of the inherently narrow mappable swath width, the radar
reconnaissance system is at a severe disadvantage if it is required to
map a large portion of the surface of the earth. To efficiently utilize
the radar reconnaissance system it would seem desirable to combine
it with an optical surveillance system, where the radar plays a sub-
ordinate role. That is, the radar is used when conditions are such
(cloud cover and darkness) that reconnaissance in the visible, or near
visible, portion of the spectrum is not possible. The radar is thus re-
quired to obtain information on those targets that can change during
the time the optical sensors may be inoperative. Since the radar can
only map a narrow strip, it must be told where the targets of interest
are and where to point. The number of satellites required will depend
upon the type of targets to be observed and the rates of change in the
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characteristics of these targets. It is clear though, that as long as the
radar system is limited to mapping narrow strips on the surface of
the earth, accurate orbit predictions are required and accurate atti-
tude stabilization systems are necessary (on the order of several
tenths of a degree).

Side-looking radar systems may be jammed. The difficulty of jam-
ming seems to be an operational one—the jammer must look at the
correct place at the correct time at the correct frequency. Since the
reconnaissance mission over a certain area may last for a few seconds,
the operational problems of the jammer may be very difficult. An
item of concern is the use of passive deception techniques, such as
spreading chaff on the ground, using corner reflectors, etc., to confuse
the radar picture. The judicious use of chaff and/or corner reflectors
might seriously degrade the utility of the radar reconnaissance system.




THE SIMULATION OF TIME-DISPERSED
FADING CHANNELS
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L. W. MARTINSON AND J. E. COURTNEY

RCA Missile and Surface Radar Division
Moorestown, N.J.

Summary—The simulation of highly dispersive, Rayleigh fading com-
munication channels can be achieved by combining digital, analog, and opti-
cal techniques. The basic implementation employs a digital shift-register
delay line whose output taps are modulated by individual independent fad-
ing noige sources. Independent noise modulation of each tap is accomplished
electro-optically using a mnoise film projected on a photoresistor matrix.
Tests were conducted on an initial channel simulator with 196 time-dis-
persive elements with pseudorandom code, single sideband, and frequency-
diversity modulation. Results from the simulation program followed both
theoretical and experimental predictions.

Recent advances in integrated circuitry make improvements in both
capacity and bandwidth of the channel simulator practical. Amplitude
encoding of the input-signal samples avoids the clipping losses associated
with the single-level shift register of the initial simulator implementation.
Parallel multi-level shift-register delay lines are now a practical approach
with high-speed digital integrated circuits. Achievable time-dispersion
lengths encompass virtually all known communication channel character-
istics. Noise modulation of each channel tap can be done optically or with
independently derived digital noise sequences. A number of techniques
already exist for generating sequences with given probability distributions.

INTRODUCTION

time-dispersed, fading channels is difficult from both an ex-
perimental and analytical viewpoint. If the channel parameters
can be encompassed and selectively controlled in a channel simulator,
the relative performance of particular communication techniques can
be accurately determined. Selective control of the channel simulator
parameters is important in gathering accurate data for a variety of
conditions, and the channel implementations described emphasize this
capability.

I"ﬂ VALUATION of anti-multipath communication techniques in

MATHEMATICAL MODEL OF A TIME-DISPERSED CHANNEL
Before discussing time-dispersed channel simulation techniques,

710
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we will briefly consider the general mathematical model of these chan-
nels. More complete analyses can be found in the literature.

A time-variable linear filter is descriptive of the channel charac-
teristic when additive noise effects are ignored. The filter is sufficiently
general to include the multipath dispersion and fading that occurs.
This model provides an expression for the received signal z(¢) from
any transmitted signal 2(¢) by means of the convolution integral

®

z(t):/A()t,t)x(t—,\)d,\. (1)

o

The function A(A,t) represents the response of the channel filter at
time ¢ to an impulse transmitted at time (f — A). The variable A is a
memory parameter. Assuming the channel filter to be physically real-
izable implies that A (A,t) equals zero for A < 0; hence the limits of
integration are from 0 to oo.

The meaning of the impulse response function A(A,t) can be clari-
fied by considering some special cases. For example, if the channel
filter is time invariant, then A(A,f) = A(X). This would occur if the
medium were motionless and perfectly homogeneous and if the trans-
mitter and receiver were stationary. The time-spreading effect of the
multipath propagation is expressed by A(A); the function A()) is a
delta function for a single propagation path. It is sometimes useful
to express A(A) as

A =2 A (A=A . (2)
k

Equation (2) expresses the possible occurrence of a discrete set of
multipath components with characteristic delay A,. Each response
function A, might refer to a particular ray path. In the case of flat
houndaries and infinite bandwith in the channel,

!'T. Kailath, Communication Via Randomly Varying Channels, D. Sc.
Thesis, Massachusetts Institute of Technology, June 1961.

* G. L. Turin, Conununication Through Noisy Random Multipath Chan-
nels, Technical Report No. 116, Lincoln Laboratory, Massachusetts Institute
of Technology, 14 May 1956.

3J. Salz, Communication Through Time Variable Random Channels,
Ph. D. Thesis, University of Florida, June 1961.
* 8. Stein, “Theory of a Tapped Delay Line Fading Simulator,” First

IEEFE Asnnual Communications Convention Record, Boulder, Colorado, June
7-9, 1965.
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A =2 a8 =) . (3)
k

That is, A(A) is a linear combination of Dirac delta functions with
characteristic path delays A,. The coefficients a, express the differing
transmission losses of the various paths. In the case of irregular but
time-invariant propagation boundaries, we do not have simple specular
reflections, since the boundaries act like extended sources. As long as
the transmitter and receiver are motionless, however, the response
functions will be time-invariant. For each transmitter—receiver loca-
tion, we will generally obtain a different set of response functions, 4,.
For an ensemble of locations, the A, must be regarded as an ensemble
of nonstationary random functions.

When considering moving transmitters and receivers, moving pro-
pagation boundaries, and a time-variable nonhomogeneous medium, it
is clearly inadequate to consider the response A4 (\) to be time-invari-
ant. Furthermore, A(\,t) must be statistically defined in accordance
with the statistical nature of the turbulent medium and the propaga-
tion boundaries. The following model for A ()\,t) can be employed:

AN = 2 b (D A (A — At) (4)
k

The A; are an ensemble of time-variable nonstationary random fune-
tions representing the multipath smearing effects, and the b, (t) are a
set of independent complex random functions,

b (1) = R (t) exp {jO,.()}, (5)

representing envelope and phase fluctuations of the sinusoid for the
k™ transmission mode. The envelope fluctuations R,(t) are often re-
ferred to as fading. However, the term fading will be used here to
refer to variations in both R, and 6,. For the case where A ()\,t) is an
aperiodic band-limited function, the sampling theorem can be applied
and the channel impulse response can be separated into varying and
fixed components. In this case,

ANE) = D b() A (A=) . (6)
k

For a single transmitted frequency exp {jw,t}, the application of



TIME-DISPERSED FADING CHANNELS 713
Equations (1), (4), and (5) shows that the received signal is of the

form

k

2(t) = exp {joot} | 3 Ru(t) exp {— jlo, — 0,(t) 1} H,Got) J . ()

The H;(w,t) are the Fourier transforms of the impulse response
functions A, (A,t) and thus represent the frequency response functions

MAXIVUM CHANNEL TWE
rateey, T L1
(OF MAXIMUM F7g{ TaPPED cELAYUNE |
FREQUENCY B) |
INDEPENDENT RANDOMLY__ " (“ X s
VARYING MULTIPLIERS o
ﬂkl’»”o\ tlfh, i} ml..g)

L SUMMATION I

FADING CHANNEL OUTPUT 2(t)

ADDITIVE L
NOISE ng) —{ +
GENERATOR 3

2(1) + n{t)

Fig. 1—Tapped-delay-line model of the fading channel.

for the ktt transmission mode. The time variations of H, will generally
be much slower than those of R, and §, and can be assumed to be con-
stant for purposes of the analysis. The channel response to a single
frequency can be expressed as

2(t) = E(t) exp {jlo,d + ¢ ()]}, (8)

or, expressing Equation (8) as a real function,

2(t) = R(t) cos [w,t + ¢ (1)], (9)

where the envelope fluctuation R and phase fluctuations ¢ correspond
to the magnitude and phase of the complex function in Equation (7).
The dependence of the envelope and phase fluctuation on » in Equa-
tion (7) demonstrate the selective fading characteristic of the channel.

In mechanizing a channel simulator, the tapped-delay-line model’
as expressed by Equation (6) was used directly. A diagram of this
concept is shown in Figure 1.

A statistical model for the fading was assumed in developing a
channel simulator. This model assumes that the polar coordinates
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(R, ;) correspond to the envelope and phase of statistically inde-
pendent stationary Gaussian random processes with zero mean value,
with variances o;%, and identical normalized spectral densities.

CHANNEL MULTIPATH PARAMETERS

The values of time dispersion, fading bandwidth, attenuation, and
doppler effect encountered in communication channels vary widely. A
maximum time delay of 5 milliseconds has been considered sufficient
for most radio-wave simulation purposes ® for carrier frequencies below
50 MHz. However, these delays consist of gross multipath propagation,
and the time dispersion or smearing of a single path is much less.
Tests on pulse phase-change signaling indicated time smearing as high
as 0.1 millisecond ¢ in the high-frequency range. Beyond the horizon,
propagation measurements at 3000 MHz exhibited typical pulse broad-
ening of 0.1 and 0.2 microsecond with peaks as high as 0.5 microsecond.”
Meteor-burst propagation channels introduce doppler effects, and mea-
surements at 41 MHz over a 1000-km path have shown pulse broadening
of up to 10 microseconds.” The West-Ford Channel * was an extreme
example of doppler and time dispersion for radio propagation. The
fading bandwidth of these channels will vary from a fraction of a
hertz to a few hertz.

Even more severe characteristics are found in underwater acoustic
channels * where the total delay of gross arrival paths may typically
be from two to three seconds and the doppler spread may be 1 to 2%
of the carrier. A single arrival path will have a time dispersion up to
several hundred milliseconds with typical values of tens of milliseconds.

The fading statistics in almost all situations will yield a Rayleigh

5 K. W. Otten, “Radio Wave Propagation Simulator,” Electromagnetic
Wave Propagation, Page 63, Ed. by M. Desirant and J. L. Michiels, Academic
Press, London and New York, 1960.

% 8. G. Lutz, et al.,, “Pulse Phase-Change Signaling in the Presence of
Ionospheric Multipath Distortion,” Electromagnetic Wave Propagation,
Page 357, Ed. by M. Desirant and J. L. Michiels, Academic Press, London
and New York, 1960.

" G. Carlson, “Beyond-the-Horizon Propagation Characteristics at 3000
MHz,” Electromagnetic Wave Propagation, Page 459, Ed. by M. Desirant
and J. L. Michiels, Academic Press, London and New York, 1960.

8 R. J. Carpenter and G. R. Ochs, “High Resolution Pulse Measurements
of Meteor-Burst Propagation at 41 Mc/s over a 1295 km Path,” J. Research
NBS, Vol. 66D, pp. 249-263, May-June 1962,

% 1. L. Lebow, et al, “The West-Ford Belt as a Communications Medi-
um,” Proc. IEEE, Vol 52, No. 5, p. 543. May 1964.

* A. W. Ellinthorpe and A. H. Nuttall, “Theoretical and Empirical Re
sults on the Characterization of Undersea Acoustic Channels,” First IEEE
Annual Communications Convention, Boulder, Colorado, June 7-9, 1965.
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distribution of the envelope amplitude with a uniform phase dist:ibu-
tion,* but situations have been found where this has not been the case.

Another channel characteristic that may be encountered is fre-
quency dispersion, as typified in ionospheric propagation. In this case,
the time delay is not a linear function of frequency, and a sharp trans-
mitted pulse will be received extended in time with a steadily increas-
ing frequency.

CHANNEL IMPLEMENTATION
The Initial Optical-Digital Channel Simulator

The initial time-dispersed channel simulator was designed to en-
compass the characteristics of underwater acoustic channels. The sim-
ulator’s characteristics have been reported previously !' but will be in-
cluded here as background for extensions and improvements to be dis-
cussed. The simulated parameters that were deemed typical for under-
water acoustic channels were:

(1) Number of transmission modes, k—as many as 200,
(2) Gross multipath delays—up to 1 or 2 seconds,
(3) Time dispersion—up to 50 milliseconds,

(4) Bandwidth of multiplicative noise function A (A,t)—0.15 to 15
Hz.

The signal time dispersion in the channel is accomplished by digi-
tizing the transmitted signal and feeding it to a 196-stage shift register.
Each stage provides a delay increment determined by the digital clock
rate. The fading effects of the channel are introduced by recording a
Gaussian noise signal on film and projecting the noise onto a matrix of
photoresistors. Each photoresistor is connected to a stage of the shift
register in a manner effecting a multiplication of the output of the
stage with the noise projected from the film. The spacing of the photo-
resistors is sufficient to assure statistical independence of the noise at
each tap. A diagram of the system is shown in Figure 2.

The input signal is clipped, sampled at a rate at least two times
the Nyquist sampling rate, and sent down the shift register as a series
of ones and zeros. Complementary outputs from a given stage of the
shift register feed a pair of resistors. One is a photoresistor that
multiplies the signal by the value of the noise function projected on it.

1 E. J. Baghdady, Lectures on Communication System Theory, Chapter
7, p- 133, McGraw-Hill Book Company, Inc., New York, 1961.

L. W. Martinson, “A Time-Dispersed Rayleigh Fading Channel Sim-
ulator,” Ninth National Communications Conference, Rome, N. Y., Oct. 1963.
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The other resistor is a potentiometer adjusted to balance out variations
in the average value of the photoresistor and give a bipolar output
from the film photoresistor combination, which would normally be
unipolar.

NOISE FILM
(RECORDED IN
TWO DIMENSIONS)
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Fig. 2—Schematic of modulating optics (top) and time dispersed channel
delay line (bottom).

By adding the outputs in groups of 14 adjacent stages, as shown in
Figure 3, it is possible to weight the channel response in 14 sections.
For example, it may be desired to weight the earliest arrivals strong-
est, with successive arrivals growing weaker, section by section.

The operational amplifier used to sum the outputs of the photo-
resistors has, as a part of its feedback loop, a photoresistor of the same
type use in the noise multipliers. This photoresistor sees the total
light coming through the particular section of noise film being pro-
jected and balances out variations in projection lamp intensity and
average film density.

The total of the entire channel output is fed to a box-car circuit
that holds the value of each output pulse until the next one arrives.

Additional large multipath delays encountered in underwater sound
transmission were simulated by using a multitrack tape recorder with
tracks connected in cascade.
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The fading bandwidth of the channel is controlled by the film drive
speed, the number and arrangement of transmission modes is controlled
by the number of shift register stages and the tape-recorder param-
eters, and the time dispersion is controlled by the number of stages
and the shift register clock rate.

FROM
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NI 14 PHOTO I U
' RESISTORS - |

-© {1
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CHANNEL
:' POTS H ( OUTPUT
{4 GROUPS N

Fig. 3—Method of adding channel-tap outputs.

The Appendix includes derivations of the individual photoresistor
modulator operation and shows that for a large number of delay stages
the channel output is a valid representation of the requirements pre-
sented by Equations (7) and (9).

Extensions To Optical Digital Channel Simulator

Since the construction of the original simulator, many new com-
ponents have become available that make the method employed even
more attractive. Recent developments in integrated-circuit techniques
make elaborate extensions and improvements to the simulator practical.
These advances are coupled with a decline in the cost per function.

The principal limitations in the initial optical digital channel simu-
lator implementation were clipping losses, which affected its narrow-
band signal-to-noise capability, and a clock rate limitation imposed by
the rather ancient circuitry employed.
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The problem of clipping losses can be handled in either of two ways.
The first method would employ sample-and-hold circuits to form an
analog shift register. The bandwidth capability of these devices has
been steadily improving, and recently a 120-MHz sample-and-hold cir-
cuit was announced.”” The delay-line-length capability with sample-
and-hold circuits is determined by the inherent noise in each amplifier
stage and the attenuation per stage. Even with an attenuation factor
of 0.001, a loss of 1 db in 39 stages or about 25 db in 1000 stages is

ANALOG SHIFT REGISTER

ANALOG REGISTER ANALOG REGISTER
L.GN,.LHMERH S o [T o ). (_|

A A A puorocon-
LIGHT =" 3 3 /CELL
SOURCE  NOISE :gg‘;IOh I UL
FILM  opTics
SUMMATION
(OPERATIONAL z z
AMPLIFIER
STAGE)

| # DISTRIBUTION
4 & WEIGHTING 3
[ ADJUSTMENTS 3

A

TOTAL SUMMATION

CHANNEL QUTPUT

Fig. 4—Analog shift-register mechanization of the channel.

obtained. This loss most critically affects the signal-to-additive noise
ratio in the channel, especially if a high signal dynamic range is de-
sired.

Figure 4 illustrates an analog shift-register channel mechanization.
The balancing network that provides bipolar tap outputs is not shown.
The attenuation factor through the channel shown is compensated by
periodic insertion of gain. An alternative method is to store separate
gross delays of signals in a tape recorder and fill in the region between
tape recorder pickoffs with an analog shift register. This latter method
has the advantage that signal-to-additive-noise margin is not adversely
affected by the analog-shift-register attenuation.

The second method of eliminating clipping losses is to use several
levels of amplitude quantization. The current state of the art of inte-
grated-circuit digital devices and the prospective improvements in them

2 R. E. Fisher, “VHF Sample and Hold,” 1967 International Solid-State
Circuits Conference, Philadelphia, Pa., Feb. 15-17, 1967.
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Fig. 5—Multilevel shift-register implementation of channel.

make a multilevel shift-register delay line with analog or digital noise
generation practical. The general form of a multilevel shift-register
delay-line channel employing optical modulators is shown in Figure 5.
The signal is sampled and amplitude encoded with an analog/digital
converter. The dynamic range and fidelity requirements set the number
of bits and parallel digital channels. Noise levels in the digital cir-
cuits will set the allowable number of stages, but the noise levels
should not be a problem in the simulation of communication channels
with the longest time dispersions encountered.

Doppler effects on broad-band signals can conceivably be handled
within limits in a long digital delay line through the use of a switching
matrix at the output taps. The principle is depicted in Figure 6. Rela-
tive motion of the source and receiver and /or channel is simulated by
placing what is essentially a multiple-position switch between the shift-
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Fool Il

up o [PPOLETINFITHROW] __, ooy
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FAD
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Fig. 6—Limited doppler simulation.
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register outputs and the channel-noise modulators. The degree of dop-
pler sets the rate of movement in one or the other direction along the
shift register. Movement toward the input yields up-doppler and
movement away from the input yields down-doppler. The technique is
obviously limited by the required doppler rate in relation to the signal
bandwidth and the length of time that the doppler must last in a given
simulator test. Its advantage is that a true doppler effect represented
by a time dilation is simulated, rather than a frequency shift.
Another area of application is in the mechanization of the tap
multipliers. It should now be economical to mechanize these in digital

r al

R r . - - —
L(#)— 1 |2 3| SHIFTREGISTER  |n-I| n F—~OUTPUT
MQDULO B -
TWO
SUMMATION

CLOCK

Fig. 7—Feedback shift-register method of generating pseudo-random num-
ber sequence.

form to replace the light-modulated taps used originally. Of course
this would require the generation of random numbers in digital rather
than analog form. This, of course, is a well-developed technique in the
simulation field; users of the Monte Carlo method have developed nu-
merous programs for the generation of pseudo-random number se-
quences. These sequences usually have a uniform probability distribu-
tion when generated, and are then processed further to give the desired
distribution. We will not attempt to review here the various number
generation methods, but we will point out one that is particularly
useful for special-purpose equipment. The feed-back shift register
method, shown in Figure 7, consists of adding (modulo two) the con-
tents of certain stages of the register to form the input to the reg-
ister. By selecting the proper stages to feed back, an n-stage register
will generate a sequence 2" — 1 in length before beginning to repeat
itself. (The generator produces all possible n-bit numbers except 0.)
This sequence also has a uniform probability distribution.

Changing the distribution from uniform to normal has also been
programmed in various ways by users of general-purpose computers.
One method is to solve the equation
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for U, for each input value of u; from the uniformly distributed se-
quence. This gives an gccurate result, but is somewhat cumbersome
for a special-purpose machine, especially in our application, where a
very accurate distribution is not needed for the multipliers. Here the
use of a piece-wise linear transfer function, as shown in Figure 8,

OUTPUT

IDEAL INPUT
TRANSFER ———SAMPLE
FUNCTION AMPLITUDE

PIECEWISE
- AR

Fig. 8—(Top) Transfer function used to generate a desired probability

distribution function from a uniform distribution and (bottom) approxi-

mation of a normal distribution function by application of a piecewise linear
transfer function to a uniform distribution.

will suffice. This method is adaptable to special-purpose equipment, as
shown in Figure 9. Each incoming variable (x) is multiplied by a
linear transfer function to yield an output y = m; + + b,. The particu-
lar function used depends on the range (i) in which the input variable
falls.

The problem of summing the outputs of all the tap multipliers is
probably still best done with operational amplifiers, as in the original
version, which used optical tap multipliers. The digital output of each
tap multiplier could be applied to a set of correctly weighted resistors,
which in turn are fed to a common operational amplifier summer, as
shown in Figure 10. It would be convenient to use several amplifiers,
so that gross weights could be applied to various groups of taps.
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Fig. 9—Mechanization of an approximate probability distribution.

AN APPLICATION OF THE CHANNEL SIMULATOR

One of the techniques tested on the channel simulator was multi-
ple-tone binary frequency-shift keying (FSK), which was being investi-
gated as part of a study on methods of improving communications in
underwater acoustic channels.

Due to the time-dispersive and fading nature of underwater chan-
nels, the use of various forms of phase and amplitude modulations
presents special difficulties, and it was only natural to consider some
form of frequency modulation. In a digital system, this takes the form
of frequency-shift keying (FSK). Since the fading encountered is
frequency selective, it was thought that some form of frequency di-
versity should be useful, and it was to determine the effectiveness of
this method of communication that the experiment was conducted on
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Fig. 10—Implementation of tap summation from digital multipliers.
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the simulator. In order to keep the number of variables at a minimum
while obtaining data in a useful form, a multiple-tone binary FSK
system was simulated. Once the performance of this type of system
is understood, the data may be extended to other systems, such as
n-ary digital systems, or frequency-hopping systems, and it is possible
to compute the trade-offs between alphabet size, data rate, and prob-
ability of message error.

Several aspects of communication in a fading channel that bear
on this particular problem have been investigated by Lieberman and
others.’*'* To handle the FSK problem analytically, however, it has
frequently been necessary to assume either of the extreme cases of a
nonselective channel, or one in which the tones used fade completely
independently.

For generating the tones used in the experiment, a set of 20 oscil-
lators and corresponding filters were available, spread at 10-Hz inter-
vals. The mark and space frequencies were selected from this set,
translated into the desired transmission band by single-sideband modu-
lation, clipped, sampled, and injected into the simulator. The transmis-
sion band was centered at about 1.6 kHz.

The signal emerging from the channel was demodulated to recover
the original set of frequencies and passed through a set of band-pass
filters corresponding to the original frequencies transmitted. These
were active filters that used as a reference the same oscillators used
to transmit the original signal. In this respect, ideal conditions were
assumed, since in an actual system an identical but separate set of
oscillators would have to be used at the receiver, and the possibility
of misalignment arises.

The channel fading bandwidth was varied from 0.12 to 12 Hz, and
the dispersion from about 1.65 to 23 milliseconds. While the range of
parameters was limited by the characteristics of the simulator, it was
felt that they were representative of the conditions to be expected in
the channel being studied. The baud length (or time over which the
signal was integrated before making a decision) was set at 0.5 second.
The data from the receiver was adjusted to compensate for the effects
of clipping noise.

One portion of the experiment was devoted to determining the

) 13 A. B. Glenn and G. Lieberman, “Performance of Digital Communica-
tions Systems in an Arbitrary Fading Rate and Jamming Environment,”
IEEE Trans. Communications Systems, p. 57, Vol. CS-11, No. 1, March 1963.

#J. N. Pierce, “Theoretical Diversity Improvement in Frequency-
Shift Keying,” Proc. IRE, p. 903, Vol. 46, No. 5, Part 1, May 1958.

15 G. Lieberman, “Effect of Fading on Quadrature Reception of Ortho-
gonal Signals,” RCA Review, p. 353, Vol. 23, No. 3, Sept. 1962.
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effect of time spacing on system performance. Figure 11 shows the
results of changing the tone spacing by a factor of two. The results
suggest that for even the closest spacing of tones possible in the system
being tested, the tones fade independently. This conclusion is impor-
tant for this system, since in the particular channel being simulated
the possibility of relatively high doppler shifts due to ship motion
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Fig. 11—Effects of varying tone spacing on the multiple-tone FSK system.

would make the use of more closely spaced tones difficult. Hence,
analytic predictions based on the assumption of independently fading
tones would seem to be reasonably safe.

Figures 12 and 13 illustrate the effect of fading rate and time dis-
persion on the system. It may be seen that, as hoped, the system was
very insensitive to changes in these two parameters.

One final characteristic of the system that was shown by the simu-
lation was the fact that the overall effect of the channel under any
combination of events (including the distortions of the signal required
to get it into the simulator) has the same effect as additive noise.
Knowledge of this characteristic is important, since it means that the
multiplicative effects of the channel may be overcome by the use of
more power at the transmitter, more receiver array gain, or some
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similar technique. This is not possible with some communication sys-
tems; for example, once distortion is introduced into the signal in a
straight voice system, no amount of signal level will make the voice
more intelligible.

USE OF THE SIMULATOR WITH A “CANNED” CHANNEL

The “canned” channel is an area of potential use with the channel
simulator. The term refers to the use of tap-multiplier functions that
have been recorded directly from a real channel, thus eliminating the
requirement for estimating the fading bandwidth and the statistics of
the tap-multiplier functions. The simulator would contain a sample
of the channel as it actually existed at some specific time and place,
and many systems could be tested under identical and real conditions.
The main problem here is that a suitable probing signal must be found,
and this may become quite difficult for some channels due to extremes
of fading bandwith, time dispersion, or additive noise. However,
efforts spent on field trials of communication systems might be better
spent in making general probing measurements of the channel, with
most of the system testing being done in the laboratory.

CONCLUSION

A fading-channel simulator based on a tapped delay-line model of
the channel provides a means of separating and controlling channel
parameters such as time dispersion, fading bandwidth, and fading
statistics, thus permitting the evaluation of the effects of these param-
eters on a given communication system. While the mechanization de-
scribed made use of clipped signals, advances in component design have
made mechanizations practical that carry along amplitude information.
The on-line operation afforded by this type of simulator provides a
means for testing new system concepts or changes in existing systems
rapidly, and at an economical breadboard stage, rather than on a full-
scale model in the field. It is also possible to record the characteristics
of a particular channel by means of probing signals, so that the channel
may be “canned” for use in the simulator.
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APPENDIX—S HIFT-REGISTER-PHOTOCONDUCTIVE-CELL MODULATOR

Figure 14 shows the basic form of the photoconductive-cell modu-
lator using a (+ 1, — 1) logic in the shift register with a current-
sensitive amplifier as the adder. A resistor with conductance G, and
a photocell with mean conductance Gy = G, are connected to comple-
mentary outputs of a shift-register stage.

The conductance of the photocell is G, = G, (1 + n(t)), where (1

Shift Register

S'(e) Stage

=s'(t) S'(t)

Noise
{ ?
/ [I " n(t)]
GR Light
o Y S,

‘Out

Fig. 14—Photoconductive-cell modulator with current adder.

+ n(t)) is a light modulation with |n(t)| <1 projected on the photo-
cell; n(t) is in most cases a band-limited white noise with a Gaussian
amplitude distribution. The output current of the modulator with the
sample signal S’(t) at the shift register is

qut = Ilu' + 1)\
=—=S'MG,+8(HG, .
Substituting the values for G, and G,,

I =—S8(OG\+ S (HGy (1 +n(t))
(10)

=G\S(DHn(t) .

Equation (10) indicates that the output is a constant modifying the
product of the sampled signal and the noise function recorded on the
film.
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The effect of the mean conductance modifying the amplitude of the
modulator output can be avoided by using a voltage-sensitive adder as
shown in Figure 15. Assume, as before, that the conductance of the
photocell is a linear function of light; the voltage e, will then be

2S’(t)Gﬂ S’(t)(G)\_GR)

Cont — S’(t) - .
G\ + G G\+ G,
SHIFT REGISTER
S'(t) STAGE
_— >
-s'(t) S'(t) oo
[l + n(t)]
M@(
Gp
&

Fig. 15—Photoconductive-cell modulator with voltage adder.
Substituting Gy =G, (1 + n(t)) and G, = G,

S’(t)yn(t)

an)

eout 5

2+ n(t)

In normal modulation on photographic film the linear region of light
transmission varies from about 0.8 to 0.2 for normal analog recording.
Thus |n(¢)| =0.3 with a film bias transmission of 0.5, and [n(t) |
< 0.6 when referred to the bias of unity as employed in Equation (11).
With [n(t)| = 0.6 in Equation (11), there is very little deviation from
linearity in the output.

The Combined Modulator Outputs

The sum of the N modulator stages, each modulated in accordance
with Equation (10) or (11), is

N =1

E, =2 CS'(t—r)n(t), (12)

where the n; are independent, band-limited white-noise functions with
Gaussian amplitude distributions, C; is the proportionality constant for
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a particular modulator, and S’(¢ — ;) is the delayed time and ampli-
tude quantized signal. The modulation of S’ (t — ;) by n;(¢) is a linear
process. Therefore, for the purpose of analysis, the low-pass filter at
the output of the channel can be considered to occur prior to summa-
tion. This gives S’(t) = S(t). For a single-frequency signal,

N 1
E,= 2 Cin(t) cos [w,(t— 7)1, (13)

which can be expressed as

N—1
E, = Z Cin (1) [cos w,t €os v,7; + Sin w,t 8in w,7;] . (14)
i=0

For the case, n = 2, 7, = i, (4f,), and C, = C; =1
E.=n,(t) cos a,t + n;(t) sinwo,t, (15)

where n,(t) and n;(t) are independent low-pass Gaussian processes
that can be expressed as '

n,(t) = R(t) cos ¢(1) ,
(16)
n;(t) = R(t) sin ¢(t) .

The term R(t) is a random amplitude function with a Rayleigh proba-
bility density

R [ R*

p(R) = — exp l_ r (17

o
g2

20"
and ¢(t) is a random phase function with probability density

1
plp) =— 0=¢=2r.

27

Thus,

E. = R(t) cos u,t cos ¢(f) + R(t) sinw,t sin ¢(t)

(18)
= R(t) cos [w,t — p(t)] .

168, O. Rice, “Mathematical Analysis of Random Noise,” Dell System
Technical Jowrnal, Vol. 23, p. 282, and Vol. 24, p. 46, 1945.
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Therefore under the limited conditions specified, a Rayleigh fading
channel coinciding with Equation (18) is derived.

For the case of an arbitrary sampling frequency greater than the
Nyquist rate, Equation (13) can be written

E,=1.cos ot + I,sin w,t, (19)
where

N¥-1
n;(t) sin w,7; .
0

N1
8= Z n;(t) cos w,7;, and I, =

i=0 i

Following Rice ', if I, and I, are normal, have equal variances, and
are uncorrelated, then E, will be Gaussian with a Rayleigh amplitude
distribution of the envelope and random phase.

1. and I, have normal distributions, since n;(¢) is normally distribu-
ted and the sum of any number of normally distributed functions is
itself normal. The cross correlation of /, and I, is

1 N 1 1 N 1
Ell1l]=— Z COS w,7; SiN w,1; = — Z sin 20,71, . (20)
N ™o 2N T,

With a large number of stages, the signal phases w,r; in the modulator
stages will tend to distribute themselves uniformly. Then

1 2r
E[11]~— / sinrdr=0. (21)
2r .
0

The variance of /I, is

N1 ~
1

E[lcz] = Z cos? 0,7, =

1
(1 + cos 2w,7;) . (22)
] [} 2 i (1}
For a uniform distribution of w,r;, E[I.2] = N/2. Similarly E|[1,2)
= N/2. Hence, for a large number of stages, E, will have the desired
statistical characteristics.

" S. 0. Rice, “Statistical Properties of a Sine Wave Plus Random
Noise,” Bell System Technical Journal, p. 109, Vol. 27, Jan. 1948.
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CORRECTION

The following corrections should be noted in the paper, “The Resolv-
ing-Power Functions and Quantum Processes of Television Cameras,”
by O. H. Schade, which appeared in the September 1967 Issue of
RCA Review, pp. 461-535.

1. On page 501, the last two sentences of the first full paragraph
should read as follows: “For calculation purposes, a daylight illuminant
(5000° K) and a spectral sensitivity close to that of an ASOS photo-
conductor will be assumed. With the value A/P, =1 in Equation (63)
of the Appendix, the conversion gain is”

2. In the table on page 534, the last figure in the column headed
\/P, should read 0.55 instead of 1.0. The following note of explanation
should also be added below the table: “The factor A/P, is closely equal
to unity for an ASOS photoconductor.”
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