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Sensitivity and Resolution of Charge-Coupled
Imagers at Low Light Levels

J. E. Carnes and W. F. Kosonocky
RCA Laboratories, Princeton, N.J.

Abstract—An analysis is presented of the expected sensitivity and resolution of
charge-coupled imagers (CCl’'s) at low light levels. The results show
that a 500 X 500 element CCl is expected to have a sensitivity limited
by two noise sources of comparable magnitude: shot noise of the
thermally-generated background charge and noise associated with
fast interface state trapping. It is concluded that a 500 X 500 CCIl with
1-mil center-to-center spacing between elements should achieve full
geometric-limited resolution at about ten times starlight illumination,
roughly comparable to that of the I-SIT tube.

1. Introduction

The charge-coupled device (CCD)"* has provided a new approach
for the design of self-scanned solid-state image sensors,*® or charge-
coupled imagers (CCI's). In addition to the obvious advantages of
an all solid-state imager, calculations™® indicate that the CCD is an
inherently low-noise device, and it is expected that the CCI will be a
sensitive imager with large dynamic range appropriate for low-light-
level applications.

This paper presents an analysis of the expected resolution versus
light-level capabilities of the CCIL. It is concluded that noise arising
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from trapping in fast interface states and shot noise due to the
thermal generation of background charge should limit the sensitivity
of CCI's and that their performance will lie somewhere between that
of the I-SIT tuke (intensified silicon intensifier target) and the silicon
vidicon.

OPTICAL INPUT

P - SUBSTRATE

Al CATES A * ul-2
—

POLY Si-t\H(S j

L

OPTICAL mPUT

Fig. 1—Cross sectional view of (a) top (front) illuminated CCI and
(b) back illuminated CCI.

2. Charge-Coupled Imagers

One can think of the (CCI as the semiconductor equivalent of an
electron-beam tube in which the charge signal can be stored and moved
(transferred) under the control of the clock voltage pulses free of
pickup and switching transients. The only limitations on the charge-
coupling process come about bccause the charge transfer is not 100%
complete. The finite transfer loss results in some distortion of the
signal and introduces transfer noise. As will become apparent from
the following description of known CCI arrays, the pickup from the
clock voltages is limited to a single output stage.

Two general approaches for the construction of a CCI array are
illustrated in Fig. 1. Thre optical input can be introduced from the
top of the substrate through the spaces between nontransparent metal
gates, as shown in Fig. 1(a). Top illumination of CCI’s is also possible
by transmitting the optical input through transparent gates such as
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CHARGE-COUPLED IMAGERS

thin polysilicon. An alternate approach, illustrated in Fig. 1(b), con-
sists of thinning the substrate in the optically sensitive area and
applying the optical input from the back side of the substrate. Let
us assume now that an optical input is applied to a CCD register
while the clock voltages are adjusted so that one potential well is
created at each stage along the CCD channel. With one of the phase
voltages high, photogenerated charge will be collected and the stored
charge pattern will represent the integrated light intensity pattern
during this integration time. At the end of the integration time, the
transfer action of the CCD is initiated by cycling the clocks, and the
charge packets representing the light signal are shifted out to a single
output detector and amplifier. To prevent smearing of the image, the
optical integration time should be much longer than the total time
required to transfer the detected image. The CCD is used to detect
the light, store the resultant photogenerated charge, and scan or read
out this charge pattern, and thus forms a line sensor. Arrays of
adjacent line sensors can be used to make an area sensor.

oyr
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/_3 T 1 ¢
| LT L e
2 ELELEG
e - || oo |- ot—t (=2
=il
s =kt

CL LT LT

1 i ]
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54
Fig. 2—Horizontal-line-transfer CCI.

Two basic systems have been proposed for constructing area sen-
sors. One of these is the line-by-line horizontal read out system which
has been built using a bucket-brigade transfer rather than CCD’s.!'*!
This system is shown in Fig. 2. A vertical scan generator is used to
sequentially apply the clock voltages to cach horizontal CCD register
in turn. The output of each horizontal register feeds a continuously
running output register that transfers the signal to the output ampli-
fier. Because of topological considerations, this system can be effec-
tively implemented only with 2-phase CCD’s. Assuming a square
array of N X N elements with a 2-phase clocking system, this system
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requires a maximum of 4N transfers since two gates are required
for each element. If one frame is transferred each 1/30th of a second,
then the clock frequency required is 30N2 Hz.
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OUTPUT REGISTER

Fig. 3—Frame-transfer CCI with a temporary-storage array.

Another system that can be constructed with either a 3-phase or 2-
phase clocking system is the frame transfer system with temporary
storage.*' A 2-phase version is illustrated in Fig. 3. In this system
all of the signal charge in the photosensing array (top array) is
shifted simultaneously into a temporary storage array (below) by
clock-system-A during the vertical retrace time (900 usec for normal
TV raster). During the following integration period (1/30th of a
second) the charge pattern in the temporary storage array is stepped
down line-by-line by clock-system-B and each horizontal line is loaded
in parallel into the output register. This line is then shifted out at
high speed by clock-system-C to a single output amplifier. The
operation of an N XN frame transfer system requires 2N vertical
transfers and N horizontal transfers.

3. Noise Sources in CCD’s
The noise introduced by any type of imager is very important,
since it determines the sensitivity of the device and greatly affects the

dynamic range. The CCI appears to be useful for low-light-level appli-
cations because the noise it introduces is expected to be rather low.
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CHARGE-COUPLED IMAGERS

Following Reference 7, Table I is a listing of the expected noise
sources in CCD’s, along with the expected values for the rms fluctuation
in the number of carriers per charge packet. Since CCD’s are charge-
packet shift registers with no gain mechanism (so that the same
carriers remain essentially intact in the same packets throughout the
entire transfer process), the rms fluctuation in the number of carriers
in each packet, N,, has been used to quantify and compare the various

Table 1-—Noise Sources in CCI’s

Source Na Typical Values for N,
Photo-Electron _ 256 for C=0.2
Shot Noise VN, and S/N=5

Background Charge
Generation Noise

Thermal or Optical VN,, 100 to 200

Electrically 400 VC,; 40
Introduced

Background Charge V2eN,N... 200
Incomplete e for «eN,=0.2
Transfer Noise N,.=10%

Fast Interface State [1.4N,(kT/q)N..A,]1/2 950 for 2000 transfers
Trapping Noise N,, =1010(cm2 —eV) —1

A, =10—8cm?

Output Amplifier
Noise

RC—Limited 400 VC,, 1200 C,, =10
Bandwidth

Reset—Floating 400 VC,, 120 C,r = 0.1
Diffusion

Reset—Floating Gate filterable negligible

MOSFET (thermal) 60 C,r ~6

noise sources. Following Thornber and Tompsett,”!* CCD noise sources
are divided into two general classes: storage process (SP) noise and
transfer process (TP) noise. In our dicussion we will assume that
the SP noise represents completely random and independent fluctua-
tions between the charge packets. However, as pointed out by Tomp-
sett® the TP noise in adjacent charge packets is not independent, since
what is lost by one packet is gained by adjacent packets. This corre-
lation of the TP noise flunctuation between adjacent charge packets
must be taken into account when considering TP noise-limited oper-
ation of CCI’s.
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In CCI’s the shot noise of the incoming photon stream is an example
of SP noise. This noise source results in an rms fluctuation of \/N,,
where N, is the total number of photogenerated carriers in the charge
packet. Since a background charge must be constantly circulated in
CCD’s to prevent losses into fast interface states,'* this background
charge will also contribute a SP fluctuation, depending upon the man-
ner in which it is introduced into the potential well. If generated
thermally, due to the dark current, it will have shot noise with rms
fluctuation \/N,,, where N,, is the number of background charge
carriers per packet. If N,, is introduced electrically, the lower
limit of the noise will be due to thermal voltage fluctuations, the re-
sulting carrier fluctuation depends upon the capacitance of the poten-
tial well according to

1
N,=—VkTC =400 \/C,,. (1]
q

where C,, is the capacitance of the potential well in picofarads.

There are two sources of TP noise. One is due to a small fraction ¢
of the charge that is left behind at each transfer. On the average,
«(N,+ N,,) carriers are left behind at each transfer with a mean-
squared fluctuation about that average of «(N,+N,,). In addition,
since each packet gains or loses charge from the packet ahead, as well
as gaining or losing charge to the trailing packet, at each transfer it
suffers a mean-squared fluctuation of 2¢(N,+ N,,). Thus after N
transfers, the rms fluctuation due to transfer loss is

g

:v.n, Transfer Losxs — [2‘Ng(Nn + N:,o)]1/2 (2]

Another source of TP noise is that due to interface state trapping.
As signals are shifted along the register, the interface states are
periodically filling and emptying. While on the average they fill and
empty to the same levels each period (if the signal level is constant),
there is a fluctuation about this average. This mean-squared fluc-
tuation is given by (In2) (kT/q) N,,A, where N,, is the density of
fast interface states in (cm”? —eV)—1 and A4, is the area of one gate.
Again a factor of 2 is required at each transfer; so after N, transfers,
the rms fluctuation due to interface state trapping is

N, tap = [1.4(kT/q)N,,N,A, 1172 [3]

At low signal levels, this type of noise is expected to dominate for a
large number of transfers, N,.
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Another possible noise source is the output amplifier. For an ampli-
fier whose bandwidth is limited by the RC time constant at the input,
there is a thermal noise associated with the input resistance that
causes an rms carrier fluctuation of

1
N, e amp = — (KTC)172 = 400\/C,, . [4]
q

This type of noise limits the sensitivity of the silicon vidicon because
C is on the order of 10-20 pF. The capacitance appropriate for a CCI
with an amplifier integrated on the same chip is the gate capacitance
of a MOSFET, which is on the order of 0.1 pF. In addition, the band-
width of the integrated output amplifier of a CCI is not RC-limited,
but rather is determined by the CCI clock frequency. In this case,
the noise fluctuation due to the resetting of the floating diffusion can
also be expressed by Eq. [1] where C is the effective capacitance
associated with floating diffusion. This noise, however, presumably
can be eliminated by resorting to charge sensing by a floating gate’
that is reset once every frame time. Thus the noise associated with
the output stage is expected to be small compared with the other
noise sources discussed above.*

4. Analysis of Sensitivity and Resolution

The analysis presented in this section considers the effect of the CCI
noise sources just discussed on the sensitivity and resolution of CCI’s
at low light levels. The basic criterion used in this analysis to deter-
mine the resolution versus light level capability is that the ratio of
the number of photoelectrons to the number of rms fluctuations in
that number per observable picture element (i.e., the signal-to-noise
ratio) must exceed a certain number kgy,y. At any given image irradi-
ance (the image irradiance is defined as the number of photons passing
the image plane per second per cm2?), the effective picture element area
must be large enough to provide sufficient photoelectrons, or signal,
to exceed the fluctuations by a factor of kg/y. At high image irradi-
ance levels, the picture element size can be small, but the minimum
area is limited by the geometrical pattern of the CCD. Since the
number of signal photoelectrons increases directly as the picture
element area, but the fluctuations generally increase only as the square
root of area, the signal-to-noise ratio increases as the picture element

* For more detailed discussion of the noise sources in CCD’s see Ref. 7.
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area increases. Thus, at low image irradiance levels, the observable
picture element area becomes larger than the geometrical area; the
number of observable TV lines per picture height decreases from the
maximum determined by the geometrical pattern; and the resolution
is noise-limited.

The fluctuations in the number of electrons per observable picture
element fall into two general classes. First are uncorrelated, random
noise sources such as the randon nature of the incoming photon
stream, shot noise of thermally-generated charge, fluctuations in the
number of fat zero electrons, and noise introduced by the output
amplifier. The second class is correlated noise associated with the
charge transfer process. In this case, for every charge fluctuation
in one signal packet, there is an equal and opposite fluctuation in one
of the adjacent signal packets. The transfer noise arises from the
fluctuations associated with the transfer of the background charge
as well as the detected signal charge and also from the trapping of
charge by fast interface states.

If we assume that the active imaging area is square with a lateral
dimension W, then the total number of observable TV lines per
picture height L, is related to the lateral dimension of the effective
picture element area W, by

Lobn =

Since the minimum W, is limited by the geometric center-to-center
spacing of the CCI device W, the maximum or geometric TV lines
resolution, is

W,
Lgeom = [5 ]

9
The effective picture element area is

w2 L 2,
Aeﬂ = Wc2 = = Wﬂz < 'eom> * [6]
Lotmz Lobl

The number of photoelectrons per frame per picture element is

N,=Hft Ay
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where

H, is the image irradiance (photons/sec-em?)
@ is the quantum efficiency

t is the integration time or frame time.

However, the signal may only be a fraction of N, if the scene contrast
is low. If contrast is defined in the usual manner;

C= , [8]

where AN, is the modulation of N,, or signal, then the signal electrons
per picture element is

AN. = CH‘ to A‘“. [9]

Thus, using the criterion that the signal-to-noise ratio must be at
least kg,y and using Eqs. [6] and [9], we have the following rela-
tionship between light level H; and resolution L, :

Signal AN, CH0t Ay CHOtWE (Lo :
= = kS/N = = .
Noise N, N, N, Loy,
Or, by rearranging,
ks/wNa [ Lobs \ 2
H(= ’ LobISLloom [11]
COtW 2 \ Leeom

The transition from geometry-limited to noise-limited resolution occurs
when Ly, = Lyeomr Note that since W Leem = Wy, Eq. [11] indicates
that in the noise-limited region for any given value of observable TV
line resolution L, the sensor with the larger active imaging area
W2 will be more sensitive, i.e., it will require a lower value of H,.
Quoted values for kg/y for random noise vary from 1.2 for a 14-bar
test pattern'® to 3 for a 1009 contrast scene' to 5 for isolated dise
patterns.” In this analysis we will use a kg,y value of 5 for the un-
correlated noise sources. However, the correlated noise sources asso-
ciated with the charge-transfer process represent a new type of noise
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in the context of determining imager resolution and we suggest that
a kg,y value of 1 may be sufficient to provide a useable picture for the
case of correlated noise sources.

4.1 Photon Shot Noise Limitations

As an instructive example of the uncorrelated noise let us consider
the shot noise introduced by the incoming photon stream, a noise
source not yet discussed but one which applies to the CCD imager,
along with all image sensors, and represents the highest sensitivity
possible.

Since the incoming photon stream is random with Poisson-
distributed arrival times the fluctuations about the average number
of detected photons N, will be just \/N,. Thus if we denote the rms
lliuctuations in photoelectrons per picture element due to the random-
ness of the incoming photon stream as N, 0. We can write

Nn. photon =V Na = (’lilgAvff) 1/2' [12]

If this were the only source of noise, then the resolution versus
image irradiance relationship, Eq. [10], would become

kﬁ/.\"—' ,‘ohx &
Hi, photon = 4 ,‘olm S Lgmm [13]
ot C2W,2 \ L

Reom

While kg/y, t, and C are parameters unrelated to sensor comparison,
it is clear that sensors with the highest 6 and largest W, = W, L, are
capable of the most sensitive operation. The photoelectron limit for
CCI's is low because the extended spectral response of the silicon (up
to 1.1 um) causes its quantum efficiency to be relatively high com-
pared to standard photocathodes (8-1, S-20), especially in the starlight
illumination condition which is relatively rich in near-IR photons. In
particular, the S-20 quantum efficiency is approximately 50 times lower
than silicon at starlight illumination levels. This difference is reduced
as the light spectrum moves toward visible wavelengths.
For CCI’s, using 8§ =1, t = 0.1 sec, kg,y =5, and assuming

W,=25x10-* (1 mil)

4 X 107 / L. \ 2 photons
,ll'. photon = [14]

C? L sec-cm?

weom
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4.2 Background Charge-Transfer Noise

As an example of how the correlated noise is expected to affect the
sensitivity and resolution of CCI's, let us consider the effect of the
noise resulting from incomplete transfer of the background charge.
Similar analysis should also be applicable for the other transfer noise
sources. If N,, is assumed to be the number of background charges
in each geometric picture element, the rms fluctuations in each charge
packet after N, transfers will be

AV,, = [2eN,N, ,|1/* ' [15]

However, at low image-irradiance levels where the resolution is noise-
limited, the flact that the transfer noise is correlated must be taken
into account. As the observable picture element area A, becomes
larger than the geometric picture element A, the transfer noise
fluctuations will cancel each other inside the observable picture ele-
ment, and the only remaining noise fluctuations will come from the
edges of the observable picture element. Since the observable element
is being transferred along a given direction by the CCI, only the
leading and trailing edges contribute fluctuations. There are Lgeon/
L, channels contributing a mean-square noise of eN,, twice at each
transfer, once at the leading edge and once at the trailing edge Thus.
the corresponding rms fluctuation due to the incomplete transfer of
background charge after N, transfers is given by ,

~ Lyeon "2
N, = [&N,N,,,,—— . [16]

‘obs

Using Eq. [11], we have g

I‘p..vom 2
[ 2¢eN,N, , ]

kS/N Lolm Lohs 2
H‘ o e -
C0tW 2 L

geom

[17]

kﬂ/.v [2(N0Ns,u] 12 I‘olm <1H
<L '

COtW,?

geom
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Using a ky,y value of 1 because this is a correlated noise source,
assuming eN,=0.1, N,, =105, and values for the other parameters
similar to those in Eq. [14], we have

H, =

(18]

C L

2.2 x 108 / L., \%?2 photons
cm2-sec

geom
4.3 Resolution Versus Light Level

The effect of the other CCI noise sources on low light level capabilities
ean be determined in a similar manner using the various N, values
derived earlier. Table 2 lists the various noise sources and their rms
fluctuation along with the H, versus L, relationships that apply. The
third column of the table shows the noise-limited image irradiance for
signal-to-noise ratio of 5 for uncorrelated noise sources and 1 for
correlated sources. The image irradiance H, is expressed in terms of
the ratio of L., to L., since the resolution becomes noise-limited
when this ratio is less than unity. The transition between the geo-
metric resolution and the noise-limited resolution in our analysis does
not take into account the so-called Kell factor (~ 0.75) that is ex-
pected because of the discrete sensor elements of the CCI.

5. Expected Performance of CClI’'s at Low Light Levels

Fig. 4 shows the television lines per picture height versus image
irradiance (L, versus H;) for a 500 X 500 CCI with 1-mil center-to-
center spacing. One curve is shown for each noise source, assuming
that each acts alone. The total mean-squared noise, of course, is
the sum of the individual mean-square contributions, so the total noise
is only slightly larger than the largest contribution. In Fig. 4, the
shot noise of the thermally-generated background charge (curve 7)
(N,,, assumed to be 105) is the largest contribution and limits the
sensivity of the device. Trapping due to fast interface states (curve 6)
introduces a comparable amount of noise. A fast state density of
10°(em2-eV)~1 and 2000 transfers were assumed-

In Fig. 4, two noise sources associated with the introduction of
background charge are shown — one for thermally-generated charge,
the other for electrically-introduced background charge. Experimental
evidence indicates that a background charge density (or fat zero) of
10% or more of a full well is required to reduce fast state losses to an
acceptable level. At room temperature, the dark currents normally
observed in CCI's (10 nA/cm?) are of the proper order or magnitude
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to provide this background charge in 1/30 of a second. However, as
we see in Fig. 4, this process is noisy and may limit CCI sensitivity.

However, if the CCI were cooled to suppress dark currents (factor
of 2 reduction for every 10°C), then the background charge could be
introduced electrically at the input of each register. Then Eq. [1] should
govern the rms fluctuation in each packet and the capacitance of the
potential well into which it is introduced should determine the noise.
Since shot noise (rms) for 107 electrons is 316 and a capacitance ot
0.1 pF would result in 400 /0.1 = 126, electrical introduction of back-
ground charge may provide more sensitive CCI operation.

If this were true, then fast interface state noise would be dominant.
It is possible that buried channel CCD’s,*® which have a channel for
charge transfer that is located away from the Si-SiO, interface and
should be free of the deleterious effects of fast interface states, may
provide, when cooled, very sensitive operation. Since no background
charge is needed, such devices may be capable of photoelectron shot
noise-limited operation (curve 3).
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IYig. 4—Observable resolution in television lines per picture height versus
image irradiance for 500 X 500 CCI with element spacing of 1.0
mil, frame time of 0.1 sec, quantum efficiency of 1.0, contrast of 0.2,
and signal-to-noise ratio k. The various curves show the limits
imposed by the various noise sources:

(1) Incomplete transfer of signal, (6) Fast interface trapping noise,

N. = 625, «Ns =02, k =1; Na=950, k=1;
(2) MOSFET noise, Na =10, k=5,  (7) Thermally generated back-
(3) Photo-electron shot noise, k =5; ground charge noise, Na = 200,
(4) Tx(';lnsfer EOislf of elgcriﬁally in- k=5;

troduced background charge, 8 q

New=105, N, =02, k=1 (8) %g?%u::ﬁl)ex;esolutmn for 40 mm
(5) Storage noise of electrically in-  (9) Measured resolution for silicon

troduced background charge vidicon.

N.=40, k=5;
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Another source of noise that has not been considered in this
analysis, but which we have encountered experimentally, is pulser
noise. When the signal level is detected by means of a floating diffu-
sion that is reset to a reference potential by capacitive coupling to
one of the clock voltages (cf. Reference 19), any noise on the clock
pulse due to amplitude or pulse width jitter is introduced at the output
of the CCD. This is not a fundamental source of noise and should be
avoidable by utilizing different schemes for sensing the output signal.

For comparison purposes, Fig. 4 also shows the measured per-
formance of a 40 mm I-SIT tube and a beam-scanned silicon vidicon
target- The I-SIT tube is limited by the photoelectron shot noise, but
since the efficiency of the S-20 photocathode is about 50 times smaller
than that of silicon for starlight illumination (which is relatively ri¢h
in near-IR photons), the I-SIT photoelectron limit occurs at higher
image irradiance than the CCI photoelectron limit. The difference is
not 50 because the total I-SIT area is larger than the 500 X 500 CCI
area (1-mil centers) assumed. The silicon vidicon on the other hand
is limited by the RC-limited output amplifier (N, e 400/Cpf). The
capacitance for the beam-scanned silicon vidicon is ~ 10-20 pF. Even
with this limitation, the silicon vidicon is considered to be a very
sensitive camera, especially when near-IR components are present in
the incoming light.

It should be pointed out here that Fig. 4 assumes a 500 X 500 CCI
array — beyond the present-day state-of-the-art. A smaller camera,
say a 100 X 100 (but still with 1-mil spacing), has a smaller active
imaging area and will not be as sensitive as the larger 500 X 500
device. On the other hand, a 1000 X 1000 array should be more sensi-
tive than indicated in Fig. 4.

In summary, because the CCI has a low output capacitance, it is
capable of more sensitive operation than the silicon vidicon. Based
upon the analysis presented here, noise due to fast interface state
trapping and generation and transfer of the background charge needed
to suppress fast state losses will limit CCI sensitivity. If one could
reduce fast interface states, CCI-type devices have the capability, when
cooled, of surpassing I-SIT sensitivity because of the CCI’s relatively
higher quantum efficiency.
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A Television-Rate Laser Scanner
. General Considerations

I. Gorog, J. D. Knox, and P. V. Goedertier
RCA Laboratories, Princeton, N.J.

Abstract—A television-rate laser raster scanner is described. This scanner util-
izes an acousto-optic Bragg cell as the fast horizontal deflector and
either a rotating refractive prism or a galvanometer as the vertical de-
flector. The beam-shaping and image-forming optics, the electronic
system, and the major deflection components are discussed in detail,
and experimental results are presented. Also, a detailed treatment of
the frequency response of scanning beems is included.

1. Introduction

Virtually all laser systems require some form of laser beam deflection,
including communications systems where beam deflection (or steering)
is necessary for accurate tracking of the receiver, and laser machining,
where precise beam positioning will be needed in automated cutting,
trimming, and drilling equipment. Of course deflectors are key com-
ponents in all image display, recording, and pick-up systems.
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To date the deflectors employed in most operational laser systems*
are based on moving mirrors. For fast, sequential scanning, high-
resolution imaging systems, many-faceted rotating mirrors are em-
ployed;'® for slow random-access applications, galvanometers and
piezoelectrically driven tilting mirrors are available™® Research
models of deflectors utilizing practically all known strong optical inter-
actions have been constructed. The two methods currently believed to
hold the most promise are the digital electro-optic deflector,””-'* which
utilizes the electric field-dependent index of refraction in certain
materials, and the acouto-optic Bragg deflector,'®?” which uses the
diffraction of light by sound. The electro-optic method is well suited
for expensive, fast, random-access applications, but will be unlikely to
find application where lower cost sequential scanning is needed. The
acousto-optic Bragg method is very well suited for sequential scanning
and is also applicable to intermediate-speed random-access systems (ap-
proximately 10 microseconds access time for any one of 10% beam
positions is an achievable goal).

Of the above two methods the Bragg technique promises to find
the wider range of applications. We believe that acousto-optic deflect-
ors are here to stay, and that they will become the basic work horse
of all scanning systems operating in approximately the 0.1 to 100 kIHiz
scan line repetition rate range. We have constructed all of our experi-
mental apparatus to operate at television rates. Our general aim,
however, is to learn to manipulate light beams with the same ease as
we now do electron beams; laser-beam technology is probably about
as well developed today as electron-beam technology was in the pre-
television days.

Even though large-screen multicolor laser projection television has
been mentioned by a number of authors as the important application
for sequential scanners, we believe it is only one of many potential uses
and probably one of the more uncertain ones. The reason for this con-
clusion is that we expect that: (1) efficient cw generation of monocolor
visible laser light will be achieved by harmonic up-conversion from
the near infrared, but that multicolor generation will not be achieved
with anywhere near the efficiency and simplicity of monocolor, (2)
safety considerations will complicate the widespread (i.e.,, home)
use of high-power (multiwatt) scanned laser beams, and (3) other,
more suitable techniques will be developed.

In Table 1 we have listed some of the likely applications for laser
scanners, mostly in the image-display, recording, and pickup areas.

* By “operational systems” we mean systems that perform a useful
function beyond the demonstration of a potentially useful concept.
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LASER SCANNER—I

As this list indicates, we expect that low-power scanned lasers will find
wider use than high-power lasers. For purposes of display, various
laser-addressed light valves will be developed, and these devices will
have a strong impact on large-screen displays. We have concluded that

Table 1—Laser Scanner Applications (D = Display, R = Recording, P
= Pickup)

1—Laser-addresed light valve (D)

2—Laser-addressed light amplifier/image intensifier (D)
3—Special displays that require holo-lenses (e.g. “head-up display”) (D)
4—Large-screen laser display (D)

5—Laser recording (R)

6—Heat printers with scanned IR lasers (R)
7—Computer print-out (R)

8—Scanned optical microscope (P)

9—Laser image scanner (P)

10—Low-light-level scanned TV pick-up (P)

11—Scanned optical radar (P)

12—Beam tracking in optical communication systems
13—Industrial control systems

14——Ma}nufacturing operations (cutting, trimming, ete.)—mostly IR and
pulsed

15—Materials testing (P)

16—Optical mask preparation (R)
17—Laser-scanned orthicon type pick-up tubes (P)
18—Optical memories and image stores

Laser-addressed light valves examples:

Photo-emitter controlled
Electro-optic crystal (KDP, Bi..SiO..)
Thin membrane schlieren

Photoconductor controlled:
Ferpic (E.O. ceramic PLZT)
Liquid crystal
Surface deformable media (thermoplastics, oil films, elstomers)

incoherent-light-controlling valves that use a 1-milliwatt laser source
as the valve addressing means could be developed now. This 1-milliwatt
source requirement takes into account currently achieved modulator
and deflector efficiency and measured reversible medium (thermoplastic)
exposure sensitivity.

In this paper we describe in some detail the results of the first
phase of our deflector program, namely the construction and operation
of a real-time television-rate laser scanner. This scanner utilizes an
acousto-optic Bragg device as the fast horizontal deflector and either
a novel refractive rotating device or a galvanometer as the vertical
deflector. A beam-shaping, focusing, and image-forming lens system
that allows compact construction has been designed. The system ac-
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cepts standard TV modulation and deflection signals and has greater
than 500-line vertical and 5-MHz horizontal resolution.

This paper is in four parts. After the introduction we deseribe the -
deflection system. In the next part the major deflection components
are treated. In the final part the general problem of the frequency
response of scanning beams is discussed. This discussion includes both
intensity-modulated and velocity-modulated beams. A general quanti-
tative formulation of the connection between the spread function of a
scanning beam and its frequency response is presented and a number
of specific examples are treated. The results provide useful guidelines
for specifying scanners for given applications.

2. Deflection System
2.1 General Comments

This paper describes a laser raster scanner capable of operating at
standard television rates. The main areas of potential applications
are information display, recording, and generation. An outstanding
feature of laser scanners is their versatility; for a given scanner, the
scan mode (e.g., jump scan, sequentially scanned raster, etc.) and the
scan rate are the basic specifications on which the design depends.
Raster size is of secondary concern, and the overall optical efficiency
is independent of it. Also, the resolution, expressed either as the
number of resolvable points per frame, or as the video frequency re-
sponse, is a constant of the system, and is essentially independent of
the image size. Our scanner, for example, produced a large-screen
(approximately 3 foot by 4 foot) television display; also, when passed
through microscope optics, it operated as a television read-out scanning
laser microscope. This paper is restricted to the description of the
scanner; details of the applications experiments will be published later.

The hybrid scanner configuration was chosen. For the fast hori-
zontal scanning, an acousto-optic deflector, operating in the “transition
region” (see Section 3.1) is used. For the vertical deflection, either a
rotating refractive prism polygon or an oscillating galvanometer-driven
mirror is employed. Operation in the acousto-optic transition region
allows sweeps over an acoustic bandwidth sufficiently wide for TV
resolution, with approximately 509% optical efficiency, without use of
phased-array transducers. The electromechanical vertical deflectors
provide essentially 1009 deflection efficiency, are potentially inexpen-
sive, and require simple drive signals.

The choice of the acousto-optic material was based on two con-
siderations: In addition to high diffraction efficiency, a small optical
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aperture in the deflector is also desirable. (The smaller the aperture,
the easier and cheaper it is to obtain diffraction-limited operation along
the optical chain.) Therefore, in order to maintain the required reso-
lution, one must operate at the highest possible frequency. Thus,
single-crystal acousto-optic materials must be employed. Using a lead
molybdate deflector with 0.85 cm aperture, a complete, diffraction-
limited raster scanner that has a 30 cm over-all optical length (un-
folded physical length) was developed. This length included the beam
expander and the complete x and y deflection optics, with the necessary
beam-shaping, image-forming, and projection lenses. No special lens
designs were required; all the lenses employed are of average quality,
but are operated at sufficiently small numerical aperture to allow
diffraction-limited operation.

2.2 Optical System

We have designed and tested two hybrid deflection systems, each
capable of operating at real time with a full 5-MHz horizontal TV
resolution and a vertical resolution of 1000 lines. Both systems derive
their fast axis scanning with an acoustic Bragg deflector; they differ
only by the means in which they achieve vertical deffection; one em-
ploys a rotating polygon, the other uses a scanning mirror galvano-
meter. Both of these electromechanical deflectors are capable of high
resolution and efficiency, and are quite adequate for the slow-axis
scanning. Naturally, the assets and liabilities of each electromechanical
deflector dictate selection for a given application.

The deflection optics used in the laser address system include a
unique lens chain that must perform a number of beam-shaping and
image-forming operations to realize the full performance capabilities
of the horizontal and vertical deflectors contained within it. This
optical system was developed according to the following design criteria:
(a) proper beam shaping to optimize the apertures of the acoustic
deflector and electromechanical deflectors,

(b) diffraction-limited performance and accommodation of large-aper-
ture (up to 2.5 cm) acoustic deflectors by the optical lens chain,

(¢) adjustability of the aspect ratio of the scanned raster,

(d) correction for the cylindrical astigmatism exhibited by the fre-
quency-swept acoustic deflector,

(e) compactness (about 30 cm in length or less),
(f) simplicity and ease of alignment,
(g) use of simple lenses of average quality.
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Fig. 1—Complete deflection optics incorporating an acousto-optic horizontal
deflector and a rotating refractive prism polygon vertical deflector.

In the above listing, conditions (a) through (d) are necessary only
to demonstrate feasibility of performance of the laser deflection sys-
tem; conditions (e) through (g), however, are necessary to render it
practical.

In the following discussion a complete description of the deflection
optics is given, along with the design considerations necessary to stay
within the above-stated guidelines. Fig. 1 shows a schematic diagram
of the deflection optics (including the complete beam-shaping and
image-forming lens chain) including the acoustic deflector and the
8-sided rotating polygon. A similar diagram is shown in Fig. 2 for
the scanning mirror galvanometer. In the two systems, the “front-end”
optics, up to and including the second cylinder lens, C,, are identical,
and thereafter differ only to accommodate the respective electrome-
chanical deflectors.
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Fig. 2—Complete deflection optics incorporating an acousto-optic hori-
zontal deflector and a galvanometer-type vertical deflector.
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The first three elements, S,, C,, and S,, in the lens chain (see Figs.
1 and 2) serve a number of functions, but, in essence, are used to
transform the input laser beam from a small circular cross section
into a large elliptical cross section in order to accommodate the long
but narrow rectangular aperture geometry of the acoustic deflector.
Thus we flood the aperture of the acoustic deflector, thereby obtaining
its optimum deflection efficiency and resolution.

This three-lens arrangement is basically a beam expander with a
cylindrical lens, C,, inserted in the middle. Thus, as can be seen from
Figs. 1 and 2 the beam expands in the horizontal direction to fill the
large aperture dimension of the acoustic deflector; in the vertical
direction, the cylindrical lens focuses the light through its narrow
width-*

Ype- L
f74 =1 i,

Fig. 3—The telephoto optics (lens combination S. and S. on Figs. 1
and 2) and its equivalent lens of focal length f (f = fifs/[f:— fi
+ D]), where fi and f: are the focal lengths of the positive and
negative lenses, respectively).

The positive and negative lens arrangement, S; and S,, immediately
following the acoustic deflector is a telephoto system that gives a long
focal length over a short physical distance (see Fig. 3). This long
focal length is required to provide sufficient magnification of the
scanner image before it is projected onto the viewing screen. The
telephoto arrangement is an important design consideration for com-
pactness when using the in-line-optics rotating polygon (Fig. 1). How-
ever, for the galvanometer (Fig. 2), which offers a natural folded-
optics arrangement, the telephoto system is not always needed.

The second cylindrical lens, C,, following the telephoto arrange-

* This narrow rectangular aperture geometry of the acoustic deflector
is a design consideration aimed at obtaining maximum resolution and deflec-
tion efficiency for a given acoustic drive power input. (See discussion on
acoustic deflectors). A further narrowing of the useful aperture is caused
by cracks and cleavages frequently introduced during the bonding of the
acoustic transducers to the deflector crystal.
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ment, provides the final beam convergence necessary for the efficient
operation of the electro-mechanical deflectors. For the rotating polygon
(Fig. 1), it means a large beam convergence angle for maximum
resolution but a small beam diameter upon entering the rotating
polygon to optimize its built-in blanking capabilities. For the scanning
mirror galvanometer, the second cylindrical lens provides a small con-
vergence angle in order to flood the galvanometer aperture, thus obtain-
ing its full resolution capabilitics. (Note the difference in forward
displacement of C, in Fig. 1, relative to that in Fig. 2.)

The last lens in the optics chain projects the scanned image onto a
viewing screen. Its focal length determines the actual physical size
of the scanned raster.

The deflection optics shown in Figs. 1 and 2 operates with small
numerical apertures; thus, for all practical purposes, it guarantees
diffraction-limited operation and ease of alignment. In addition, a
spatial filter in the form of a narrow slit can be inserted in the back
focal plane of the projection lens S; in Fig. 1 to filter out any un-
desirable spatial frequencies due to cylindrical lens aberrations, which
tend to degrade the picture quality. Also, all of the lens elements are
simple and of average quality. The overall length of the deflection
optics is about 30 em; with folding and appropriate choice of lens
parameters, this length can be further reduced.

The aspect ratio of the scanned raster can be adjusted in both
deflection systems by adjusting the bandwidth of the rf drive of the
acoustic deflector. The scan angle of the galvanometer can also be
adjusted to offer further flexibility of aspect ratio adjustment.

Finally, when the acoustic deflector is operating in a sequential
scanning mode in response to a strictly linearly swept rf input, it ex-
hibits a phenomenon known as cylindrical astigmatism.®, In effect the
acoustic deflector behaves like a long-focal-length (15-20 meters) cylin-
drical lens. The equivalent cylindrical lens focal length is f = 2T/
(AAv), where v is the sound velocity in the acoustic medium, T is the
linear sweep time duration, A is the light wavelength in air, and Av is
the change in acoustic frequency during the sweep. Note that Av can be
either positive or negative, depending on the sweep direction. There-
fore, if the sweep direction is reversed, the optics must be refocused.
With the cylindrical lenses incorporated into the deflection optics
(which decouples the horizontal from the vertical focus), a small
forward or backward displacement will correct for the astigmatic effect.

2.3 Electronic System
The block diagram of the electronic system used to process the laser
beam into a video display is shown in Fig. 4. The electronic system

830 RCA Review e Vol. 33 ¢ December 1972

1



LASER SCANNER—I

is designed to be operated with a standard monochrome video signal;
the required control pulses are composite blanking, horizontal drive,
and vertical drive. The video chain consists of a processing amplifier,
a video amplifier and dc restorer, and a dec-coupled modulator drive
amplifier. The deflection circuits consist of various waveform pro-
cessors and signal generators needed to drive the scanners linearly
within the retrace times set by television standards.

vi — 1 —

;ff;ommm ~ vioeo || ‘""fgn‘"'"- MODULATOR | 10 VIDEO
COMP BLANKING ___| ppocEssoR 0c REoroRER || DRIVE-AMPLIFIER MODULATOR
HORIZ_DRIVE RAMP RF SWEEP RF SWEEP TO BRAGG
- GENERATOR [ | OSCILLATOR AMPLIFIER DEFLECTOR
VERTICAL DRIVE DUAL -STEP CURRENT TO GALVANOMETER
VERTICAL DRIVE ] I ——

ENERATOR 1| | AMPLIFIER DEFLECTOR

1 SINE WAVE
o CONVERTER

: AND

|_PHASE ADJ

Fm——m— -

_1 POWER L _____ 70 ROTATING
|

LAMPLIFIER ' “ PRISM DEFLECTOR

L4

Fig. 4—Block diagram of the electronic system.

While the general outline of this electronic system is similar to
that used in processing an electron beam in a CRT display, the various
waveforms and signal levels needed are substantially different from
their CRT counterparts. In the following discussion we give a func-
tional description of the main building blocks of the electronic circuitry.

a. The Video Chain

The incoming composite video signal is first fed to the video processor.
The video processor reconstructs the pure video signal from the
composite video, provides an optional polarity-inversion capability, and
should include gamma-correction capability. (The present system is
not equipped with gamma correction). The modulator drive amplifier
is a commercially available dc-coupled video amplifier designed spe-
cifically to drive the transverse electro-optic modulator. The observed
frequency response of the complete video chain, from composite video
input to a laser beam detector output, extends from dc to well over
5 MHz.
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b. Ilorizontal Deflection

The highest-resolution performance of the lead molybdate acousto-optic
deflector was achieved when its rf drive was swept linearly from 125
to 250 MHz. The nominal input impedance of the deflector transducer
is 50 ohms and the required rf drive power level is one to three watts.

The sweep signal was generated by a commercially available sweep
generator and a wideband-compensated distributed amplifier capable
of delivering 3 watts at 1 dB compression into a 50-ohm load.

The poor impedance match of the transducer over the wide band-
width necessitated the use of some padding between the deflector and
the amplifier. The actual power reaching the transducer was there-
fore approximately 1.5 watts maximum.

¢. Rotating-Prism Scanner

The rotating prism is mounted on the shaft of a 60-Hz series hysteresis
synchronous motor that requires approximately 20 watts of drive
power. The sinusoidal drive signal, synchronous with the field rate, is
obtained from a symmetric multivibrator that is triggered by the
vertical blanking pulses. The output of the multivibrator is passed
through an L-C filter and then fed to a 20-watt audio amplifier. In
order to match exactly the scanner retrace time with the vertical
blanking interval, an adjustable phase-shifting network is included
between the sine-wave generator and the audio amplifier.

d. Galvanometer Scanner

When a fast galvanometer is driven by a television-field-rate ramp
signal, the galvanometer’s high mechanical @ results in overshoot and
ringing at the end of the retrace. Ringing-free retrace, however, can
be achieved by applying the retrace current in two precisely timed
steps. The first step, applied at time t,, which corresponds to the
beginning of the retrace, reverses the angular motion of the galvano-
meter and drives it to the opposite extreme position in a time interval
equal to approximately one half of a period of the free oscillation of
the mechanical system. At time t, the galvanometer comes to rest. If
the initial retrace pulse were the only driving force, the coil would
again reverse its motion and complete a second half of its ringing
cycle. Exactly at time t., however, a second current step is applied
to the coil. The height of this step is carefully adjusted so that at
time t, the driving force precisely cancels the restoring force. There-
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fore the galvanometer remains stationary at its extreme position. At
time t; the linear ramp is initiated and the galvanometer begins its
forward sweep.

An electronic processor was designed to generate the desired func-
tions. Two monostable multivibrators, triggered at field rate by the
vertical drive pulses, generate two pulses of duration ¢, — ¢, and t; — t,,

Fig. 5—Performance of the galvanometer drive signal processor. Figs. A
and C show retrace without special processor, B and D show
retrace with processor. Trace a is the blanking pulse, b is the
galvanometer coil current, ¢ is the voltage across the galvanometer
coil, d is the open circuit drive voltage. (Horizontal scale on A and
B is 2 milliseconds per major division; on C and D it is 0.24
millisecond per major division).

respectively. After proper level adjustment, the sum of these two pulses
provides the required two-step retrace pulse. The linear forward ramp
is generated by integrating the pulse train composed of the ty — ¢,
duration pulses. Best linearity with a galvanometer type deflector is
obtained when the armature shaft swings symmetrically about its zero
torque angular position; the adjustable de bias, also provided by the
processor, assures this mode of operation.

The performance of the processor is illustrated in Fig. 5. Oscillo-
grams A and B show a complete television field. while C and D are
expanded to illustrate the wave shapes during vertical retrace. Oscillo-
grams A and C show the performance without the special two-step
retrace drive signal processor; B and D show the performance with it.
On all four oscillograms trace “a” is the blanking pulse, “b” the
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galvanometer coil current, “c” the voltage across the galvanometer coil,
and “d” is the open-circuit drive voltage. The electrical impedance of
the galvanometer depends on its mechanical angular velocity ; therefore,
mechanical ringing results also in electrical ringing. Note the clean
ringing-free fast retrace performance obtained with the two-step re-
trace drive pulses shown on oscillograms B and D. Also note that the
retrace is completed in approximately one half the blanking time and
that the linear forward sweep is achieved well before the end of the
blanking period.

Fig. 6—Monochrome television test pattern displayed by the laser scanner,
using a galvanometer vertical deflector.

2.4 Results

The performance of a laser scan system using lead molybdate acousto-
optic horizontal deflectors and galvanometer vertical deflectors is shown
in Fig. 6. Using the 4880-4 argon laser line, the standard monochrome
television test pattern was scanned onto a color-converting organic
phosphor screen, and the resulting black and yellowish white display
was photographed. The apparent slight skew is the result of the off-
axis camera location; the actual display was completely free of such
distortions. The theoretical horizontal resolution, as determined by the
acousto-optic device, was 282 Rayleigh spots, with 52 microseconds
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active line time, corresponding to a limiting horizontal TV resolution
of 5.4 MHz (i.e., the straight-line MTF rolls off to zero at 5.4 MHz,
-~ gee Section 4). Careful inspection of the frequency bursts in Fig. 6
(corresponding to 1, 2, 3, 4, and 5 MHz) indicates a limiting resolution
of approximately 5 MHz. The vertical resolution is approximately 1,000
lines; the actual TV raster lines were fully resolved over the entire
field. The overall linearity of the scanned pattern was estimated to be
better than 3%.

The photographed test pattern clearly indicates some small but
definitely noticeable brightness nonuniformities that stem from a
number of sources. First, there is a slow center-to-edge brightness
variation in the horizontal direction; it is caused by a combination of
Bragg roll-off and transducer roll-off. The Bragg roll-off is discussed
in some detail in the section on acousto-optic deflectors. The trans-
ducer roll-off is caused by the frequency-dependent efficiency of the
acoustic transducer. Experimentally, we found that the intensity
variations due to Bragg roll-off and to transducer roll-off were com-
parable. By proper adjustment of the Bragg angle, approximately 35%
center-to-edge roll-off was obtained. The second major source of
brightness variation is the frequency-dependent electrical impedance
of the acoustic transducer; it causes a number of bright vertical stripes
to appear on a uniform “white field” display. With most subject
matters, however, these vertical stripes are not very noticeable. The
best long-term stability of the galvanometer deflector was obtained
when the drive pulses allowed some ringing, which causes the slight
vertical intensity variation at the upper edge of the raster. Finally,
some bright areas are caused by the nonuniform phosphor coating of
the display screen.

Fig. 7 shows the performance of the laser scanner with a “typical”
subject. This picture was taken under the same conditions as Fig. 6.

Fig. 8 shows the test pattern, but here the vertical deflection was
accomplished by an 8-sided fused-silica rotating refractive prism (ap-
proximately 2.5 em diameter). In all other respects the arrangement
was the same as that used for Fig. 6.

A few preliminary experiments concerning the effects of various
viewing screens on the performance of a laser display were also
performed. We found that using directional projection screens, a 0.5-W
laser, at 5145 &, with 109 overall optical efficiency, produces a highly
visible display on a 8 X 4-foot screen. A major problem with this type
of a display is speckle noise. From a convenient viewing distance
(approximately 6 feet), the speckle noise killed information above ap-
proximately 83 MHz. When a reflective screen is coated with an ap-
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Fig. 7—"Typical” test subject displayed by the laser scanner, using a
galvanometer vertical deflector.

Fig. 8—Monochrome television test pattern displayed by the laser scanner
using a rotating refractive prism polygon vertical deflector,
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propriate photoluminescent phosphor, the speckle noise is completely
eliminated. Also, the screen may provide luminous gain. Furthermore,
special phosphor screen designs may be used to create a color display
using a monochrome laser scanner. Our experiments have thus far
been limited to handling monochrome information, but all of our ex-
perimental results made use of the speckle-suppressing and color-
converting properties of such phosphor screens.

3. The Deflection Components
3.1 Acousto-Optic Deflectors

The most convenient method of achieving fast linear scanning of laser
light for analog-signal-handling applications is by means of acousto-
optic deflectors.'™"™ In an acousto-optic device, light deflection is
achieved through diffraction of light by sound-pressure-produced re-
fractive index variations.

Assume that the index of refraction variation in the medium is
described by n(x,t) =mn,+ n, sin (Qt — Kx), where Q and K are the
angular frequency and the wave number of the sound, respectively.
When a plane wave of light with wavelength A is incident on the
variable-index medium, the amplitudes of the various diffraction orders,
for A/n,<K .\ =2n/K, are related by a set of coupled difference differ-
ential equations.” In general, this set of equations can only be solved
numerically. A numbher of such numerical solutions is available.'*2®
Dependent on a set of interaction parameters, the solutions, and the
corresponding devices, can be separated into three classes. The
pertinent parameters are

Ap = kn,L, (1]
K2L
Q= , [2]
n,k
nk
a=— sin 6, [3]
K

where k = 2x/A, L is interaction length (the width of the sound wave-
front in the plane formed by % and I_é), and @ is the incidence angle.

(The angle between I?and I—E is 90-6.) The first interaction parameter,
A¢, describes the r-dependent pLase shift; the second one, Q, is the
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normalized interaction-length parameter and « is a normalized angle
parameter.

In the region Q< 1, the sound field acts like a thin grating and
the first-order diffraction intensity I,, is given by

I, =1yJ,(A¢), [4]

where I, is the incident intensity and J, is the Bessel function first
kind, first order. The maximum diffraction efficiency, from Eq. [4], is
349. The diffraction efficiency is entirely independent of a. There-
fore, in this region, as long as a constant phase shift is maintained,
the diffraction efficiency is also independent of A.

The region @>>1 is called the Bragg region. Light is diffracted
only when # equals the Bragg angle, |«| = 0.5, and only one diffraction
order exists. Then the diffracted intensity is given by

A¢
I, =1, sin? <—2-> c (6]

The deflection efficiency can reach 100%. Devices operating in this
regime are very sensitive to angular alignment. In order to assure
efficient operation over a wide band of acoustic frequency, phased-
array acoustic transducers must be employed.®**

The region 1 < Q <10 is called the transition region. There is nc
known analytical solution in this regime and no simple scaling laws
exist. The available numerical solutions, however, suggest that this
region is the most useful one for light-deflection applications. Its
main features are: the first-order diffraction efficiency is high, the
sensitivity to angular misalignments is low, and more than one diffrac-
tion order is present. The presence of higher diffraction orders re-
stricts operation to one-octave r{ bandwidth. (If greater than an
octave sweep is employed, the low-frequency end of the second-order
spectrum overlaps the high-frequency end of the first-order spectrum.)
The roll-off of the diffracted intensity with changing acoustic fre-
quency (i.e., the variation of I, with respect to «) is sufficiently low
to allow an octave operation. For example' with @ = 10 and A¢ = 2.0,
the calculated roll-off from band center to edge with an octave band-
width is approximately 25% ; the center of the band occurs at a = 0.5
and, at the center, approximately 67% of the incident light is deflected.
With Q = 10 and A¢ == at « = 0.5, over 90% of the incident light is
deflected. In general, for any given @ and given acceptable roll-off, the
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smaller A¢ is, the larger is the allowed bandwidth. Also, for @ > 10, the
diffraction efficiency at « = 0.5 is well approximated by Eq. [5].

From the above we conclude that an acousto-optic cell with @ = 10
offers a good design compromise for deflection applications. For
Q K10, the deflection efficiency is low but the angular tolerance is
excellent; for Q > 10, the diffraction efficiency is high, but, because of
the small angular tolerance, either the operation is restricted to a
narrow band of acoustic frequencies, or a phased-array acoustic trans-
ducer arrangement is required.

All of our experiments to date were performed with deflectors
using lead molybdate as the acousto-optic medium.”* The construction
of our device was identical to that described in Ref. (22).* The longi-
tudinal sound waves were propagated in the ¢ direction. Then the
sound velocity® is 3.6 X 105 cm/sec, and from Eq. [2] we find that at
150 MHz with 5,000-A light (n =2.48),® and L =1 em, Q = 20. The
required sound power can be estimated from the well-known relation-
ship*

2 L
Ap=m /) ——MMP,,, [6]
/2w

where W is the acousto-optic cell dimension perpendicular to both the
light- and the sound-wave propagations, M, is the relative acousto-
optic figure of merit, My=1.51 X 10—18 sec3/g is the acousto-optic
figure of merit for fused silica,”® and P,, is the sound power. For our
device L = 1.0 em, W = 0.5 cm, A =~ 5000 &, M, = 25 and therefore max-
imum deflection efficiency (A¢p ==) occurs with P,,=15 watts.®
Experimentally we have observed approximately 609% diffraction
efficiency with 3 watts rf drive power. (We conclude, therefore, that
our transducer losses were approximately 6 dB.)

_JThe diffraction-limited resolution of an acousto-optic deflector is
given by

N = Afs, [7]

where Af is the bandwidth of the swept-frequency sound waves and r is
the transit time of the sound waves across the optical aperture.? In our
deflector the useful optical aperture was 0.85 cm, and with a sub-
jectively acceptable roll-off, we operated over a 125-MHz bandwidth.
The diffraction-limited resolution was therefore N = 282 spots.

* The anthors express their appreciation to J. M. Hammer of RCA
Laboratories for the preparation of the lead-molybdate cell used in these
experiments. ‘
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3.2 Electromechanical Deflectors

a. Rotating-Mirror Polygons

Electromechanically driven reflective and refractive optical elements
are the highest-resolution optical deflectors known. The simplest and
most commonly used deflector of this type is the rotating polygon with
polished mirror facets. Its ultimate resolution capability is determined
by the mechanical strength of the available materials. As the polygon
is rotating, each facet scans out a line. Therefore a polygon with v
facets, rotating at M revolutions per second, scans out vM lines per
second. The maximum allowed rotation rate can be estimated by
calculating the burst speed of a rotating disk.

In a rotating solid disk made of a homogeneous isotropic material,
the maximum stress occurs at the center of the disk. At the center
the tangential and radial stresses are equal, and their value is given by*

3+
o, = ayg = — pa’RZ, [8]
8

where o is the stress, p is the density, » is the angular velocity, R is
the radius of the disk, and y is Poisson’s ratio, which for most mater-
ials™ is approximately 0.25. Therefore the maximum achievable rota-
tion rate is

1.57 T
Moo= — rev/sec, [9]
27R p

where T is the ultimate tensile strength of the material.

For a tilting mirror, the scan angle, ¥, is twice the mirror tilt
angle, and therefore for a polygon ¥ = 4x/v. The minimum achievable
diffraction angle is determined by the effective aperture size. It is
easy to show that with uniform slit illumination the number of
resolvable spots per line, N, scanned by a rotating mirror polygon, is

87R T
Nef sin <—> , [10]

vA v

where f is the required fractional blanking time, X is the light wave-
length, and R is the radius of the circumscribed circle. A resolution
higher than predicted by Eq. [10] can be obtained at the expense of
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reduced light utilization efficiency. In very high resolution scanning
systems the incident beam completely flcods at least two facets of the
rotating mirror polygon. The size and the location of the image plane
is selected so that exactly at the time when the scanning beam from
one facet comes to the end of a scan line, the scanning beam from the
next facet starts the next successive scan line.! In this case the reso-
lution can be calculated from Eq. [10] by setting f = 1 and for a 1-em
radius four-sided polygon N = 105 spots per scan line. The maximum
number of spots per second. B, that a mirror polvgon can scan is,

6.28 T w
B = VMmaxN :f'___ /‘/—' sin{ — ). [11]
/\ N v

Assume that a 1-cm radius four-sided polygon is made out of bronze
(T = 10% psi=10'° dynes/cm?, p~ 88 grams/cm?3), that 109 frac-
tional blanking time is acceptable (f = 0.1), and that 5,000-4 light is
used. Then, from the above equations, we obtain: M,,, = 10* rev/sec,
N = 10* spots/line, and B = 4 X 108 spots/sec. Clearly, the rotating-
mirror polygon is well suited for high-resolution scanning applications.
For the much lower resolution and deflection rate required for a
vertical television deflector, other, more convenient alternatives exist.

b. Rotating Refractive Prisms

When a light ray is transmitted through a transparent plane-parallel
plate at incidence angles other than normal, the exit ray is displaced
and parallel to the entrance ray. Therefore a rotating even-sided glass
polygon, illuminated with a convergent (or divergent) ray bundle,
offers a convenient means of light scanning. The outstanding feature
of the rotating prism deflector is that it allows operation with in-line
optics. A convenient feature, common with rotating-mirror polygons,
is that it can be simply driven by a synchronous motor. As will be
shown below, the refractive prism deflector can be arranged to pro-
duce an extremely short flyback time (approximately equal to an
element time) without a corresponding reduction of the effective aper-
ture size. The effective aperture. however, is limited by the severe
geometric aberrations inherent to rotating refractive prism deflectors.
They are well suited only for applications requiring approximately 103
resolvable spots maximum resolution.

The basic arrangement is shown in Fig. 9. The plane-paralle] plate
of thickness d and index of refraction n is tilted with respect to the
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central ray of the incident convergent bundle by angle 8. The ray
bundle has a half convergence angle 8. The displacement, y, of the
central ray can be easily calculated from Snell’s law;

cos 3
y=sinp (l - ~—-—> ) [12a]
Vn? —sin?B

and for small tilt angles (8 <K w/2),

1
y=~B (1 —->+0(,83)- [12b]

n

Fig. 9—Illustration of principle of operation of a refractive prism de-
ﬁ?ctgt. 1l“,.b is the point where the light would focus in the absence
of the slab.

Because the displacement of a ray depends on its incidence angle,
the presence of the slab destroys the geometric focus. An estimate of
the aberration introduced can be obtained by calculating the longi-
tudinal aberration at 8 =0. In this case a ray incident at angle 6
intersects the central ray at an axial distance z, measured from F, in
Fig. 9:

cos @
z=d(1——— , [18a]
n2 — sin® @

and for § K =/2,
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1 d 1
z2=d(1——) +02—({1——1]. [13b]
n n 2n?

As the slab is rotated, even the central ray bundle ( aproaching zero)
does not focus on a plane. The axial displacement for the 6— 0 bundle
is given by

’ cos (28) 1 sin? (28)
e:d[cosﬂ—————————J. [14a]

(n? —sin2B)1/2 4 (n? — sin2B)3/2

and for B <KL n/2

1 d n 3
¢=d<1——>+ﬂ2—<2————>. [14b]
n n 2 2n?

The two aberration formulas, Eqs. [13a] and [14a], can be used to
estimate the resolution capability of the rotating-prism deflector. The
minimum convergence angle allowed by diffraction considerations for
500-spot resolution, with n =15, v=8 andd =2 em, is 20 =5 X 10~2
rad. The geometric spot size is given by 20Az. Therefore, with the aid
of Eq. [13b], we conclude that the longitudinal aberration will not be
important. The curvature of the focal plane, Eq. [14a], however, does
limit the resolution. By selecting the nominal focal plane such that
the best focus occurs at 8 =8,,../\/2 and calculating the geometric
spot size from Eq. [14b] with 20 =5 x 10—2 rad, we find that at
B =0 and B = B, the equivalent resolution drops to approximately
200 spots.

The limitation on the resolution resulting from the curvature of
the focal plane is, however, significantly reduced if the scanner image
is projected with large magnification onto a viewing screen. Using the
thin-lens imaging formula, one can easily show that

m
§=—

€ [156]
1 €
—_—
m F

where m is the linear magnification, F is the focal length of the pro-

jection lens, and 8 is the deviation fromithe nominal image plane as a
result of the deviation ¢ from the nominal object plane. If ¢ is small in

NCA Raview « Vol. 33 « Dacember 1972 €43




comparison with the focal length of the projection lens and m>>1, then
the geometric spot-size-limited resolution in the image plane, N,, is
given by

N,,=N<1+mi>. (16]
F

where N is the geometric spot-size-limited resolution in the nominal
object plane, as determined by the curvature of the object plane.

Eq. [16] appears to suggest that as the magnification is increased,
the resolution will continuously increase. Clearly this is not possible.
This apparent anomaly is resolved by noting that Eq. {16] takes into
account only the geometric spot size. For sufficiently large magnifica-
tions the scanner aberrations will be masked by the diffraction spread
and the ultimate resolution is then given by Eq. [17] discussed below.

The typical experimental values are m = 10%, F =5 cm, and, for the
above example, ¢ =0.12 cm. Then, with N =200, we find N, = 650
spots. Therefore, we conclude that in a typical projection arrangement
the prism-deflector-induced focal-plane curvature limitation on the reso-
lution is not important, and diffraction-limited operation of 500-line
deflectors is possible. This conclusion is in agreement with our ex-
perimental observations.

Additional details of the aberrations, obtained by numerical evalua-
tion of the appropriate ray-tracing formulas, are given in Figs. 10 and
11. On these figures, U, L and C denote the principal rays, incident at
angles § — 8, 6 + B8, and B, respectively. (U,C), (U\L) and (L,C)
denote the intersection of the bracketed ray pairs. The importance of
operating with narrow cone angles is especially apparent from Fig. 11.

In addition to the aberrations discussed above, the rotating-prism
deflector is also astigmatic.®® The hybrid laser scanner, however, uses
independent cylindrical lens chains for the x and y directions, and
therefore the astigmatism can be compensated.

Thus far we have not discussed any restrictions arising as a result
of blanking considerations. When a rotating refractive prism is used
with a convergent ray, the size of the ray bundle incident on the
entrance facet must not exceed the product of the fractional blanking
time and the facet dimension in the scan plane. In this case, however.
the diffraction-limited resolution is significantly less than 500 spots.
A much more favorable arrangement is indicated on Fig. 12. Here, the
light is brought to a focus before entering the prism and deflection is
obtained by displacement of the virtual image. Fly-back occurs during
the time the focus clears the prism corner; i.e., the time requirement is
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Fig. 10—Performance of a rotating refractive prism deflector. Intersec-
tions of the principal rays of a cone with 5° half angle.
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Fig. 11—Performance of a rotating refractive prism deflector. Intersec-
tions of the extreme rays with the central ray. This figure clearly
illustrates the importance of narrow cone operation.
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approximately one element time. (If the prism is used as the vertical
deflector in a raster scanner, then the resulting flyback time is ap-
proximately one horizontal line time.) The rays drawn with solid lines
on Fig. 12 correspond to the instant in time when the facet pair formed
by A, and A, is operative; the dotted lines correspond to when facets
B, and B, are operative. The cone angle restriction is then that at no

Fig. 12—The illumination of a rotating refractive prism deflector that
allows the minimum fractional blanking time and the highest
possible resolution.

instant in time should any portion of the bundle exit through any
other facet but the one opposite to the entrance facet. With this re-
striction one easily finds in the paraxial ray approximation that 6.,
=mnwr/v, and, with uniform illuminating intensity distribution, the
number of diffraction-limited resolvable spots is

d 472
N=—
A 2

(n-—1). [17]

A comparison of Egs. [17] and [10] indicates that, since d = 2R, and
for most applications, n — 1 > f, taking only diffraction limitations into
account, the resolution of the rotating refractive prism is higher than
that of the rotating-mirror polygon. Both of these devices suffer from
curvature of focal plane; in some applications (e.g., recording), this
curvature can be fully compensated for. The longitudinal aberration
of the refractive-prism deflector, however, necessitates a convergence
angle 8 < 6,,,,- By equating the diffraction-limited spot size, w = /26,
with the geometrical spot size 20Az, where Az is obtained from Eq.
[13b] for the longitudinal aberration, one can determine the resolu-
tion where the diffraction-limited and the aberration-limited resolu-
tions are equal. For d =2 cm, v =8, and n=1.5, we find 260 = 1.3
X 10—1 rad and the corresponding resolution is 1.3 X 103 spots,
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¢. Galvanometer Mirrors

Recently available galvanometer-driven mirrors are excellent scanning
devices for intermediate resolution (a few thousand spots) and slow
scan rate (a few hundred scans per second, with approximately half a
millisecond retrace) range. These devices consist of a small mirror
mounted on the shaft of a moving-iron galvanometer. Their drive
signal requirements consist of a linear current ramp during the active
portion of the scan and a precisely timed two-step pulse during re-
trace.’® By precisely adjusting the retrace pulse, a flyback time that is
approximately equal to one half the period of the natural mechanical
oscillation of the mirror-loaded galvanometer can be obtained.

The diffraction-limited resolution is determined by the maximum
achievable tilt angles, B,,,,, and the mirror dimension in the scan plane,
b. Then

2Bmax b

N=———, [18]
A

Commercially available galvanometers* are capable of 8,,, = 0.14 rad

with 0.75-cm mirror aperture, resulting in 4,200-spot resolution at

A =5000 A.

The resolution is proportional to the mirror size, but the inertia
also increases with mirror size. For the device cited above, the mirror
dimensions are 0.1 e¢m thickness and 0.75 X 1.1 ecm?2 area; the mirror
inertia is approximately equal to the armature inertia, and the com-
plete mirror-loaded galvanometer natural resonant frequency is ap-
proximtely 10® Hz. With proper drive-signal conditioning, sawtooth
rates that are 409 of the natural resonant frequency can be obtained.
Therefore, this device is capable of 400 scans per second with 500
microseconds retrace time; clearly the 209% blanking time at the max-
imum sawtooth rate is excessive for most applications. However, at the
60 scans per second rate required for television vertical deflection, the
device operates well within the allowed 5% (750-microsecond) blank-
ing time.

4. The Frequency Response of Deflected Beams

4.1 General Formulation

The most convenient way to describe quantitatively the performance
of beam-deflection systems is to calculate the spatial intensity varia-

* General Scanning, Inc.,, 80 Coolidge Mill Road, Watertown, Mass.
02172, Model GS-108,
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tions that result when the beam is modulated by a periodic signal. We
shall consider both intensity and position (wobble) modulation. In-
tensity modulation is the common technique, well known from tele-
vision practice; the beam intensity is modulated and its position is
advanced, usually in a linear fashion. Position modulation refers to
the technque where a “wobble” is superimposed on a linear scan to
produce a spatial carrier. By controlling the “wobble” amplitude, the
amplitude of the spatial carrier can be modulated. Appropriate light-
valve structures must then be used for display purposes.

We are primarily interested in the performance of acousto-optic
Bragg deflectors. Most of the calculations presented here, however,
are more general; they are applicable to a wide range of beam-deflec-
tion systems, including electron beams. Following common practice,
the calculations are restricted to the one-dimensional case (i.e., we
assume that the beam is scanned in the a,y plane in the x direction
and that there is no y variation).

Denote the instantaneous beam position as a function of time ¢ by
2’(t) and the beam-spread function, describing the intensity distribu-
tion of the stationary beam centered at & =0, by S(x). The instan-
taneous intensity distribution is then S(x — 2’(t)). The intensity
modulation is described by M (t). The instantaneous exposure is then

I(x,t) =M(@) S (x—2'(t)). [19]

The total exposure is

®

E(x) =f1(x,t) dt. [20]

-0

In direct-view display systems, integration is accomplished by the
human eye: in light-valve and recording structures, it is accomplished
by their inherent storage properties.

Two spread functions are especially of practical interest: (1) When
the spread of the beam in the scan plane is much smaller than the
smallest spatial frequency of interest, the spread function can be
approximated by that of an infinitessimally fine beam:

S(x) =8(x). [21]

(2) When the beam size is diffraction limited by a slit of width D,
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and the beam-forming focusing optics has focal length f, then

sin Ax )2
S(x) = , [22]
Azx

where

A=—010), [23]
Af

and A is the wavelength.

4.2 Intensity-Modulated, Linearly Scanned Beams

a. Uniformly Illuminated Aperture

We assume that the beam intensity is modulated at angular frequency
and that the beam is scanned with linear velocity v. Then

M(t) = exp {jut}, [24]

v (t) = ot , [25]

and from Eq. [20],

@®

, E(x) = fdt exp {jot) S(x — vt). (261

— 0
Set ¥ — vt = 1. Then

@®

1 o1 X
E(x):—/drexp —F— S(r)exp{j—
v v v

—

ol
=F,expj—
v

[(27]
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The normalized frequency response, R(w), is defined as

3 T
/drexp {—f—}S(f)
v

R(w) = — = . [28]
E

In the most common Bragg deflector arrangement, the acousto-
optic cell with aperture D is uniformly illuminated by a collimated
beam. There, by substituting Eq. [22] into [28], we obtain

R(o) =1—

© € Opay [29]
Wmay

=0 o2 WOy

where wy.c = 24v = 2xDv/(Af). Assume that the beam is scanned

linearly over distance L in time T = L/v. According to the usual

definition, the number of resolvable (Rayleigh criterion) spots along

the line of length L is N = LA/x = (LD)/(Af). Therefore,

N
Opay = 27— [80]
T

b. Geometric Interpretation and Simple Aperture Examples

In the previous section the direct analytical solution to the frequency-
response problem was outlined. Here we will show that Eq. [28] has
an important geometrical interpretation that greatly facilitates its
evaluation. This interpretation is analogous to the one employed in the
calculations of the optical transfer function of incoherent imaging
systems.™

Consider the deflector arrangement shown in Fig. 138. The deflector
element indicated is an acousto-optic cell, located adjacent to a thin
positive lens of focal length f. The deflector is illuminated by a plane
wave, and the scan line is formed in the back focal plane of the lens.

650 RCA Review e Vol. 33 ¢ December 1972



LASER SCANNER—I

Denote the field distribution incident on the lens by P(z,). (We again
restrict ourselves to the one-dimensional case.) P(x,) is determined by
the incident plane wave field distribution and by the shading and
aperturing that may be introduced by stops and losses in the deflector-
lens combination. With the beam stationary and centered at z =0,
the field distribution in the focal plane is®

B wa? g 2
Ui(x) =—exp j—}»/dx,, P(x,) exp {—j—x,x} , [31]
2% Af Af

—o0

where B is proportional to the square root of the incident power in
the beam. The spread function is given by the intensity distribution:

S(z) = Up(x) UM (z). -
r Xo x
T ..ﬁ/_@_‘ y
-—~ﬁ.l\ / L T :__.F/
I f )

Fig. 13—The basic acousto-optic deflector arrangement.

Therefore the instantaneous intensity distribution of the scanning
beam is

w o

B2 w2
S(x —t) = f/dx,,dx,,’P(x,,) P*(z/) exp {— j— [z, (x — vt)
Af

,\2f2
—w—w

[33]

-z, (x— vt)]}

From Eq. [27],

wdr o1
E,= | —S(r)exp «—j—

v v

—o0

RCA Review e Vol. 33 ¢ Dacember 1972 851




drdx,dx/P(x,) P*(x,) exp<—j — (x,
vAZf2 Af

— 0 —00 =0

wT
—x,/)7 ; exp {— §—
v

[34]

Note that

o

27 ©
/drexp -7 —(zo—x,,’)——] 7}
Af v

— 0

Afw
= A8 [xo———xo’l.

[35]

2nv

Therefore

B [ M
By = dx P(x,)P* | x, — —) s [36]
v/\2f2 2nr

— 0

Then we can rewrite the frequency response, Eq. [28], as

3 Ao
/ de P ()P x,,__>
2mv

— o0

R(w) = . [37]

E

/d-rall’(-’to)l2

Eq. [387] indicates that the frequency response can be calculated
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simply as a normalized overlap integral. This geometric interpretation
is especially useful and easy to use when the incident field distribution
P(x,) is real and positive (i.e., no phase-shifting stops are employed).
Three simple examples are shown in Fig. 14. It is easily seen from

Plag) Rlw)

| | ’

Stz 0 0z o 0 wmaw2

Plzy) Riw)

0SEN\_____.
A S
: \ /N,
-D/2-a 00D (73 0 ©  wwy W upg
Plzg) Riw) ¢
9 o el P

wmar 2 Wmor

-___lo 5/ - 1 ("}

“oi2T 0 o2 0 Umgs/2  Wmor

Fig. 14—Three simple examples easily calculated with the aid of the geo-
metric interpretation. P(x.) is the amplitude distribution across
the aperture and R (w) is the freqcency response of the scanner.

Eq. [37] that if the deflector-lens combination has a beam-limiting
aperture of width D, then, independently of any shading and stops
internal to the aperture, the overlap integral is zero for displace-
ments greater than 1. Therefore in all these cases

2mv
Omax = — D. [38]
Af

The example in Fig. 14a corresponds to the uniformly illuminated
slit treated in the previous section. Fig. 14b is a uniformly illuminated
slit with an arbitrarily located stop within it. The various amplitude
and frequency values indicated on the figure are
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D
——a
2
A= 5
D—a-b
a athbd
W) = Opay Ty Wy = Wpgy "7 T '.39]

Note from Fig. 14b that by employing a suitable stop, the high-fre-
quency response can be significantly improved, but only at the expense
of the response at intermediate frequencies. Also, it is easy to show
that the maximum possible high-frequency peaking results in a re-
sponse that is one half of the zero frequency response. Fig. 14c shows
a uniformly shaded aperture; as indicated, uniform shading always
reduces the response at all frequencies.

Another example, of practical interest occurs when the incident
field amplitude distribution is Gaussian,

x,2
P(x,) = exp {—— } , [40]

w,2

corresponding to a fundamental-mode laser beam.

Clearly if the Gaussian parameter w, is much larger than the limit-
ing aperture (e.g., size of the Bragg deflector), the frequency distribu-
tion is well approximated by the uniformly illuminated aperture case
treated above. In the opposite case, i.e., when w,<< D, then from Eq.
[37] one easily determines that the frequency roll-off is also a
Gaussian:

‘”2
E(e) =exp {—— } [41]

0302
where
V8rvw,

W, —
Af

Results of numerical solutions for the intermediate range, w, ~ D, are
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shown in Fig. 15. It can be easily seen that since the illumination
function is peaked at the center, the spread function will broaden (a
trend opposite to that indicated on Fig. 14b). Therefore the high-
frequency response with Gaussian illumination will always be poorer
than with uniform illumination. The limiting resolution, wp,,, i8 again
given by Eq. [38].

. . p A
[} ot 02 03 04 08 (11 07 1] 09 10
LT

Fig. 16—The frequency response of deflector illuminated by a Gaussian
beam. D is the full wigth of the aperture and w, is the Gaussian
parameter of the amplitude distribution across the aperture.

¢. The Effect of Acoustic Losses on the Resolution of Bragg Deflectors

The characteristic exponential sound-wave absorption lengths of the
best acousto-optic materials at frequencies that are well within the
capability of current transducer technology are comparable to the
useful optical apertures (approximately 1 em). Therefore it is of
great practical interest to estimate the effect of acoustic losses on the
resolution of acousto-optic deflectors.

We restrict our analysis to weak acousto-optic interactions in the
Bragg regime. There,

Ap\2
L =1, (_> ’ [42]
2

where I, is the intensity of the light beam incident on the deflector, I,
is the deflected beam intensity, A¢ is the sound-wave-induced phase
retardation and is proportional to the square root of the acoustic
power. The acoustic-wave power attentuation coefficient is 2« and the
aperture of width D is centered at x, = 0. The effect of the decreasing
sound power across the aperture is an exponential shading. The
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spread function can be calculated in a straightforward manner; one

obtains
jaD\ | 2
sin (Ax - >
2
S(x) =exp {—aD} {431
jaD
Ax —
2

1001

600

2001

1001

]

U o”A M 127

Fig. 16—The spread function with 0, 10, and 20 dB acoustic attenuation
across the aperture.

Fig. 16 is a normalized plot of S(x) for 0, 10, and 20 dB acoustic power
loss across the aperture. The effect of the losses on the broadening of
the spread function is very small; therefore the effect on the frequency
response is rather small, too. The frequency response R(w) is plotted
in Fig. 17 for various acoustic losses. Clearly, the main effect is a
slight lowering of the high-frequency response, but for all practical
purposes this decrease in resolution is negligible up to ~10 dB. By
integrating Eq. [42] across the aperture one can easily calculate the
effect of sound attenuation on the deflector efficiency. Let 5 denote the
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normalized efficiency (i.e., the. optical efficiency with acoustic losses,
divided by the efficiency without losses where, in the lossy case, the
induced phase retardation, Aé, at the transducer is equal to that over
the entire aperture in the lossless case); §

I
od
ori- 048
06 < 548
3 1048
xosll e
04~
1
0 2098
|
0
2}
Q[—A _— b 1 1 1 1 1 L
0 01 02 03 04 05 06 o7 08 09 10
w/wmay

Fig. 17—The frequency response of a scanner with uniformly illuminated
aperture and 0, 6, 10, and 20 dB acoustic attenuation across the
aperture.

D/2
1 D
q:-/ex;) —2a | x,+ — )} dx,
D 2
—D/2
[44]
1

(1 —exp { — 2aD}). -
2aD

Fig. 18 is a plot of Eq. [44]. Note that over 6 dB acoustic loss across
the aperture is permissible before the deflector optical efficiency drops
by a factor of two.

From the above we can conclude that for most practical cases of
interest the effect of a few dB acoustic loss in the deflector is negligible
as far as either the resolution or the optical efficiency is concerned. A
far more serious problem associated with acoustic losses is the heating
of the deflector that can result in thermal distortions (thermal lens
effects).

Because of the thermal distortions, the acoustic losses must be kept
below some experimentally determined acceptable maximum (typically
in the few-dB range). The resolution of a Bragg deflector is given
by the product of the acoustic transit time and the rf bandwidth; the
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maximum allowed bandwidth is limited by image overlap to an octive

D fmlx

v, 2

L SR S .8,
0 s~ 40t 1. 4.y _
0 050 100 150 200 250 300 350
eD

Fig. 18—The normalized efficiency of an acousto-optic deflector with
acoustic attenuation across the aperture. The exponential acoustic
power attenuation coefficient is 2a, and the aperture width is D.

where v, is the acoustic velocity and f,,. is the highest operating rf
frequency. Over the typical operating frequency range, the acoustic
losses can be well described by a simple power law;

G(db) = DAfry,,. [46]

where G is the acoustic power loss in dB across the aperture of length
D at the maximum operating frequency, and y and p are constants
of the acousto-optic material. For device optimization, one wishes to
determine optimum f,,,, subject to the constraints that the deflector
retrace time requirement sets the maximum allowed aperture size and
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the thermal lensing effects allow a maximum acoustic loss G,,,. Denote
the retrace time by T,. Then

Dgax = 05 Ty [47]

and from Eq. [46]:

Gmlx l/p Gmnx l/p
fmlx = [ ] = [ J . [48]
Dpux v YVs T,
By substituting Eqs. [47] and [48] into Eq. [45] we obtain
To Gmax A
Npex = ] . [49]
2 LyvT,

To indicate the significance of Eq. [49], let us evaluate the opti-
mum conditions for a Bragg deflector, constructed out of lead moly-
bdate,®® by assuming that the deflector is going to operate at hori-
zontal television deflection rate (T, =10 usec) and that the acoustic
loss should not exceed 1 dB. From the published values we find that
y=10-17 (dB-sec?)/cm, v,=3.75 X 105 cm/sec, and p =2. Then
from Eqs. [48] through [49], we find N, = 800 spots, f .= 163
MHz, and D,,,, = 3.75 cm.

d. Effect of Cleavage Planes on Bragg-Deflector Performance

The best currently known technique for attaching transducers to
acousto-optic materials requires cold bonding. This cold bonding re-
quires high pressures that frequently result in cleavage planes per-
pendicular to the sound-propagation direction. By comparing faultless
and cleaved deflectors employed in a complete, intensity-modulated
laser scanner, we have observed that (1) the limting resolution wy,,
is very little affected by the presence of cleavage, and (2) at best
overall focus, the scanned pattern is slightly fuzzy with some fre-
quency components, w<o,,,. appearing completely out of focus. A
possible explanation for this behavior can be obtained by assuming
that the result of the cleavages is a complex field distribution in the
aperture.

For simplicity’s sake, assume that a clean cleavage is present in
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Fig. 19—The frequency response of a scanner with phase shift across
the aperture.

the deflector at x,=0 and that, as it is commonly observed, the
cleavage plane is perpendicular to x, (see Fig. 13). In this case, the
upper (x, > 0) half of the deflector is slightly displaced with respect
to the lower half. This displacement results in an amplitude illumina-
tion function P(x,) such that there is a constant phase shift between
the regions x,>0 and z,<0. Fig. 20 shows an example in which
this shift was assumed to be = (one half optical wavelength). Then
P(x,) =+1 for—D/2<x,<0 and P(2,) =—1 for 0<x,<D/2.
Using the geometric interpretation of Eq. [37], R(w) can be readily
obtained and is also shown on Fig. 19. Note that when R(w) =0 for
o < wp,y, the corresponding frequency burst in a test pattern appears
washed out, as if it were out of focus. When R (w) is negative, the
display

0:2,(042) nyo
Y n:0

Fig. 20—The relative amplitudes of the harmonic terms in the response
of a very high resolution deflection modulated beam. (See the
discussion following Eq. [53] in the text.)
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system produces a contrast reversal, corresponding to 180° phase shift
in a burst pattern. In general, R(s) can be complex. Thus, depending
on the phase variation of P(x,), any phase shift in a burst pattern is
possible. Frequency-dependent phase shifts, will, however, always
lead to a degraded fuzzy display that is somewhat reminiscent of a
slightly misfocused image.

4.3 Deflection-Modulated Beam Scanning

All the examples treated in the previous sections involved the intensity
modulation of linearly advancing beams. A time-variant signal can
also ke converted into spatial intensity variations by modulating the
instantaneous beam position, x’ (¢), of a constant-intensity beam.
Clearly, this modulation technique is not suiltable for direct-view
display systems, but it has been successfully used in electron-beam-
controlled light valves®*** It may find application in laser-beam-
addressed recording and light-valve arrangements. This technique has
one main advantage over the simple intensity modulation; because the
beam intensity is constant, the average exposure over large areas is
also constant. This feature is very useful when addressing deformable-
medium-type light valves (e.g., thermoplastics, oil films, etc).

First we treat the simple problem when a very fine beam has a
constant-amplitude sinusoidal wobble modulation at angular frequency
o superimposed on its linear scan. Then

L'(t) = vt + a cos of, [50]

and since M(t) =1, from Eq. [20] we have

E(x):fdt&(z——vt——acos@t). [51]

- 00

By making use of the following mathematical identities, Eq. [51] can
be integrated in a straightforward manner:t

* Even though wobble-modulated light valves have been built, to the
authors’ knowledge no detailed analysis of this modulation technique has
been published.

t The authors express their appreciation to R. W. Cohen of RCA
Laboratories for the analytical evaluation of the wobble modulation ex-
posure integrals.
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where A is given by Eq. [23]. By making use of Egs. [562] and of
the identity

+24
sinfA(x—§&) 1 13!
—-—:—-/dkvr <A ——>exp {—Jjk (x—§)). [59]
27
—5a

(z —£)* 2

Eq. [58] can be integrated and the result is

W ["max] No Noa
E@)y=—{14+2 Y [1- Jal—])°
vA n=1 2vA v

[60]
ol kg
cos|nf{——— ,
v 2
where
24y 27Dv oy,
MNpax = = = y [61]
o 4\fw [

and [n,,,] denotes the maximum integer that does not exceed Nnax-

Note that the first bracketed term in the summation corresponds
to the linear roll-off associated with the finite beam size, and is shown
in Fig. 14a. The summation is carried out only for those harmonics
that are below the cutoff frequency w,,,. If Omax/2 € 0 < opay, only
the fundamental term is present. At o = wg,,/2

T Oy @ Wmax T
E(rx)y=—11+4J, < —> cos < ] , [62]
vA 2v 2v

and since the maximum value of J; is 0.58 at (w,,, @)/(2v) =2, over
509 of the beam intensity can be utilized in writing the carrier. (The
spatial modulation is on top of a 42% dc component.) The required
peak wobble excursion is

4v 20T 21,
a= = = , [63]

Orax N aN
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(See Eq. [30] and the discussion preceding it). Recall that the full
scan-line length L is scanned with N Rayleigh criterion spots. There-
fore, the required resolution, Ny, of the wobble producing deflector is

a 2
N|V=N'—=—. [64]
L =

Eq. [64] indicates that the required wobble modulator resolution is less
than one Rayleigh spot. In a high-quality television-type system
@ = oga,/2 must be higher than the highest video frequency of interest,
i.e., it should be set at around 10 MHz. One-spot resolution at these
rates is achievable with both electro-optic and acousto-optic deflectors.
The main deflector is then required to have a limiting frequency
omax = 20 MHz; with 50 microseconds active line time, this corresponds
to N =1,000. We therefore conclude that wobble modulation of a tele-
vision raster is a realistic goal with currently known laser deflection
methods.
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A Television Rate Laser Scanner
ll. Recent Developments

i. Gorog, J. D. Knox, P. V. Goedertier, and 1. Shidlovsky
RCA Laboratories, Princeton, N. J.

Abstract—An anisotropic Bragg device, fabricated out of paratellurite, has
been used as the acousto-optic horizontal deflector in a television-rate
laser scanner that previously employed an isotropic lead molybdate
acousto-optic device as the horizontal deflector. With approximately
50mW average drive power, at television horizontal scan rate, the
TeO2 deflector produces an average deflection efficiency of 50%.
The limiting TV resolution of the scanner is greater than 10 MHz (52
usec active line time).

Introduction

In the preceding paper' we described in detail a television-rate laser
scanner that uses an isotropic Bragg device, constructed out of lead-
molybdate, as the horizontal deflector. In this paper we report on the
performance of a modified version of the same scanner. This version
uses an anisotropic Bragg device, constructed out of paratellurite
(Te0,), as the horizontal deflector. Contrary to previous expectations,?
we found that when an anisotropic Te0, deflector is operated at tele-
vision horizontal sean rate, the peak deflection efficiency need not be
restricted to less than 409 in order to restrict the midband dip to less
than 20%. With less than a 20% dip, an average deflection efficiency
(including 159% blanking time) in excess of 509 is achievable.
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A Te0, acousto-optic deflector was described by Uchida and Oh-
machi,* who built a single-element, two-dimensional (x-y) deflector
utilizing the slow shear waves in Te0,. Their results showed that
Te0, has a very high acousto-optic figure of merit and that the slow
shear waves should allow the construction of high-resolution deflectors
with small optical apertures. Recently, Warner, et al®* succeeded in
constructing an anisotropic Bragg deflector that makes use of the large
optical activity exhibited in Te0. for light traveling along the c-axis.

The utilization of anisotropic Bragg scattering for light-deflection
purposes was suggested by Dixon.* He showed that if the velocity of
propagation of the scattered light is different from that of the incident
light, then for a given deflector resolution the required acoustic dif-
fraction spread is less than that required in isotropic media. There-
fore, anisotropic acousto-optic devices can Le operated deeper in the
Braggs regime (higher efficiency) over a wider acoustic bandwidth
(higher resolution) than is possible with isotropic acousto-optic devices
without acoustic beam steering. Anisotropic Bragg deflectors have been
constructed in the past from other materials,® but, to the authors’ knowl-
edge, Te0, is the first practical anisotropic acousto-optic material.

The overall design of our Te0. deflector is the same as that of War-
ner, et al*; however, the details of the crystal-growth conditions, the
transducer design, and its bonding are somewhat different. These de-
tails will be reported in a separate publication at a later date.

Results

The acousto-optic interaction length of our Te0, deflector is 0.225 em.
This interaction length is sufficiently long to allow operation deep in
the Bragg regime over an acoustic bandwidth in excess of an octave.
The useful sweep band was found to be 65 MHz wide, extending from
30 to 95 MHz. The optical aperture used was 0.5 cm. Then the dif-
fraction-limited resolution is N = 524 spots (v = 0.62 X 10° e¢m/sec)?,
which corresponds to a limiting TV resolution in excess of 10 MHz
(52 pnsec active line time).

Fig. 1 shows the deflector roll-off characteristics when it is operated
at television horizontal scan rate. The upper trace shows a horizontal
ramp with rf frequency markers superimposed on it. These markers
are spaced 10 MHz apart; the marker on the extreme left corresponds
to 90 MHz and the marker on the extreme right corresponds to 30 MHz.
The lower trace shows the deflected light intensity as a function of rf
frequency (or horizontal sweep time). The average rf power input was
approximately 50 mW, and the average deflection efficiency, defined as
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the average deflected optical power divided by the optical power trans-
mitted through the deflector with rf off, was 50%. The incident light
(4880 A) was circularly polarized.

Fig. 1—Roll-off characteristics of the Te0, horizontal deflector. Horizontal
scale is approximately 7 usec, or approximately 8.75 MHz acoustic
sweep per major division. Upper trace is horizontal deflection
ramp signal with rf frequency markers spaced 10 MHz apart
superimposed on it; extreme left marker: 90 MHz, extreme right
marker: 30 MHz. Lower trace is deflected light intensity when the
average deflection efficiency is 509. Optical wavelength is 4880 A.

The peak deflection efficiency in the swept mode, shown in Fig. 1, is
in excess of 709.. The figure clearly shows a central dip, indicating a
reduction in deflection efficiency at the midband rf frequency. This
midband dip has been analyzed by Warner et al?; it is due to two-
phonon scattering. Warner et al concluded that if a flat response (less
than 209% dip) is desired, operation of the deflector must be restricted
to a maximum efficiency of approximately 40%. Their conclusion is
correct, provided that the deflector is operated in a random-access mode
or at slow scan rates. At television rates, however, as our data indi-
cates and as will be explained below. the deflection efficiency need not
be restricted to this low a value.

In the scanned mode, the depth of the central dip depends on the
ratio of the frequency width of the midband dip* to the bandwidth of
the acoustic waves that occupy the optical aperture at a given time.

* Here we define the frequency width of the midband dip as that fre-
quency width of the midband reduced-deflection-efficiency region (due to two
phonon scattering) which is observed in static (i.e. nonscanned) measure-
ments of the deflection efficiency versus rf-drive-frequency characteristics.
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If this bandwidth ratio is much less than unity, then the effect of the
midband dip is that of a narrow aperture stop that moves across the
optical aperture with the sound velocity. The physical width of this
equivalent moving aperture is equal to the width of the optical aper-
ture multiplied by the bandwidth ratio. Such a narrow moving aper-
ture will have very little effect on the midband deflection efficiency. It
will have some effect on the modulation transfer function of the de-
flector, but as our results indicate, this effect is also negligible.
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Fig. 2—The deflection efficiency, 7, of the Te0; horizontal deflector at 75
MHz sound wave frequency as a function of rf drive level (optical
wavelength is 4880 A).

The width of the useful optical aperture of our Te0, deflector is
0.5 cm. When the deflector is operated at television rate (63.5 psec
horizontal line time) and at its maximum attainable resolution (65
MHz acoustic sweep for 3 dB roll-off), the acoustic bandwidth appear-
ing across the aperture at a given time is approximately 10 MHz. From
static (not swept) measurements of the deflection efficiency as a func-
tion of rf frequency we found that at 709% peak efficiency the deflection
efficiency at the central dip is approximately one half of the peak value,
and that the dip is approximately 2.5 MHz wide. Therefore, the effect
of the central two-phonon scattering on the deflector performance is
equivalent to moving a stop that has 50% transmission and covers
259 of the aperture, across the optical aperture. Therefore, the mid-
band dip should be approximately 12.5% deep and its duration should
correspond to 10 MHz rf sweep. The data shown in Fig. 1 is in good
agreement with these expectations.
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The deflection efficiency at a constant 75-MHz rf frequency, as a
function of rf drive level, is shown in Fig. 2. Again, 48804 circularly
polarized light was used. The rf power required for 70% deflection
efficiency is approximately 40 mW. (The deflector admittance at 75
MHz was 2.4 X 10—2 ohms—! and was purely resistive.) A{ approxi-
mately 70 mW of rf drive level, a maximum deflection efficiency of

Fig. 3—Television test pattern produced by the laser scanner, indicating
the shading characteristics. This pattern was photographed in
reflection from a viewing screen.

86% is reached; at higher drive levels the deflection efficiency de-
creases, indicating that at these levels the induced phase shift is Agp > =
(the deflection efficiency is theoretically given by sinZ (A¢2)). At still
higher rf drive levels, the deflector performance deviates from that
of an ideal Bragg device—the intensity of the second-order beam in-
creases and the minimum diffraction efficiency at A¢ = 2» does not
reach zero.

The anisotropic Bragg device was incorporated into the TV-rate
laser scanner described previously.! The only additional modification
of this scanner apart from the replacement of the previously used lead
molybdate deflector by the new Te0, deflector, consisted of introducing
a quarter-wave plate between the intensity modulator and the first lens
of the optical chain. This quarter-wave plate changes the linearly
polarized beam that exits from the modulator into the circularly polar-
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Fig. 4—Central portion of the test pattern shown in Fig. 3, indicating the
image definition and resolution capability of the laser scanner. The
frequency bursts correspond to 1, 2 4, and 5 MHz square-wave
video input signals. This pattern was photographed in transmission
from a viewing screen.

Fig. 5—Photograph of a typical television test subject displayed by means
of the laser scanner on a viewing screen.
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ized beam nceded for the most efficient operation of the Te0. device.
The overall optical efficiency of the scanner was found to be 149,
without antireflection coating of the deflector. Photographs of sample
images produced by the scanner on a viewing screen are shown in
Figs. 3, 4, and 5. Fig. 3 was photographed from a reflecting sereen: it
shows a complete test pattern and indicates the overall shading char-
acteristics. Fig. 4 was photographed from a ground-glass transmission
screen; it shows the central region of the test pattern and indicates
the image definition and resolution capabilities of the scanner. In
Figs. 3 and 4, the frequency bursts correspond to 1, 2, 3, 4, and 5
MHz square-wave video inputs signals. Fig. 5 shows a standard test
subject.

Conclusion

Anistropic Te0, Bragg devices are excellent deflectors for TV-rate
laser scanners. They operate at low rf drive power levels, are cfficient,
require small optical apertures, and don’t require acoustic beam steer-
ing to attain high enough resolution to produce high-quality television
images.
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Thin-Film Lasers

J. P. Wittke
RCA Laboratories, Princeton, N.J.

Abstract—The requirements on materials, pumping sources, and geometrical
configurations that must be met in the development of practical thin-
film laser light sources are discussed. Active materials with “100%
doping” of the active ions will be required in special lattices that do
not lead to concentration quenching of the fluorescence. Single-crystal
materials will probably be required. Neodymium offers the most prom-
ise for the active ion. Incoherent pumping sources are considered for
practical reasons (regardless of the spectral output of the source, only
a small portion of the pump power can be effectively utilized). Heat dis-
sipation, gain saturation and feedback methods are also discussed in
connection with these devices. Many difficult material and crystal-
growth problems will have to be solved before thin-film lasers can be
considered useful, but they offer hope of providing a new and valuable
class of optical sources. .

Introduction

Recently, lasers have been demonstrated in which the optical waves
are confined to single-waveguide modes of a thin-film structure.'*
Interest in lasers with such a geometry has been stimulated by the
recent activity in the field of integrated opties, which concerns the
processing of light signals in an optical system confined to a small
planar region on a substrate chip. If integrated optics techniques are
to find application in long-distance, high-data-rate communications
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systems, some method of amplifving and/or regenerating signals
weakened by propagation losses is required. Thin-film laser amplifiers
seem to be the only way in which this can be done practically. How-
ever, the possible applications of thin-film lasers are much broader
than their use in integrated optics. They can, in principle at least,
provide a cheap, compact, efficient source of coherent radiation that
can be used for numerous purposes: for alignment, holographic read-
out, image-processing systems, card readers, etc. They can have many
of the characteristics and virtues of injection lasers (which may in-
deed be considered a form of thin-film laser), but with better mode
control than has yet been attained with injection lasers.

It is not clear, however, that useful thin-film lasers can be made.
The basic problem is in providing enough gain in a thin-film device
to overcome the losses that occur in single-mode propagation in thin
films. A high gain per unit length of device implies a large concentra-
tion AN of excited centers in the film. (The active centers can be
located either in the high index of refraction film that forms the
optical waveguide or in the adjoining substrate. For convenience, the
present discussion will be couched in terms of an active high-index
film; the case of an active substrate will be discussed later.) One
obtains a large AN by pumping a material with a high density N of
potentially active centers at a high rate.

Excitation can be provided in several ways—optical pumping, direct
injection (as in semiconductor lasers), and electron-beam pumping.
Since injection lasers are a well-known type of device, they will not be
considered in this paper. Similarly, while electron-beam-excited lasers
have been demonstrated, problems associated with the required vacuum
system (and possibly with laser degradation under the electron-beam
bombardment) make this approach unattractive, and it, too, will not be
considered further here. Thus, this paper is concerned with optically
excited thin-film lasers only.

It is appropriate at this point to consider the present ‘“state of
the art”. The need for such devices has been recognized, and several
attempts have been made to meet it. Dye molecules have been dissolved
in plastic films (e.g., rhodamine 6G in polyurethane) and pumped by
pulsed lasers (nitrogen, ruby, or doubled YAG:Nd).* However, not
only must such lasers be operated in a pulsed condition, but, after
about 10% pulses, the dye decomposes and laser oscillation ceases.® This
approach is clearly ruled out unless much more stable dyes can be
found. To avoid the decay problem, liquid dye solutions interacting
with the evanescent part of the guided-wave mode, with decomposed
dye replaced by diffusion or circulation, have been proposed.* This

RCA Review o Vol. 33 « December 1972 675




approach does not seem very practical. A neodymium-doped glass film
has also been used as the active medium® (neodymium-doped glass
fibers were made to oscillate a number of years ago). The gains at-
tainable are rather low, however, and the need for intense flash-lamp
excitation limits operation to a relatively low pulsed rate. For ap-
plications where such pulsed operation is satisfactory, it would prob-
ably be more satisfactory to use an alternative system in which
YAG:Nd is the active substrate material, with the waveguide formed
by depositing on the YAG a thin film of low-loss material of slightly
higher index. By adjusting the film index and thickness, a mode of
propagation can be achieved in which most of the optical energy
propagates in the substrate, rather than in the film. Nevertheless, for
most purposes, a continuously operating amplifier or oscillator, with a
suitable long-life excitation source, is required. This is the case even
for pulse-modulation communications applications.

AIR ng =1

FILM na>n ~0.3-1.0um

SUBS}‘ATE %
Fig. 1—Geometry of a thin-film laser (m, n. and n., respectively, are the
indexes of refraction of the substrate, film, and air).

An Ilustrative Example

To give some feeling for the type of laser envisioned and some of the
problems involved, consider a thin film of high-index material consist-
ing of a “1009,-doping” laser host, supported on an (inert) substrate
of lower index. No protective cladding is assumed over the active film.
Thus, the situation is as indicated in Fig. 1. Optical propagation in
only one (TE,) mode is assumed; with a reasonable choice of materials.
this implies a film thickness d of the order of one-half micrometer. A
laser wavelength of 1 micrometer and a pump wavelength of 620 nano-
meters will Le assumed, with the gain provided by rare-earth ions in
the film. For “100% doping”, most materials have ion concentrations
N of about 10*® em—3, Taking a transition cross section of ¢ = 10—1?
em? and an optical linewidth of 3 nanometers as typical, the film will
have an absorption coefficient of the order of « = 10* cm—!' for the
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pump radiation. Since a thickness of d =5 X 10-% em has been as-
sumed, only about 5% of the incident pump radiation can be absorbed
(in one pass). This can roughly be doubled by the use of a reflector.

Despite the fact that lasers have generally been used to pump
active films,"® we assume that the excitation source is incoherent. This
assumption is made on the basis of considerations of efficiency, relia-
bility, complexity, size, and cost. It is obvious that a gas (or perhaps
a frequency-doubled YAG:Nd) laser, used as a pump, adds one more
quite inefficient element to the system, and clearly is undesirable with
regard to the other mentioned characteristics. It is possible that a
fortuitous coincidence of pump laser and thin-film laser absorption
wavelengths would permit all of the pump light to be usefully absorbed,
resulting in no overall loss in system efficiency because of the laser
pump. Moreover, with a coherent pump, pumping in a waveguide
mode can perhaps permit efficient use of space in the neighborhood of
the optical circuit and can ease cooling requirements. Nevertheless,
although coherent pumping should be kept in mind as a possibility, it
is unlikely to be used in any practical system.

There are perhaps only two practical light sources—tungsten fila-
ment-iodine vapor incandescent lamps, and incoherent semiconductor
electroluminescent diodes. Both can be operated continuously with high
surface brightness and long lifetime. Assuming an effective tungsten
filament temperature of 3200°K and an emissivity of 0.4, the power
emitted into a 3-nanometer linewidth ranges from about 0.15 watt/em?
in the blue-green to about 0.5 watt/ecm?2 in the near infrared (900
nanometers). An incoherent electroluminescent diode (at 900 nano-
meters) can give about 10 watts/em? in a 50-nanometer bandwidth or
0.6 watt/em? in a 3-nanometer width.

If we assume that 20 milliwatts/em?2 can be absorbed in each pump
transition and that ten pumping transitions are effective, 2-eV pump
photons (620 nanometer pump) correspond to about 6.2 X 10'7 ions
excited/cm?-sec. The density of excited ions AN will depend on the
lifetime 7 of the upper laser level. For r = 10-3 sec, the above figures
correspond to AN = 1.25 X 10" em—3 excited ions in the film. A laser
transition cross section of o = 10—19 em—2, therefore, gives a gain co-
efficient in the active film material of « = 1.25 ecm—1, or 5.4 dB/cm. It
must ke remembered that all of the numbers leading to this estimate
are little more than crude guesses and that any actual system may
correspond to a significantly different gain. However, the above figures
do point up some of the problems and indicate why active materials
with “100% doping” may be required; any significantly lower doping
level will result in gain cocfficients that may well be less than the
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corresponding loss coefficients associated with imperfections of various
sorts in the film,

Laser Materials

The ability to make useful thin-film lasers hinges primarily on whether
or not suitable active materials can be obtained in appropriate con-
figurations. The problem is basically one of attaining sufficient gain
with continuous pumping. Neodymium-doped YAG is the best crystal
laser material that has been found to date. In Appendix I, the avail-
able “bulk” gain is computed for a tungsten-lamp-pumped YAG crystal
doped with 1.2% neodymium. It is shown there that gains of only
0.02 dB/cm can be achieved. Thus, even the best known crystal laser
material is inadequate, and new classes of materials must be con-
sidered.

Host Materials

As indicated above, to get useful gains, “100% doping” probably
must be used. However, concentration-quenching phenomena generally
become important when doping levels of active ions are increased much
above the 1% level, in most systems.

There are at least two possible solutions to the problems associated
with concentration quenching. Van Uitert and Iida’ have shown that
if the crystal structure of a “100% doped” material is such that
neighboring rare-earth ions are separated by other, suitably inert
ions, the f-shell electronic transitions of interest to lasers are essen-
tially those of isolated ions, and are not quenched. A study of several
mixed-oxide lattices showed that nearest-neighbor sites for the rare-
earth ions, or sites separated only by one oxygen ion, can lead to
quenching, while (WOQ,)2— groups, for example, can provide effective
isolation. Thus, a proper choice of crystal host may eliminate the
problem, e.g., van Uitert found essentially no concentration quenching
of Eud+ ions in NaEu (WO,).,. P. N. Yocom has suggested® that other
materials, such as alkali rare-earth halides (e.g., K3;NdClg), might
prove equally acceptable for this purpose.

Still another possible solution exists. It is generally supposed (see,
e.g., van Uitert’) that quenching can occur when the excitation energy
can be transferred to a coupled ion pair that, because of the coupling,
has many more energy levels and interacts much more strongly with
the lattice vibrations. Thus, concentration quenching occurs when
excitation energy can migrate from the ion that absorbed the pump
radiation to an ion pair that can give it up to the lattice as thermal
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vibrations. Dipolar (and other) coupling mechanisms that can transfer
energy between sites have been discussed in detail by Forster® and by
Dexter.'® At “1009% doping”, in many lattices, one can expect excita-
tion energy to be effectively completely delocalized, moving freely
throughout the whole volume of the crystal. However, this does not
necessarily imply a rapid quenching of luminescence. With a perfect
crystal, the individual ion energy levels will be broadened into bands,
but the fluorescent efficiency of excitation energy in one of these bands
may aproach unity. This is apparently the explanation of high (29%)
fluorescent efficiency observed in HoF3 by Devor et al* and in PrCl; by
Varsanyi."* Both materials have exhibited laser action. What would
appear to be of the utmost importance in all such materials is the
avoidance of all impurity centers at which the electronic excitation can
be quenched to lattice vibrations. Hence, disorder, dislocations, and
impurities can form de-excitation centers, and a high crystal quality,
coupled with extreme purity, may be required.

Because fluorescence quenching is a serious problem, the use of
amorphous materials, with their inherent high disorder, may be ruled
out. If this is so, the problem of making thin-film lasers becomes
much more severe, for many methods of preparing thin films with the
requisite thickness control (for example, evaporation) generally result
in amorphous (or polycrystalline) films. On the other hand, if single-
crystal films are required, the problems are legion. The difficulties
of growing single-crystal films by liquid- or vapor-phase epitaxy are
well known. Generally, such films grown by hetero-epitaxy on sub-
strates of a different material are subject to mismatchs between sub-
strate and film, in lattice parameters and/or in thermal expansion co-
efficients. This generally leads to strained, imperfect films, with high
dislocation densities and high optical losses when used as optical wave-
guides. Better films can be grown by homo-epitaxy on (undoped) sub-
strates of the same material as the active film. The resultant index
discontinuity from active film to substrate is apt to be very small,
however, and may provide inadequate optical waveguiding. Thus, in
addition to the usual problems associated with epitaxial film growth,
the use of such films as thin-film lasers introduces yet other constraints.

One possible solution is to use some variation of Bridgman-Stock-
barger growth techniques to produce single crystals of materials. To
adapt these methods to the growth of contaminant-free thin films of
sub-micrometer thickness would be no easy task, however. The fluor-
ides, which are one class of materials that might prove desirable, are
stable in normal atmosphere, but when molten, attack many materials
that might provide suitable substrates, such as silicates. This problem
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can be reduced or eliminated by use of, e.g., the corresponding chlorides
or bromides. These have lower melting points than the fluorides, mak-
ing them easier to work with. However, they are generally attacked
by atmospheric moisture, and would have to be grown and used in some
encapsulated form.

Other possibilities exist for the preparation of suitable materials
for thin-film lasers, but perhaps enough has been said to indicate the
nature of the challenge presented.

Active lons

As impljcity assumed above, trivalent rare-earth ions offer the most
hope for the active centers. Organic materials, especially those con-
taining hydrogen (not completely fluorinated, for example), are apt
to be unstable under conditions of laser pumping. Transition-metal
ions tend to interact more with their surrounding lattice than do rare-
earth ions, making the problem of attaining high fluorescent efficiency
more severe. Finally, divalent rare-earth lasers have only been operated
at eryogenic temperatures. Trivalent rarve-earth ions will therefore be
assumed in all of the following.

In deciding which rare-earth ion is most promising, the energy
level schemes must be considered. Several ions can be ruled out im-
mediately : cerium has only one excited 4f electronic state, and this is
too low in energy (0.28 eV) to be useful; promethium is radioactive;
and gadolinium has no transitions in the visible or infrared, the first
level lying about 4.0 eV’ above the ground state.

Ytterbium can also be ruled out as a choice for the active ion since
relatively weak, ew pumping is being considered. From the estimate
made above, assuming ten pumping transitions are effective (probably
a high number fer Yb), only about 200 milliwatts/cm? of pump power
can be absorbed. This corresponds to AN =1.9 x 10" ¢cm—3 for -~
=10-3 and a 1.3-eV pump photon energy. For a total ion concentra-
tion N = 1.9 x 10*2 em—3, this gives AN/N = 10-3 for the fraction of
Yb ions that can be maintained in an excited state. The ground Fy,
state of vtterbium is generally split into four Kramers doublets. The
thermal population N’ of the highest of these sub-levels, at an energy
AE above the ground state, is therefore

1 AE
N'Z—Nexp | — .
4 KT

To have net stimulated emission,

AN =2 N
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or

1 AF
10-3 =2 —exp [ —
4 kT

This condition can only be met if AE 2 1100 em—! for room-tempera-
ture operation. This is greater than has been observed in several
materials.'>" Thus, it appears that the *F; .-state splittings are not
large enough to depopulate the upper level sufficiently for cw (four-
level) laser action.

In choosing among the remaining ions, one must consider cross-
relaxation processes, as these can be of great importance in quenching
luminescence. In cross relaxation, an ion in an excited state can
interact with an unexcited ion (of the same or of a different kind)
and exchange some of its encergy by a radiationless multipolar process,
leaving the originally excited ion in a lower energy state and exciting
the originally unexcited ion to some state above its ground level. Since
energy must be conserved in this transfer process, there must be an
equality of the transition energies involved or phonons must simul-
taneously be emitted or absorbed. Since the coupling of the electronic
states of the rare-earth ions to the lattice vibrations is generally quite
weak, this relaxation process generally is important only when there
is a close match (resonance) of the two transition cnergies. lons
whose energy level scheme is such as to provide such resonances will
be much less favorable for obtaining laser action tkan ions that do
not provide close resonances. It is important to recalize t:at higher-
order cross-relaxation processes can exist between three (or even more)
ions, with, e.g., one excited ion giving up part or all of its exeitation
energy to two unexcited ions simultancously, leaving both of them
excited.

The strength of these cross-relaxation processes depends critically
on just how close to exact resonance the various possible transitions
are.” The separations between the various 4f electronic levels in rare
earths are approximately the same, regardless of host.'"® In any specific
system, however, just how close resonance is approached, and hence
how important the various cross-relaxation processes are, can only be
determined by detailed speetroscopic studies."?

Of all the remaining trivalent rare-earth ijons, only neodymium,
holmium, and thulium have given cw laser action,' and of these only
neodymium lasers have been operated cw at room temperature. Thus,
this ion seems the most promising for such thin-film lasers. However,
if only neodymium can be used, the resultant infrared output beam

|
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poses detection problems that might rule out the use of such lasers
for many otherwise promising applications.

Location of Active Centers
a. High-Index-of-Refraction Film

There are several advantages in placing the active centers in the
high-index film: (1) the optical electromagnetic fields are highest here
and hence couple best to the active centers, (2) heat-removal geometry
is optimized, and (3) the least active material is required. To avoid
dispersive effects, one wants to operate in a single waveguide mode;
the TE, mode will be assumed. There will therefore be a (displaced)

(3)

SUBSTRATE

Fig. 2—Distributions across the thin-film structure: (a) index of refrac-
tion variations; (b) electrical field distribution in the guided
optical wave (TE, mode); (c¢) distribution of pumping radiation
intensity for light incident from the substrate (dashed line) and
for light incident from the air (solid line). The density of
active centers in the film is proportional to the pumping light
intensity (assuming no saturation).
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sinusoidal distribution of energy across the film in the optic wave and,
because of the absorption of the pump radiation, an exponential distri-
bution of excited ions across the film. This is illustrated in Fig. 2.
(In principle, one could use pump radiation in a waveguide mode* as
well, but this requires a coherent pump source and thus violates the
assumptions behind this paper.) Since the largest optical field is not
at the film surface, there will be an optimum absorption coefficient y
for the pump radiation to maximize gain. Assume the pump light is
incident from the substrate side of the film and that the pump intensity
distribution is given by

1=z.,ex,,[_y<x+g>].

The excited state population density AN is then given by:

v ofdl\  I,r ' d
AN = — — | — =—ve€exp| —vy x4+ — 0
hw, dx hwp 2

where 7 is the lifetime of an excited ion and hw, the energy of a
(representative) pump photon. The effective gain coefficient a,, in the
waveguide is then

+d/2
f n2E? (2)AN (x) od

—d/2

Uers =

f n2(x) B2(x) dzx

- 00

Here n(x) is the index of refraction at the position z. For the TE,
mode, the fields in the various regions of the waveguiding structure
are given by Anderson,” whose notation will be used. In the thin film,

E,(x) =cos (qz + ¢),

while in the substrate and in the air above the film (see Fig. 2) the
fields are, respectively,
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and

where A, is the free-space wavelength of the optical wave. All ex-
pressions are considerably simplified by putting them in a normalized,
dimensionless form. This is done by multiplying all distances by
the factor (27/A,) Vn.? — n,%, ie.,

AN R
X=—=x
Ao
2/ — 12
D=———4d
Ao
A.g
Q= c

27T \/'n22 - n12

and similarly for R, P, and T. In terms of such dimensionless para-
meters, the effective gain coefficient becomes, for pumping light in-
cident on the film from the substrate side,

4 /2
G D
A= n2fl'exp| —T{X+—}|cos® (QX + ¢) due
hos, 2
—n/s2
« +n/2
{nﬁ/ Q2 exp (PD) exp (—2PX)dx + n,* | cos? (QX + ¢)dx
4+ D2 —-n/2

— D/
Q*

+ ng? /—exp (RD) exp (2RX)dX} -1
n

— 0
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where

Na® — mg?

=3
Il

“

n.2 —n,®

From this,

7 7 T

2RO QU 20 [ 2Q
{t‘xv (=I'D) [ - ——J + [201’ + QI +-—

2Q
A g <—>
r

Ay INas I'— 0.

Since'?

P=V1—-Q> R=~/m—Q-

and

QD =cos~'Q + cos-‘i

Vi
for TE, modes, there will be an optimum y for any given thin-film
structure, wkere d, the n/’s, and A, are known, determined by maximiz-
ing the expression for A4, above. This can be readily, if tediously,
found numerically for different choices of the parameters  and Q.
Similar calculations can be made for the case where the pump radia-
tion is incident from the “air side”. In this case, since the effect of
the substrate is to move the peak optical field nearer to the film-sub-
strate boundary than to the film-air interface (see Fig. 2), a somewhat
lower attenuation coefficient for the pump radiation is desired. The
results of calculations for the two cases n, = 1.5, n, = 1.6 and n, = 1.5,
n. = 1.8 are shown in Fig. 3, where the variation of (normalized) gain
coefficient A with the pump radiation absorption coefficient is plotted
for the pump light incident from the substrate and from the air sides.
From this, it is apparent that, regardless of the pump absorption
coefficicnt, higher gains are always achieved when the pump light
comes from the substrate side. However, for values of T' < 0.02, there
is no significant difference between any of the curves. In Fig. 4,
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Fig. 3—Normalized gain coefficients as a function of pump absorption
coefficient (constant incident pump intensity) for the two cases
(1) . =15, mua=1.6, and (2) n,.= 1.5, n.=1.8. The two different
directions of incident pump radiation, from the substrate side
and from the air side, are shown. The curves are for a value of
Anderson’s'® Q-parameter of 0.75.

the optimum pump absorption coefficients are shown as a function of

the @-parameter, for the same cases.

In Fig. 5, the (normalized) film thickness is plotted against the
Q@-parameter. From this, it can be seen that a reasonable choice of
thickness to obtain TE, single-mode operation corresponds to @ ~ 0.75.
(This value was assumed for the curves of Fig. 3.) For this value,
D ~ 2.5, and at the optimum absorption coefficient (Fig. 3), I',,y ~ 1 or
[opt ~ 1.7, depending on the direction of incidence of the pump light.
In either case, over 959% of the incident pump radiation is absorbed
under optimal conditions. However, even with “1009% doping”, the
transitions in rare earths are so weak that the optimum absorption
cannot be attained (I',,~ .03). Thus, as indicated in Fig. 3, one
must operate far from the maximum, at conditions where the effective
gain coefficient is roughly proportional to the absorption coefficient
(A « T) and where it does not matter whether the pump radiation
is incident from the substrate or air side.

It might be thought that by making the active film thick enough
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Fig. 4—Optimum (normalized) absorption coefficient for pumping radiation
as a function of Anderson’s Q-parameter for the cases of Fig. 3.
Film thickness decreases as Q increases, reaching the TE, mode
cut-off at @ =1.0 (see Fig. b).

S ~
T T

»
T

NORMALIZED FILM THICKNESS, D
N »
T T

.2 .3 4 S .6 7 .8 .9 1.0
Q- PARAMETER

Fig. 5—Normalized film thickness as a function of Anderson’s Q-parameter

for the first few TE. modes for the two choices of film and sub-
strate indexes of Fig. 3.
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so that essentially all the pump radiation is absorbed, the gain co-
efficient would increase. This is true in that as the film thickness is
increased, a greater fraction of the optical energy is found in the
active region, but in no case can the gain coefficient exceed that of the
“bulk” material pumped to the same excitation level.

b. Substrate

If the active material can only be grown as a (thick) single crystal
and cannot conveniently be made in a thin-film form, it can only be
used by making the substrate the active region and applying a high-
index film to one surface of it to form the waveguide.

If the active centers are located in the substrate, the situation is
much simpler to analyze. Since now the maximum optical field strength
(in the substrate) occurs at the boundary of the high-index thin film
and decays monotonically with depth, the higher the pump absorption
coefficient, the better. As before, one wants to maximize

€H

I
A / I"exp (—=1'X) exp (=2PX) dx =

2P+T

o

which is a monotonically increasing function of I Again, 2P > I, and
A, « I' Now the pump radiation must be incident from the air side
to avoid attenuating the pump in the useless part of the substrate that
does not couple to the optical wave.

Heat Dissipation

For the case of an active thin film, all pumping radiation not absorbed
in the film is presumably transmitted through the entire structure and
need not be considered further. (In practice, heat-sinking structures
used to remove the heat may themselves absorb most of the unused
pump radiation, and so may have to remove effectively «ll the original
pump radiation.) For Nd3+ ions, an “effective” pump energy is about
1.7 eV/photon. For our estimated 6 X 10'7 ions excited/em2-sec, this
corresponds to about 0.16 watt/cm2 absorbed/pump line, or perhaps
200 milliwatts/em? for the total absorption. Neglecting the part re-
moved as radiation, this energy must be conducted away as heat
through the film and by the substrate. The film itself is so thin
(~5 X 10—3 ¢m) that one can neglect temperature gradients across it.
For a 5-millimeter-thick glass substrate (k ~ 10—2 watt/em-°C), a
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temperature drop of about 10°C across the substrate can be expected.
Since the above estimates are conservative, with adequate cooling (e.g.,
flowing water) at the bottom of the substrate, the active film can be
kept within a few degrees of ambient.

For the case of the substrate containing the active ions, it has
been shown that one cannot have more than 5-10% of the incident
energy (at the pump lines) absorbed in a thickness corresponding to
the penetration of the optical waves into the substrate. Thus 90-959%
of the pump light will be absorbed in the substrate at depths useless
for contributing to the gain. This increases the heat loading by a
factor of from 10 to 20 and proportionately increases the temperature
drop across the substrate. The cooling problem clearly is much more
serious in this case, and cooling may have to be applied directly to
the thin film itself to keep it at (or near) room temperature.

Saturation
A crude estimate can be made of the power-handling capabilities of

a thin laser as follows. For propagation of a plane wave through a
laser medium with gain, the gain coefficient can be written

8rp*AN

o = ’

hAlv

where g is the transition dipole moment and Av is the (homogeneous)
linewidth of the transition. Since

a = gAN,

this can also be written

Here 7 is the lifetime of the (upper) laser state. Thus, the saturation
field, E,,, i3 given by:
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82k \1/2
Egpy =~ .
Aot
The corresponding power density P in a plane wave in a medium

with index of refraction n is

nck?
P=

87
The saturation power then is

anch

Psat =~
Aot

For n=1.8, A=10% ecm, ¢ = 10—1? ¢cm2 and r = 103 sec, this is
P, =~ 1700 watts/cm2,

For a beam of width 10—2 em traveling in a thin-film guide of thick-
ness of the order of 10—* e¢m, this corresponds to a power flow of about

Py ~ 1.6 milliwatts.

Feedback

The final topic that will be discussed is how feedback can be applied
to a thin-film laser to make it oscillate. For thin-film lasers that have
been built thus far, different forms of feedback have been used.
Kaminow et al* used separated phase gratings (variable index layers)
in polymethyl methacrylate, Kogelnik and Shank' used distributed
feedback (periodic index variations throughout the laser medium), and
Bjorkholm and Shank® used spatially periodic pumping to provide feed-
back. The last of these approaches clearly cannot be used with our
postulated incoherent pump. With an active, single-crystal thin film,
feedback must either be provided at the ends of the active region,
by a high-reflectivity-index discontinuity or deposited multilayer film,
or along the length of the film by periodic (effective) index variations
in the substrate (or in a top-surface cladding.) For example, by
coating an (active) high-index film with a polymer in which periodic
index variations can be impressed, the evanescent part of the optical
wave that penetrates the cladding will “see” the variation and provide
feedback. For the case where the substrate contains the active med-

690 RCA Review e Vol. 33 « December 1972




T — ———

THIN-FILM LASERS

ium, if a periodic variation can be impressed on the high-index film,
feedback can be supplied in this way. In either case, well-known tech-
niques appear to provide the feedback necessary to turn a thin-film
amplifier into an oscillator.

For a modulated index of refraction, Kogelnik and Shank® show
that the required modulation to achieve sufficient feedback for oscilla-
tion depends on the gain as

AN\ 1 InG
n = i ’
L) = G2
where L is the length of the distributed feedback region, G = exp

(2 a,L) is the single-pass (power) gain and the index can be written
as a function of the distance along the guide z as

n=mn,+ n, cos Mz
with M = 2k = 4=n,/A,, and n; << n,.

The above indicates that a modulation of the effective index of
refraction n; > 10—+ is required to produce enough feedback to sustain
oscillations. This amount of modulation should be readily attainable.

As in the case of the best-known thin-film-geometry laser, the
semiconductor injection laser, multimoding may be a severe problem
if a collimated beam is desired. However, since the expected gain
coefficients are much smaller for the optically excited laser than for
the injection laser, a much longer path length is needed, and one can
use geometrical effects (e.g., diffraction losses) to mode-select. For
example, if a gain length a of about 1 centimeter is used and one
confines the distributed feedback index variations to a width b of
0.1 millimeter along the film, one has a structure with a Fresnel
number N of

a2
N=—m=1.
bA

This is low enough that diffraction losses must be considered, and
transverse mode selectivity will occur.

Conclusions

It is clear that many problems must be solved before practical cw
thin-film lasers can be made. However, if they can be made at all, they

RCA Review e Vol. 33 « December 1972 891




probably can be made quite cheaply and, with integral distributed
feedback, would be free from the mirror alignment problems of other
lasers. Thus, successful ew thin-film lasers would represent an im-
portant technological advance and would find many applications.

Considerations of gain indicate that new laser materials that ap-
proach “1009 doping” with active ions will be required. Relatively
little study has been given to such concentrated luminescent materials,
and spectrocopic work is required to discover materials with suitable
properties. Such investigations must include detailed study of quench-
ing and energy-tranfer mechanisms.

Although the considerations given above indicate that it is unlikely
that amorphous materials with high concentrations of active ions
can possess the requisite fluorescent efficiencies, ease of working with
materials in this form dictates that experimental investigations of
amorphous systems be carried out. Beyvond this, progress will require
the active cooperation of skilled materials synthesists, both to grow
promising materials in single-crystal form for spectroscopic study
and to solve the problems associated with fabricating any material
with useful properties into appropriate thin-film configurations.

Appendix 1

To evaluate YAG:Nd, the absorption spectrum of a high-quality
YAG:Nd slab (1.2% doping) was measured on a commercial spec-
trophotometer. All pumping was assumed to occur in the spectral
range between 500 and 910 nanometers. The absorption spectrum
was convoluted with the emission spectrum of a tungsten-halogen
lamp at an effective temperature of 3200°K, assuming a (constant)
emissivity of 0.4, giving the total number of photons absorbed per
second in a unit cube of YAG. (This assumes a unity optical efficiency
of the Ilamp-focusing gcometry and an optically “thin” active
material.) The result is a total of 7.8 X 10" photons/sec absorbed
per cubic centimeter. It has Leen shown?® that ions decay from all
higher excited states to the 4F,,. upper laser levels in YAG:Nd with
unity quantum efficiency. Thercfore, the concentration of excited ions
in the excited 4F,,, states is given by multiplying this number by the
observed lifetime of jons in the 4F, ., state, 7 =230 X 10-1 sec.”!
This gives an excited state population density of AN = 1.79 x 10'¢
ecm—?. This figure can then be combined with measured® values for
the cross sections for the laser transitions at 1.0641 micrometer to
give a gain coefficient for bulk YAG:Nd pumped in the assumed way.
As shown by Kushida et al,® the laser transition is really a com-
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bination of two overlapping lines, one originating from the lower
4F4,» level and one from the upper. With the two states thermalized
at 300° K, the effective transition cross section is

Cot = Puo, + Dioy

where o, is the cross section for the ith transition, p, the probability
an ion in the *Fy , level is in the ith state, and « and [ refer to “upper”
and “lower” states respectively.

Tegr = 393 X 8.0 X 10=19 + 0.607 X 0.46 X 10—
= 3.42 X 10— cm®.

This gives a “bulk” gain coefficient in the YAG:Nd when pumped as
above of

Appin = AN X Tort
= 0.0061 cm—!
= 0.026 dB/cm.

Since only part of the optical wave propagates in the film, the single-
mode gain coefficient for the guided wave will be somewhat less than
this.
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A New Earth-Station Antenna for
Domestic Satellite Communications

Peter Foldes
RCA Limited, Montreal

Abstract—The concept, basic design, and measured performance characteristics
of a new earth station antenna are described. The feed system with
various subreflectors can be used for main reflectors in the 22 to 50-
foot-diameter range in a shaped Cassegrainian configuration. The
measured data was taken with a 33 1/3-foot-diameter antenna in the
3.7-4.2 GHz and 5.925-6.425 GHz bands. The antenna is capable of
sum-mode-based tracking and it has rotatable linear or adaptable
quasi-circular polarization modes in single spectrum or spectrum re-use
configurations. With added module, the system can provide indepen-
dently rotatable linear or independently adaptable quasi-circular polari-
zations for the up and down links of a communications satellite system.
The main intended use of the new equipment is in domestic satellite
communications systems with relatively simple antenna systems.

1. Introduction

During the first decade of the development of commercial satellite
communications systems, earth stations were characterized by large
antennas. These systems had monopulse autotracking capability and
about 60-dB antenna gain at 4 GHz. The large antenna size was
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selected, because initially the available low Effective Isotropically
Radiated Power (EIRP) from the satellite was low. The monopulse
autotracking was introduced initially to operate with nonsynchronous
satellite and was kept later because it was not practical to maintain
a satellite within the beam of a high-gain stationary antenna.

As the amount of total traffic carried by the communication system
increased, larger and more sophisticated space repeaters became eco-
nomical. This meant larger EIRP and better station keeping for the
satellite and the possibility of smaller, non-tracking antennas on the
ground. Due to existing specifications,’ these possibilities are not
presently utilized in the basic Intelsat network, except for short-term
assignments. However, all domestic satellite communications systems
presently being built or planned*® are based on antennas in the 50 dB
or smaller gain category.

This paper describes the basic requirements, design, and achieved
characteristics of such an antenna. The initial design was developed
for the Telesat Canada domestic satellite system, which utilizes 8
such antennas. Additional units were used in transportable earth
stations for various international telecast applications, such as the
coverage of President Nixon’s visit to China.

2. Requirements

The intended use of the feed and overall antenna system is in satellite

communication earth stations with moderate complexity. The main

requirements for such an antenna can be summarized as follows:

a. Frequency bands of 3700-4200 MHz (receive), and 5925-6425 MHz
(transmit).

b. Two orthogonal polarizations in the receive and two orthogonal
polarizations in the transmit frequency bands. Orthogonal polar-
izations must be either rotatable linear or circular. Independent
adjustability of polarizations for the receive and transmit bands
is desirable.

¢. A main reflector diameter of 22 to 50 feet; the size and position
of the subreflector are determined by the diameter, but the same
radiating source is used in all cases.

d. Antenna efficiency of better than 709 for receive and better than
609 for transmit.

e. Antenna noise temperature of less than 40°K at 10° elevation angle.
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f. Sidelobes lower than [32-25 log #°] dB relative to isotropic level,
where #° is the angle from main beam.*

#. Spectrum re-usel isolation better than 30 dB between 1-dB peints
of the main beam,

h. Antenna mount should permit hour-angle declination or az-el with
limited steerability compatible with synchronous satellites.

i. Erection and alignment should require less than 10 days for a
4 man crew,

3. Description of Basic Antenna

The requirements listed in Section 2 above define a 4-port antenna in
its fully developed version for spectrum re-use in both the receive
and transmit frequency bands. However, initial requirements are
mostly for 1 receive and 1 transmit terminal with orthogonal polar-
izations, Thus. the basic feed was developed for this simpler case,
but in such a manner that the expansion capability can be achieved
by add-on components without modifying the already installed hard-
ware. At the same time, the components for this expanded operation
were developed and tested.

For operational convenience and high G/T versus weight ratio,
dual reflector microwave optics with shaped reflector profiles was
selected.t The third element in this optics system is the radiating
source, which is situated in the vertex region of the main reflector.

The basic geometry and a photograph of the overall antenna
system are shown in Figs. 1 and 2. In this configuration, tle feed
is used with a 3314-foot-diameter antenna structure.* The feed was
also used in a similar arrangement with a 24-foot-diameter antenna.
Fig. 3 shows the block diagram of the basic feed.

* The interference characteristics of a communication antenna is de-
fined by the level of its side lobes relative to the level of an isotropic
antenna. At 1° from the main beam, the side lobe level must be a maximum
of 32 dB above the isotropic; from there it must fall according to the
defined logarithmic envelope.

1 “Spectrum reuse” is an antenna operational mode in which a fre-
quency band is used simultaneously two or more times for independent
communications. Spectrum reuse can be based either on orthogonality of
polarizations, isolation between independent beams, or on both. Typically,
30-dB isolation is desirable between the independent channels.

t The most important electrical characteristic of an earth station
antenna is its gain (G) over noise temperature (T) ratio. The cost
effectiveness of antennas can be compared if this G/T ratio is normalized
to the weight (cost) of the antenna structure.

# Constructed by LTV Electrosystems Division, Garland, Texas.
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The operation of the antenna and the function of its main com-
ponents can be described by following the path of the transmitted
signal. For domestic-type earth stations, the transmitter typically
has 1-5 kW output power and it is located in a trailer-type shelter on

-—92.925—1
12,650 / 3

I 400.0001A
- = i}. _q._.

10.75
DiA

|-— 112.830 —

Fig. 1—Geometry of microwave optics for the antenna.

the rear of the antenna. Typically, a 24-foot-long flexible elliptical
waveguide is used to connect this transmitter to the input of the feed
allowing limited antenna steerability. Typically, =20° hour-angle*
steerability is adequate to choose between an operational and spare
satellite. The transmit port of the feed is fixed on the rear panel
of the feed housing:; inside the housing, the signal goes through a
flexible waveguide section to one port of an orthocoupler. The antenna
end terminal of the orthocoupler is connected to a noncontacting type
of rotary joint.

* Assume that one main axis of the antenna mount is parallel to the
axis of the earth and the main beam axis of the radiating aperature is
integrated with the mount so that it is directed toward the desired point
on the synchronous orbit. Under these conditions the described axis of
the mount can be called an “hour-angle axis” and rotation around this axis
assures that the antenna beam remains directed approximately toward the
synchronous orbit for small = rotations from the North-South plane. For
such mounts, the precise tracking of synchronous satellites requires essen-
tially only one degree of freedom, with very small (typically +0.1°)
declination corrections.
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This arrangement permits rotation of the orthocoupler by about
=+ 55°, thus assuring a total of 110° polarization rotation capability
of the outgoing wave. If the desired polarization mode of the antenna
is linear, then the rotary joint is connected via a straight circular wave-
guide section to a horn. If the desired polarization mode is circular,
then the straight waveguide section is replaced by a differential phase

Fig. 2—Antenna system mounted on an hour-angle declination pedestal.
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shifter designed to produce 90° phase shift between a horizontal and
vertical incoming wave component. Thus, this unit is capable of
producing right or left circular polarization depending on whether
the orthocoupler is rotated +45° or —45° relative to its nominal
(linearly polarized) position.

If the orthocoupler position is varied by a small angle around its
45° or —45° positions, then an elliptically polarized wave with various
ellipticity ratios can be generated, thus allowing the antenna to

WR229
flox,w.g.

|

Ortho- Rotary Woveguide Multimode Subreflec-
coupler joint section horn tor

- rom
ironsmitter o WR 159
flex w, 9

To Receiver o—|

Fig. 3—Block diagram of feed for the basic mode of operation.

synthesize various polarization ellipses as may be required for cancel-
lation of cross-polarized components in spectrum re-use applications.
The position of the orthocoupler can be set by a drive from the front
panel. In a more versatile version, the orthocoupler and phase shifter
can be set independently, and thus virtually any polarization ellipse
can be synthesized.

After the transmitted wave reaches the throat of the horn in a
TE,; mode, mode conversion is employed to obtain an approximately
Gaussian axially symmetrical amplitude distribution in the horn aper-
ture. This aperture is then used to illuminate the subreflector, which
in turn illuminates the main reflector. The main part of the sub-
reflector is axially symmetrical. However, an asymmetrical flat plate
reflector is attached to its perimeter to scatter unwanted wide-angle
radiation from the horn into unimportant directions. The main reflector
is axially symmetrical and produces a constant phase—amplitude distri-
bution in the main aperture.

For the receive operation, the antenna operates similarly, except
that the signal flows in the opposite direction. The received signal
is decoupled from the feed circuit by the remaining port of the ortho-
coupler and, typically, is brought down to the equipment shelter via
another elliptical flexible waveguide.
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In the above described simple antenna circuit, four elements re-
quired special design considerations, namely, the orthocoupler, the
phase shifter, the multimode horn, and the microwave optics.

Orthocoupler

The orthocoupler is a 3-waveguide port device, with two equipment
terminals and one antenna (common) terminal.* All terminals are
usable in the 3700-4200 MHz and 5925-6425 MHz frequency bands.
The equipment terminals are double ridged rectangular waveguides to
allow the 1:1.73 relative bandwidth operation. The antenna terminal
Is a square waveguide. The better than 26 dB reflection coefficient
and better than 40 dB isolation between the equipment terminals in
this very wide frequency band are achieved by a series of polarizer
plates perpendicular to the input polarization of the straight arm and
a double-window type of coupling arrangement for the side arm. A
number of tuning screws are used to cancel the junction effect.

The outgoing wavefront from the orthocoupler toward the antenna
is essentially perpendicular to the axis of the waveguide except for
the straight arm input around 6425 MHz. At this frequency. a small
beam squint occurs in the pattern when the orthocoupler is used.
Because this squint is so small (causing less than 0.1 dB on axis
gain reduction), it was decided to use the presently described (asym-
metrical) orthocoupler instead of the more complicated symmetrical
tyvpe.

Phase Shifter

The phase shifter is an approximately 5A, long circular waveguide
section that is loaded in one plane by two symmetrically located series
of posts. The number of posts and their penetration was determined
experimentally to produce the necessary 90° differential phase shift.
Their envelope follows an essentially Gaussian-function shape in
order to maintain impedance matching and avoid higher order mode
generation. Essentially, this phase shifter has an octave bandwidth,
but some fine optimization was necessary to achieve high-quality axial
ratio values for the actually used 3700-4200 MHz and 5925-6425 MHz
frequency bands. It was found that some degree of independent
optimization for the two frequency bands was possible by selecting
the total length of the phase shifter and average penetration of the
posts to control the phase shift in the receiver frequency band and
by choosing the density of posts to control the phase shift in the
transmitter frequency band. The axial ratio possible with the phase
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shifter under ideal terminating conditions is about 1.2 dB. However,
in the actual circuit terminated by the orthocoupler and multimode
horn, the peak axial ratio deteriorates to about 1.5 dB due to internal
reflections.

™y
6 GHz
generator aperhure
i R

TE,, /

—_

L

section
4 GHz
aperiure

Fig. 4—Generation and phasing of higher-order modes in stepped variable-
flare-angle horn.

Multimode Horn

The design of the multimode horn was dictated by the contradicting
requirements of axially symmetrical main lobe and low side lobes
for the main polarized component, low crosspolarized side lobes, low
loss, simple structure for fabrication, and acceptable sensitivity to
tolerances. The principle of the horn is shown in Fig. 4. A step in
the throat is used as a multimode generator. Depending on the
frequency and antenna end diameter of this step, a number of modes
can be propagated to the aperture.® Depending on the size of the
step, the amplitude of these modes relative to the basic mode can be
adjusted. As a function of this relative amplitude and relative phase,
the combination of these modes with the basic mode can be either
useful or harmful insofar as the shape of the radiated pattern is
concerned.

Usually the generated higher-order modes carry a cross-polarized
component. Thus, the pattern optimization must be carried out not
only for the main polarized component, but also for the entire vector
field and for a very wide frequency band.
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Attempts were made to handle this case analytically, but the
author’s experience is that even elaborate calculations are adequate
only for initial guidance. Thus, much of the detailed design was
carried out experimentally. These experiments yielded a compromise
step size that did not generate an intolerably large cross-polarized com-
ponent. The step was followed by a rapidly flaring section to get out
fast from the cutoff region of the generated higher order modes. In
this manner, it was possible to establish a reasonably frequency-
independent phase relationship between the basic mode and higher
order modes. This flare section is then followed by a slowly varying
flare section. This permitted reaching the required aperture diameter
without generating intolerable large quadratic phase error in the
aperture.

At the joint of the first and second flare sections, some additional
higher order modes are generated, which are used to control the 4
and 6 GHz bands separately and thus to achieve a wider overall
bandwidth. Finally, just before the aperture, the flare angle is changed
again, mainly for the purpose of widening the pattern of the horn at
the high end of the frequency band.

The resultant horn is geometrically simple, easy to fabricate and
it is not too sensitive to tolerances.

Microwave Optics

The last important element in the r-f design of the antenna is the
set of reflector profiles in the microwave optics. This design was
determined by the simultaneous requirement of 70% antenna efficiency
and a [32 — 25 log 6°]dB type of side lobe envelope in a Cassegrainian
configuration.

The key to achieving such performance is the axial symmetry and
frequency independence of the pattern of the radiating horn. At a
given frequency, the horn pattern can be made as perfect as measuring
accuracy. For instance, the main beam of the pattern at 4.2 GHz is
axially symmetrical down to the 30-dB level within =1 dB and side
lobes are better than 32 dB. For such a case, it appears possible in
principle to design an optical system that has 30-dB up taper,* thus
a constant amplitude distribution in the main aperture can be pro-

* “Up taper” in the microwave optics system represents a redistribu-
tion of the power radiated by the primary source in such a way that it
increases the power density of the beam radiated by the subreflector in the
edge region of the aperture. If the primary source generates a sector beam
then the “uptaper” is the power density level difference between the edge
and center of the main (reflector) aperture.
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duced yielding an antenna for which the aperture illumination efficiency,
n4 and spillover efficiency 7, would simultaneously be nearly unity.

Unfortunately, the above case cannot be realized even at the given
frequency. The area of the subreflector would be about twice as big
as desirable for low blockage but still only about 15X in radius, which
is too small for the necessary very rapid up taper in the edge region.
Actually, the width of the primary pattern cannot be maintained
absolutely constant with frequency. For instance, if the cedge of the
subreflector were at § = 24° from the axis of the system as it is
viewed from the phase center of the horn, then at 3.7 GHz, the pre-
viously described 30 dB type of up taper would generate 8 dB higher
field at the edge of the main reflector than at its center—a clearly
undesirable situation. At the same time, at 6.4 GHz, side lobes from
the primary pattern would fall on the main reflector causing gain
reduction and high secondary pattern side lobes.

In the actual antenna, # = 14° was selected, with a 7 dB up taper
for the optical system. A shroud to 6, = 16° was attached to the
subreflector to take care of the spillover radiation side lobes at 3.7
GHz. The resulting microwave optiecs produces not only a respectable
aperture efficiency, but also the specified wide-angle side-lobe envelope
structure, which is quite difficult for a Cassegrainian configuration.

Actually, the side-lobe envelope is considerably better than the
[32 — 25 log #°] value for most of the frequency band and angular
range. The limiting case is 3.7 GHz around 20° and 96° from the
main beam. The 20°-region contains the maximum of the spillover
radiation around the subreflector, the 96° region has the maximum of
the spillover radiation around the main reflector. This latter value can
be further reduced by adding an approximately 2-foot-long cylindrical
shroud to the main reflector.

4. Additional Operational Functions
4.1 Spectrum Re-Use with Locked Receive-Transmit Polarizations

The basic mode operation described in Section 3 can be expanded to
3- or 4-port spectrum re-use operation by using the circuit configura-
tion indicated in Fig. 5. In this case, 1 or 2 duplexers can be added
to the system. These duplexers can be attached to any equipment
terminal of the orthocoupler. The duplexer consists of a Y junction,
a 4 GHz band-pass filter and a cutoff section stopping the 4-GHz
band but passing the 6-GHz band.

The band-pass filter is built in a double-ridged waveguide and
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contains a series of posts. It is designed to have a minimum of 60-dB
isolation at 5925 MHz and a maximum loss of 0.06 dB at 4200 MHz.
The cutoff section is designed with more than 100 dB attenuation at 4200
MHz and a maximum of 0.04 dB loss at 6 GHz. Once the duplexers
are connected to the orthocoupler, the integrated unit has 2 orthogonal
4-GHz ports and 2 orthogonal 6-GHz ports. For the circularly polarized
case, the overall assembly can be fixed. However, for the rotatable
linear or adaptable circular polarization mode, some rotation of the
orthocoupler—-duplexer assembly is necessary. This is obtained by a
set of 4 flexible waveguide sections attached between the terminals
of the duplexer and the input panel of the feed housing.

VERT POL
OUPLEXER |——O——— s8asic FEED |—(

HORI2
POL

ODUPLE XER
4GHz 6GH2 4GHz 6GHz

Fig. 5—Block diagram cf feed for spectrum re-use mode of operation.

For the spectrum re-use case, the position of the duplexer assembly
is remotecly controllable, since very precise alignment of the palar-
ization attitude is necessary to utilize the available spectrum re-use
isolation. This isolation is generally limited by the characteristics
of the incoming signal from the satellite. Alternatively, the isolation
available at the satellite is limited by the characteristics of the in-
coming signal at the input of the satellite.

For high antenna elevation angles, the effect of the propagational
medium is negligible; thus for an ideal stable satellite antenna polar-
ization, the earth-station antenna polarization can be set, and orthogon-
ality between the transmit and receive polarization is adequate. The
above-described circuit is adequate for most antenna locations.

4.2 Spectrum Re-use with Independently Rotatable
Receive-Transmit Polarizations

For earth stations with low elevation angles toward the satellites, the
Faraday polarization rotation effects of the propagation medium are
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not negligible® Furthermore, the sense of polarization rotation is
opposite for the up and down links. Thus, the ideal earth-station
antenna must have a capability of rotating the up-link and down-link
polarizations independently. Such capability can be added to the feed
circuit described in Section 4.1. The block diagram of the required
circuit is shown in Fig. 6. Two polarizers make up the dual polarizer

ANTENNA -——<
ar a2 l
6GHY
4GHT
H2
Hy
] P2 l
Hy PLUNGER Hy
] s
Y
Hy

b b

VERT HORIZ

Fig. 6—Block diagram of feed for independently rotatable receive and
transmit polarizations.

circuit, one for the 4-GHz band and one for the 6-GHz band. Their
layouts are identical. One polarizer consists of 4 short-slot hybrids,
4 identical S-shaped waveguide sections, a plunger assembly; and some
connecting waveguide elements.

The H, and H, short slot hybrids and P, and P, adjustable phase
shifters form an adjustable power divider. The P; and P, phase
shifters are locked together in such a way that the ¢ and (90— ¢)
relationship between their respective phases is maintained for all
values of ¢. Then, for an input signal at Rz,:

A;=0,A,= 1if ¢= 45°
A1=A2=0-707 if ¢= 90°
A;=14,= 0 if ¢ =135°
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Since A, is connected to the “horizontal” and A, to the “vertical”
input port of the orthocoupler, the output polarization is gradnally
changed from vertical to horizontal while ¢ is adjusted from 45° to
135°. At the same time, for an input signal at Rx,, the output polar-
ization is changing from —45° to +45°.

Actually, the outputs of H, are not connected directly to the input
of the orthocoupler since the same orthocoupler must accept the
transmit band signals as well. Thus, a pair of duplexers are inserted
that combine the two frequency bands.

Physically, the P, and P, adjustable phase shifters are built up
from the same type of short slot hybrids used for H, and H,. They are
connected as shown in Fig. 6. There is a double plunger in the
middle of the system that is moved by a motor. There is a short
straight section for the plungers between the short-slot hybrids, and
there are 4 identical electroformed S bends to connect the differential
phase shifters with the hybrids H, and H,.

The described 4-hybrid polarizer is for one frequency band; an-
other 4-hybrid polarizer can be provided for the other frequency
band. In such a configuration, no flexible waveguides are required in
the feed. However, in practice, a single polarizer is adequate to
obtain independence between receive and transmit frequency bands if
the flexible waveguides are retained. For 30 dB type of spectrum re-
use isolation, very high quality short-slot hybrids are required, and
the electrical path lengths of the various connecting waveguide ele-
ments must be carefully equalized. In the actual circuit, about 26 dB
linear axial ratio was measured in the primary pattern in 500-MHz
band-width for =*5° polarization rotation. Such a primary axial
ratio results in 32 dB or better polarization isolation in the secondary
pattern. It is believed that further improvements are possible by
refining the dual polarizer.

5. Some Selected Resuits

The full description of a spectrum re-use antenna system by experi-
mental data is beyond the scope of the present paper. Instead, a
few selected test results are presented. These results were chosen
to illustrate the previous discussions and to draw attention to some
of the more interesting features.

5.1 Primary Patterns

Fig. 7 shows the main and cross-polarized patterns of the radiating
source in the middle of the 4- and 6-GHz frequency bands in the E,
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45°, and H planes, for linear polarization. Fig. 8 shows the patterns
for circular polarization. Note the high degree of axial symmetry,
low side lobes, and low cross-polarized side-lobe levels. The exhibited
patterns are fairly representative of the overall frequency band as
can be concluded from Table 1. This table shows the summary of
primary pattern characteristics, such as the gain, G; 3-dB and 10-dB
beam widths, 8, and #,, respectively; first sidelobe level, x,; axial
ratio, A; and spectrum re-use isolation I (minimum level difference
between main and cross-polarized pattern) within the 1-dB and 3-dB
beam-width region of the main lobe.

| i1 ——M - PLANE
| - 45"
=
| == E-PLANE

T
LR e
45°
€E-PLANE

24" %

o “1z¢
ANGL €

Fig. 7—Main and cross-polarized patterns of the horn for linear polariza-
tion (3950 and 6175 MHz frequency bands).
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For spectrum re-use applications, the value of A and I,,; has
particular significance. The lowest value for 4 (38dB) determines
the ideal spectrum re-use isolation available with this antenna if
the angular alignment of the earth station antenna toward the
satellite is perfect. A more practical characteristic is J 45, which
stands for the available isolation when the satellite is permitted to
drift within the 1-dB beam width of the antenna. This value is
*0.08° at 6425 MHz. For such a case, the worst level of I,,5 is only
23 dB in the primary pattern. However, an analysis of the
cross-polarized primary patterns shown in Fig. 7 indicates that I is
always much better in the secondary pattern than in the primary
radiation. For the cross-polarized component the spillover efficiency,

9%
—

Fig. 8—Patterns of horn for circular polarization.
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Table 1—Summary of Primary Pattern Characteristics

f(MHz) 3700
Plane AZIMUTH
Pol. att. Vertical 45° Horizontal LCP
, Pol. mode Main Cross Main Cross Main Cross Main
G (dB) 21.78
05° 17 16.56 3.5 15.56
010° 315 28 26 28
x;(dB) 33 33 390 18.8 23 33 30
A (dB) 43 43 43
Las (dB) 36 32 36
Isan (dB) 34 22.5 34
f(MHz) 3950
Plane AZIMUTH
Pol. att. Vertical 45° Horizontal LCP
Pol. mode Main Cross Main Cross Main Cross  Main
G(dB) 21.69
65° 17 15 14 15.56
010° 30.5 8 27 28.5
x; (dB) 29 32 25 21 29 31 32
| A(dB) 45 45 45
Ian (dB) 32 31 32
I.n (dB) 30.5 24.5 31.6
} f(MHz) 4200
Plane AZIMUTH
Pol. att. Vertical 45° Horizontal LCP
Pol. mode Main Cross  Main Cross Main Cross  Main
G(dB) 21.98
| 62° 16 15 13.5 13.5
i 610° 29 27.5 26 27.6
| &:(dB) 32 34 32 24.5 32 34 34
| A(dB) 41 41 41
| Ian (dB) 34 33 34
| Isas (dB) 33.5 26.5 33.5
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Table 1—Continued

f(MHz)

EARTH-STATION ANTENNA

5925
Plane AZIMUTH
Pol. att. Vertical 45° Horizontal RCP
Pol. mode Main Cross Main Cross Main Cross Main
G (dB) 24.53
0s° 12 12 12 12
610° 20 24 22 22
% (dB) 26.5 33 31 19 24 30 29
A (dB) 45 45 45
6L (dB) 36 34 36
Ias (dB) 35 23 35
f(MHz) 6175
Plane AZIMUTH
Pol. att. Vertical 45° Horizontal RCP
Pol. mode Main Cross  Main Cross Main Cross  Main
G(dB) 25.80
85° 10 12 10 11
010° 18 22 20 20
x, (dB) 20 21 30 20 30 32 25
A (dB) 54 54 54
Ias(dB) 24 24 29
Lan (dB) 22 22 30 )
f(MHz) 6425
Plane AZIMUTH
Pol. att. Vertical 45° Horizontal RCP
Pol. mode Main Cross Main Cross Main Cross Main
G (dB) 25.8)
8:° 10 12,5 10.5 10
0:0° 18 19.5 19 18
x (dB) 17 19.8 24.5 23 27 25 20
A (dB) 38 38 38
6Las(dB) 23 25.2 27
I4s(dB) 21 25 26
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e i typically 3 dB worse than for the main polarized component
because, for this component, at least half the power is lost in spillover
radiation. At the same time, the aperture distribution efficiency. 7,.
is typically 3 dB worse than for the main polarized component tecause
about half of the aperture is not utilized for this component. Thus,
at least 6 dB improvement is predicted from this simple model. Actual-
ly. at no frequency was observed improvement less than 8 dB. Thus,
te indicated type of primary patterns make it possible to achieve
30 dB or better spectrum re-use isolation values.

5.2 Circular Polarization Axial Ratio

Fig. 9 shows the circular polarization axial ratio of the radiating
source measured along the axis of its main beam for all four input
feed ports as a function of frequency. The recordings were taken
with a slowly sweeping generator and with a relatively rapidly rotating
transmit prote. Since the pattern of the radiating source is essentially
axially symmetrical, and virtually no depolarization takes place in a
(Cassegrainian antenna, a similar axial ratio will be available in the
whole main aperture plane and within the 3-dB beam width of the
secondary main beam.

The production antennas exhibited typically a maximum of 1.5 dB
primary axial ratio. which corresponds to about 21 dB cross-polarized
level on the axis of the antenna. Again, this cross-polarized pattern
is modified by the optics of the antenna, and within the 1-dB beam
width of the main beam of the secondary pattern, a certain amount
of improvement takes place. This is discussed in connection with the
secondary-pattern characteristics.

5.3 Independent Rotation of Receive and Transmit Polarizations

The basic circuit described in Section 4.2 requires two polarizers,
which introduce about equal losses in the 4- and 6-GHz circuits.
The 4-GHz loss can be reduced by a slight variant of this circuit. In
such a case. the coarse polarization adjustment is achieved by the
standard rotatable polarizer unit of the feed and only oune additional
polarizer circuit is used in the 6-GHz band to provide a differential
polarization rotation relative to the 4-GHz band. For such a case. the
polarizer must cover only the range of differential Faraday rotation,
of the order of *=5°. Test results for such a requirement indicate
that 25-30 dB polarization isolation in the primary pattern can be
achieved for small polarization angle adjustments. Fig. 10 shows the
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Fig. 9—Right- and left-circular-polarization axial ratio measured in the
primary pattern for the spectrum re-use meode for the 4 and 6

Ghz frequency bands (axial ratio is the envelope of the curve
recorded with rotating probe; calibration lines are 2 dB apart).
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measured polarization isolation with such a circuit over a 500-MHz
band for various amounts of polarization angle adjustments.
The polarization angle adjustment can be achieved in two steps.
(a) By the described rotatable orthocoupler, the polarization can be
set within y = £55° with a minimum of 30 dB isolation and a
maximum of at least 35 dB isolation. This adjustment may be
called the coarse adjustment, and can provide the proper polar-
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Fig. 10—Measured spectrum re-use isolation on axis of primary pattern
versus frequency for independently rotatable receive and transmit
polarization (transmit polarization fixed at ¢ =0° and 90°).
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ization for corresponding to a given satellite and a given site.
Once the rotatable polarizer is set, the nominal polarizations
corresponding to the various terminals will be the following:

Rz, ¥1
Rz, ¢1+90°
Tz, ¥y + 90°
Tx,y 1

(b) Using the plunger of at least one polarizer operating say in the
Rz band, the polarization can be set within r = *5° with a
minimum of 25 dB and a maximum of at least 30 dB isolation
in the vicinity of ¢,. This adjustment may be called the fine, or
differential, polarization angle adjustment since it affects only
one frequency band; thus it is able to generate a differential
polarization angle relative to the other band. With the applica-
tion of a dual polarizer, a total of *10° differential polarization
angle can be generated between the receive and transmit bands.

Fig. 11 shows the achievable isolation for the circularly polarized
case. The incoming signal simulating the one emitted by the satellite
was intentionally set to 1.5 dB axial ratio. Under these conditions,
by the use of the adjustable plunger and by the rotation of the ortho-
gonal coupler and fixed 90° phase-shifter assembly of the feed, the
resultant 23.5 dB cross-polarized level was measured over the 500
MHz frequency band as shown by the figure. Obviously this achievable
isolation may be much better when the axial ratio of the incoming
signal from the satellite is better.

5.4 Effect of Antenna Panel Misalignment

Domestic satellite communication systems eventually will use hundreds
of 50 dB-gain type antennas. These antennas will be assembled on
limited-steerability mounts, and due to economical limitations, most
of these sites will not have pattern or gain-measuring facilities. Thus,
it is of interest to determine how sensitive such antenna systems will
be to erection tolerances, and how reproducible the results will be.
During the development and early use of the described antenna,
two interesting observations were made that throw some light on
these problems. Two prototype tests of this antenna were made.
Before the first test, the antenna panels were aligned while the re-
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flector was lying on the ground. The usual optical target alignment
method was used and an estimated maximum 0.015-inch rms devi-
ation between these targets and the ideal optical surface were achieved.
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Fig. 11—Measured spectrum re-use isolation on axis of primary pattern
versus frequency for circular polarization (incoming wave axial
ratio is better than 1.5 dB).

The gaps between the 12 surface panels of the antenna were set to
about 1/16 of an inch or better. During the hoisting of the reflector
to its test turntable 70 feet above ground, an accident in the crane
foundation caused the reflector to drop a few feet in midair and the
antenna experienced larger than normal accelerations. This and some
other factors caused the panels to shift, and a few gaps between panels
more than 1 of an inch were observed.

Since the shift was estimated to cause only about 0.06-0.08-inch
rms surface errors, it was decided to test the antenna electrically and
try to minimize the aperture phase errors by a repositioning of the
subreflector.

Fig. 12a shows the field contour lines in the vicinity of the main
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beam for this condition. This plot was assembled from 39 closely
spaced horizontal pattern cuts, separated by 0.1° elevation-angle in-
crements. Although the main plane patterns of the antenna were
not catastrophically bad, the mapping revealed that in one of the 45°
planes, a side lobe as bad as 6.2 dB existed. The antenna gain was
more than 1.5 dB below nominal. After this test, the antenna back-
frame in the edge region was reinforced and the panels were re-
aligned while the antenna was on the test table. After final panel
setting, the optical targets represented a better than 0.010-inch rms
deviation from the specified reflector surface. Fig. 11b shows the
field contours in the vicinity of main beam after this alignment. The
experiment shows the necessity of utmost care in the handling of this
type of antenna.

The second observation was more on the cheerful side. During the
prototype tests, the y factor of the antenna with the sun was recorded
carefully for the purpose of relative gain measurements, since for
most operational sites, this is the only readily available boresight
source. After this test, the panel-aligning screws and nuts were taped
together and the antenna was disassembled and shipped to a location
near Shanghai. The erection required 5 days, after which the antenna
was ready for test. Again, using the Sun as a boresight, the previously
recorded y factors and antenna-gain values were reproduced within
0.25 dB without touching the axial position of the subreflector.

5.5 Secondary-Pattern Characteristics

The secondary patterns of the antenna were measured at a site in
Greenville, Texas. The antenna was placed on a test tower, keeping
the elevation axis 92 feet above ground level. The boresight antenna
4000 feet distant was a 6-foot-diameter periscope antenna, appearing
0.9° above the local horizon from the main antenna. Due to the
relatively large height of both the main antenna and boresight an-
tenna positions, the center of the first Fresnel zone on the ground
was 4.4° below the line connecting the centers of the main and bore-
sight antennas. This condition assured that ground reflections had
very little influence on any of the pattern and gain measurements in
the vicinity of the main lobe. The site was clear except in one azimuth
direction (about 81° from boresight) where another nearby test
tower gave strong reflections.

The main and cross-polarized patterns for linear and circular
polarizations in the horizontal and elevation planes were recorded
in great detail. Figs. 13 and 14 show typical patterns for 3950 MHz
and 6175 MHz. :
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Tables 2 and 3 show the summary of the antenna characteristics
extracted from the pattern, gain, and noise-temperature measure-
ments. In these tables, f(¢) is the level of the monotonicaly decreas-
ing pattern envelope below the level of main lobe maximum at the
angle ¢ from the axis of main beam. T,, (#) is the antenna noise
temperature at an antenna main beam elevation angle 4, Ty, is the
noise temperature of the receiver system referred to the receive output
port of the feed.

Several interesting conclusions can be drawn from Figs. 13 and
14 and Tables 2 and 3.

1. It is possible to achieve a high antenna efficiency in a 1:1.73
relative bandwidth.
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Fig. 12—Field contour lines in vicinity of main beam with (top) mis-
aligned and (bottom) aligned reflector.
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EARTH-STATION ANTENNA

2. The side-lobe envelope falls below the isotropic level at about 24°
from the main lobe for the main polarized component, and at
about 5° for the cross-polarized component. In the rear hemi-
sphere, the antenna side lobes are about 20 dB below isotropic level.

3. The spectrum re-use isolation, I,y is at least 36 dB for the
4-GHz band and 32.5 dB for the 6-GHz band for linear polarization.
For circular polarization, spectrum re-use isolation of at least
4198 =29 dB was achieved, for a given (nonperfect) incoming
polarization. Actually, at the 3 frequencies (5925, 6175, 6425
‘MHz) indicated in Table 3, the axial ratio of the incoming wave
was 0.8 dB, 0.7 dB and 0.8 dB, respectively. For this condition,
it was possible to set the ellipticity of the feed so that I,y was
32 dB, 30 dB, and 30 dB, respectively. It may be mentioned that
for a given frequency, better polarization matching, and thus
polarization isolation, is possible. However, in a wide frequency
iband, the polarization ellipse of the incoming wave usually varies,
:and then only the nonvarying component of polarization ellipse
«can be matched by the available antenna circuit.

5.6 Antenna Noise Temperature

"The noise temperature of an antenna generally can be improved by
reducing its internal circuit loss and increasing its spillover efficiency.
For a Cassegrainian antenna at low elevation angles, an increase of
:antenna noise temperature is expected with decreasing antenna size,
because high spillover efficiency can be maintained only at the expense
of increasing blockage; with decreasing antenna size, the side lobes
in the vicinity of the main lobe gradually fall more and more on
the ground at low elevation angles. On the other hand, decreasing
antenna size makes it possible to eliminate the monopulse tracking
circuit and its associated noise temperature contribution.

The measured values of antenna noise temperature, shown in Fig.
15, tend to prove the above considerations. Total antenna noise temp-
erature is approximately 15°K in zenith and 45°K at 5° elevation
angle. Since the internal noise temperature of the feed is about
4°K and the atmospheric contribution is about 3° and 27°K in zenith
and 5° elevation angles, respectively, the noise temperature contribu-
tion of the ground via spillover and scatter comes to 8°K and 14°K
for the zenith and 5° elevation-angle positions, respectively. These
latter values are only slightly larger than customary for 100-foot-
diameter antennas in this frequency band.
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5.7 Gain/Temperature Tests with Cassiopeia A and Sun

The ultimate test of any earth station antenna is its system gain/
temperature (G/T) ratio measured with a celestial source. The pres-
ent system uses an uncooled parametric amplifier with a noise
temperature of the order of 100°K. Under these conditions, the
system noise temperature can be measured adequately only by the
strongest of the celestial sources.

Two celestial sources were selected for this measuring program:
Cassiopeia A because of its accurately known flux and the sun because
it is within the steerability range for antennas directed toward a
synchronous satellite. Since no adequately accurate sun flux data was
found in the literature for the 3.7-4.2 GHz frequency band and for
the period of the measurements, an accurate calibration of the sun
flux was obtained against Cassiopeia A.

Star y factors* were recorded with both stars for various eleva-
tion angles, polarizations and frequencies for several days. Then the
sun flux (¢..,) was determined on the basis that the average gain
values obtained from the two independent y factor measurements
agree. These calculations resulted in ¢g, = 0.9162 X 10—20 W/Hzm?
*0.20 dB at 3950 MHz.

Tables 4 and 5 exhibit the relationship between the star y factor,
Y = (P.ygt + Patar) /Pytar Where Py and P, are the system and star-
caused noise power respectively, and system G/T for various antenna
elevation angles and frequencies and for Cassiopeia A and the sun for
January 1972. The Cass. A flux values were taken from the document
published by Intelsat.” Since the flux values for both of these stars
vary with time, some additional correction is necessary to use these
tables in the future. For Cassiopeia A, the T, flux is decreasing
monotonically with time, approximately 1.19 per year. For the sun,
T.ae 18 a periodic function of time over the solar cycle as shown in
Fig. 16.

The G/T ratio of the overall system with the given receiver noise
temperature is of the order of 30 dB. For such conditions, y ~ 0.6 dB
for Cass. A and y ~ 21 dB for sun. In spite of original doubts, the
low value of  for Cass. A did not present any serious limitation on
the achievable G/T measuring accuracy.

y-factor readouts were reproducible from day to day within £0.08

* “Star y factor” is defined as the noise power ratio received by the
antenna when it is directed toward a star radiating radio frequency power
(flux) relative to the noise power the antenna produces when it is directed
toward a “low noise” portion of the sky.
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Table 5—Conversion Table to Calculate System G/T from y Factor Obtained
by Sun (¢.um = 0.9162 X 10—20 W/Hzm? for f = 3950 MHz, C = 8.50
dB, A =8.18dB for ¢ = 10°) (Date of calibration: Jan. 20, 1972,
Ant. dia.: 3315 Ft.)

G/T(dB)

Freq. (MHz) 3730 3950 4170

Dift. (dB) —.50 0 +.48

Elev. Angle® 5 10 80 60 5 10 30 60 5 10 30 60

5 10 30 60

Diff. (dB)  +.17 0 -.16 —20 +.17 0 -—.16 =20 +.17 0 -.16 -—.20

Ygun (dB)

20.6 28.74 28.67 28.41 28.37 29.24 29.07 28.91 28.87 29.72 29.65 29.39 29.35
& 84 67 51 47 .34 17 29.01 97 .82 66 49 45
8 .94 a7 61 57 44 27 11 29.07 92 .75 .59 .55
9 29.04 .87 M .67 .54 .37 .21 17 30.02 .86 .69 65

21.0 14 97 .81 a7 64 A7 .31 .27 12 .95 79 .76
1 24 29.07 81 .87 4 .57 41 .37 22 30.05 .89 .85
2 .34 17 29.01 91 .84 67 .51 47 .32 .15 .99 K
3 43 .26 .10 29.06 .93 76 .60 .56 41 .24 30.08 30.04
4 .53 .36 .20 .16 30.03 .86 70 .66 .51 .34 .18 14
5 63 .46 .30 .26 13 .96 .80 .76 .61 44 .28 24
6 73 .56 40 .36 .23 30.06 .90 .86 1 54 .38 .34
q .83 .66 .50 .46 .33 .16 30.00 .96 .81 64 48 44
8 .92 .76 59 .56 42 .26 .09 30.05 90 .73 57 58
9 30.02 .85 69 .65 52 35 .19 .16 31.00 .83 67 68

22.0 12 .96 79 .76 62 45 .29 25 .10 .93 i .78
1 .22 30.05 .89 .85 2 55 .39 .85 20 31.03 87 .83
2 .82 .15 .99 95 .82 65 .49 45 .30 13 97 .93
.3 42 .25 30.09 30.05 92 .76 .59 .55 40 .23 81.07 31.08
4 .52 .35 19 .15 31.02 .85 .69 65 50 .33 17 .13
5 61 44 .28 .24 11 94 .18 .76 59 42 .26 .22
K3 70 54 88 .34 21 31.04 .88 84 .69 .52 .36 32
& .80 .64 48 44 81 14 .98 94 79 62 A6 A2
8 .90 14 .58 54 41 .24 31.08 31.04 89 72 .56 .52
9 81.00 .84 .68 64 51 34 .18 14 .99 .82 66 62

23.0 .10 .84 18 14 61 44 .28 .24 82.09 .92 .76 a2
1 20 31.04 .88 .84 a1 .54 38 .34 .19 32.02 .86 .82
.2 .30 14 98 .94 .81 64 .48 A4 .29 12 96 92
3 .40 .24 81.08 31.04 91 4 .58 .54 .39 22 382.06 82.02
4 50 .34 .18 .14 32.01 .84 .68 .64 A9 .32 .16 12
5 .60 44 .28 24 11 94 .18 4 .59 42 .26 .22
6 70 .54 .38 .34 21 32.04 .88 .84 .89 .52 .36 .32
a .80 .64 48 44 31 14 .98 984 79 .62 .46 A2
.8 .90 74 .68 .54 41 .24 82.08 382.04 .89 72 .56 52
9 32.00 .84 68 .64 51 34 .18 14 99 82 66 .62

24.0 .10 84 78 14 61 A4 .28 .24 33.09 .92 76 a2
1 20 32.04 .88 .84 1 .54 .38 34 .19 33.02 .86 .82
2 .30 14 .98 .94 81 .64 48 44 .29 12 .86 .92
.3 40 24 82.08 32.04 .81 14 .58 .54 .39 22 33.06 83.02

24.4 32.50 32.84 382.18 32.14 83.01 382.84 32.68 32.64 33.49 38.32 33.16 383.12
5 60 44 28 24 11 94 18 14 59 42 .26 .22
6 70 .54 .88 34 .22 33.04 .88 .84 .69 62 .36 .32
7 .80 64 .48 .44 .32 14 .98 .94 79 72 .46 A2
8 .90 14 .58 64 .42 .24 83.08 83.04 .89 .82 .56 .52
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Fig. 15—Measured antenna noise temperature versus elevation angles.

dB, and according to detailed error analysis, inaccuracy limits of
G/T values were within + 0.48 dB and — 0.20 dB.

The measured G/T values (normalized to 100°K receiving-system
noise temperature) are given in Table 2. This table indicates that
with the given antenna and receiver system, a G/T between 28.8 dB
and 30.7 dB is possible above 10° elevation angles depending on the
frequency and antenna elevation angle. On the other hand, the
antenna is capable of producing nearly 36 dB G/T at 45° elevation
angle at 3950 MHz with a cooled parametric amplifier at the output
of the feed.
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Fig. 16—Relative sun flux versus time for one 1l-year solar cycle.
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6. Conclusions

The design and prototype testing of a medium-size earth station an-
tenna was completed. The results show the characteristics that can
be obtained in practice on this type of system. These characteristics
are equal to or better than the characteristics assumed in the design
of the Telesat Canada earth station network. The results also agree
with most of the assumptions used in the system design of US domestic
satellite networks. Investigations into spectrum re-use potentials
verified the feasibility of such techniques and the limits possible with
the present state of art. Attempts in the direction of noise pollution
control through improving wide-angle side-lobe levels of Cassegrainian
antennas indicate that improvements are possible without significant
reduction of antenna efficiency. The new antenna also exhibits a
module add-on type of expansion capability that could become im-
portant in the economical design of future expandable earth-station
networks.
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Wideband Class-C Trapatt Amplifiers

A. Rosen, J. F. Reynolds, S. G. Liu, and G. E. Theriault
RCA Laboratories, Princeton, N. J.

Abstract—The operation of Trapatt amplifiers under both class C and widebana
conditions has been demonstrated. In particular, amplifiers have been
developed that deliver 60 watts peak output with 6.5 dB gain and
14.2% (3 dB) bandwidth and 80 watts with 5 dB gain and 12% (3 dB)
bandwidth,

Introduction

One of the important potential applications of Trapatt devices is as
high-power broadband pulse amplifiers for phased array radar systems.
As a result of recent circuit advances, high peak powers can be ob-
tained from these devices even when they are used as broadband
(10-20%) power amplifiers.”? In addition to the power and bandwidth
requirements, the complexity of the radar systems and the large
number of amplifier modules that are involved necessitate that a
simple, economical, and efficient method be available to modulate these
devices. The conventional method has been to use pulse drivers in the
power supply of the amplifiers. These drivers switch the dec power on
and off in synchronism with the input rf. Such drivers are, however,
bulky, complicated, and expensive since kilowatts of dc must be switched
at rapid rates in synchronization with the input rf.

An alternative method of providing modulation is to design the
Trapatt amplifiers to operate under class-C condition® in a manner
similar to conventional transistor amplifiers. This paper reports the
results of an amplifier design program that has resulted in broadband,
class-C Trapatt amplifiers. In particular, S-band, class-C Trapatt am-
plifiers have been developed that deliver output powers of 80 watts
with 129 instantaneous (3 dB) bandwidth,
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Class-C Operation

Unlike other high peak power sources such as LSA or Gunn devices,
the junction nature of Trapatt devices allows them to be designed as
class-C amplifiers. In class-C operation, the Trapatt diodes are dc
biased below their breakdown voltage so that only negligible dc cur-
rents (a few microamperes) are drawn by the diodes when there is
no rf input to the amplifier. When rf is applied, they are driven to the
threshold condition for Trapatt operation by the rf, the diode operating
voltage drops, large dec currents are drawn from the power supply, and
the rf is amplified. When the rf drive is removed, the conditions for
Trapatt operation are no longer met and the diodes automatically shut

RF RF
CIRCUIT ouT

I
(Aq Rg

Vor VocVeo VIV

(b)

Fig. 1—(a) Circuit for Class C operation of Trapatt amplifier and (b)
I-V characteristic of class-C Trapatt amplifier.

off. The circuit for this type of operation and a typical I-V charcter-
istic are shown in Fig. 1. The biasing requires only a dc supply and
small series resistor Rg. As can be seen from the I-V characteristics,
this type of operation is possible with Trapatt devices because of their
diode characteristic and because the diode operating voltage (V,;)
is less than its breakdown voltage (Vy,) (Fig. 1b).
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Broadband Circuit Configuration

A microstrip coupled-line circuit similar to that previously described*
is employed to achieve broadband amplification from Trapatt diodes.
The basic circuit (Fig. 2) consists of two coupled lines that provide
a broadband impedance transformation and, thus, proper matching
at the device operating frequency. Fig. 3 shows the calculated input
impedance as a function of frequency for this configuration as it
would apply to an S-band Trapatt amplifier. As can be seen, the real
part of the impedance varies only slightly, while the imaginary part
varies slowly over a 15% bandwidth. In addition, the impedance levels
shown are those typically required for a high power Trapatt amplifier
and are readily obtained in practice.

—
' L———+o - J L=1/a )
Q{1 ©®
f ®© / ®
—— A -
@ ®© 7 7
INPUT 5 (.-' Ls I/4 A
N=TRANSFORMATION RATIO= -20¢*Z00
Zoe -Zoo

Fig. 2—Schematic and equivalent circuit for present microstrip version of
coupled-line circuit.

Efficient, broadband Trapatt amplification requires that the proper
voltage and current wave-shape be maintained at the device terminals
over the required bandwidth. Since the wave-shape required for
Trapatt operation is nonsinusoidal® the proper impedance should be
maintained not only at the operating frequency but also at other har-
monically related frequencies over the required bandwidth. The
coupled-line configuration meets these requirements because it behaves
as a bandpass filter providing high reactive impedances out of band.
This allows the use of idler circuits to control the harmonic impedances
while maintaining the required bandwidth performance. These proper-
ties have been used prevously in varactor multiplier work® and are
ideally suited for Trapatt amplifiers.

RCA Review e Vol. 33 e December 1972 731




TRAPATT

DIODE
PE IR Wik
RN E—
[_1:)'4"
= a Zzof 70
E‘ Zgo: 30
[
X
41— Z°E= 40
rZ°°= 25
2r‘_4——-—_*_'
fe) | | [ ] >

| 1
26 27 28 28 30 31
FREQUENCY (GH2)?®

x[a]

Fig. 3—Calculated input impedance as a function of frequency for typical
high power Trapatt amplifier circuit. Impedances for two trans-
formation ratios are shown.

Device Structure

The diodes used in the Trapatt amplifiers are n+-p-p+ type (comple-
mentary) structures. They are fabricated by diffusion of phosphorus
into a p-on-p+ boron doped silicon epitaxial wafer. Because the boron
and phosphorus have nearly identical diffusion coefficients, the device
has an almost symmetrical diffusion profile, that is, the out-diffusion
depth from the substrate is the same as the in-diffusion depth. The
diffusion depth is approximately 3 microns and the doping density and
width of the p-layer are 1 X 10'%cm—3 and 3.5 microns, respectively.
The diameter of the diodes is 0.038 cm. Although Trapatt amplifiers
have been developed with conventional p+-n-n+ diodes, the comple-
mentary structure is currently being used for two reasons, toth
related to its thermal characteristics.”® First, diodes with the comple-
mentary structure operate at a lower power density than conventional
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diodes, thereby leading to a lower temperature rise for a given power
output. Secondly, it is possible to reproducibly fabricate high power
large-area diodes with thin diffused regions with the complementary
structure. This is due to the symmetrie diffusion profile achieved
during fabrication and reduces the thermal resistance of the device.
These improved thermal properties are especially important for phased
array radar systems because of the long pulse width and duty cycles
involved.
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Fig. 4—(a) Power output versus frequency characteristics of class-C wide-
band Trapatt amplifier (midband gain = 6.5 dB) and (b) setup for
class-C operation.

Amplifier Performance

Trapatt amplifiers employing a single diode have been developed in
microstrip form using various coupled-line circuit configurations. They
have yielded peak output power up to 80 watts, with 5 dB gain and
129 (3 dB) instantaneous bandwidth centered at 3.3 GHz. Fig. 4b is
a diagram of a typical setup for operation of these amplifiers under
class-C conditions. The bias network consists of a low-pass filter and
a battery source. Fig. 4a shows a typical power output versus fre-
quency response of the amplifiers. For this case, the peak output
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Fig. 5—Rf input, rf output, diode voltage, and current waveforms of a
second-harmonic circuit operating in a class-C mode: (a) rf input
is “off” and (b) rf input is “on.”

power is 60 watts at 6.5 dB gain with a 14.2% (3 dB) bandwidth.
Typical efficiencies are 18%.

Fig. 5 shows the voltage, current, and rf waveforms for both on
and off conditions under class-C operation. As can be seen, the off
state is characterized by the absence of spurious output and negligible
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Fig. 6—Real (R) and imaginary (x) components of impedance measured
on ’{lrapatt circuit operated (a) as a stable amplifier and (b) as an
oscillator.
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dc dissipation (less than 1 milliwatt). In the on state, the voltage
drop and current rise associated with the Trapatt mode can be ob-
served as well as the amplified rf output.

In order to determine the conditions necessary for Trapatt amplifi-
cation, impedance measurements were made on a circuit in which both |
stable amplification or oscillation could be obtained at the 60-watt level. |
The results of these measurements are shown in Fig. 6. In the ‘
oscillator case, the circuit load impedance at the output frequency (2.58
GHz) was 3.54 — j9.61 ohms compared to 12.1 + 70.06 for the amplifier
case. The impedance at the other harmonic frequencies changed only
slightly for both cases. This indicates that the primary distinction
between Trapatt oscillator and amplifier performance can be accounted
for by the circuit loading at the output frequency, even though Trapatt
operation is highly dependent on harmonic impedances.

Fig. 6a also shows the broadband matching capability of the
coupled-line circuit. As can be seen, both the real and imaginary part
of the circuit impedance vary only slightly over a 15% bandwidth.

Class-C operation has also been obtained for a two-stage amplifier
configuration. This type of operation is important for applications
where higher gain is required. Total gain as high as 12 dB across a
5% (3 dB) instantaneous bandwidth has been obtained to date.

Conclusion

We have shown that Trapatt amplifiers are capable of broadband,
class-C operation. These characteristics, together with their peak
power, high efficiency, and duty cycle capability, qualify them for use
as solid-state power amplifiers in phased array radar systems, as well
as other commercial and military communication systems.
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1-2 GHz High-Power Linear Transistor Amplifier*

A. Presser and E. F. Belohoubek
RCA Laboratories, Princeton, N. J.

Abstract—An octave-bandwidth transistor power amplifier is described that
has performance characteristics that in most respects are superior to
those of present traveling-wave tubes. The prototype module provides
a large-signal gain of 27 dB with a power output ranging from 8.3 to
11.5 watts over the frequency range from 980 to 1960 MHz. The
module, fabricated in hybrid integrated-circuit form, measures 5.65
X 1.5 X 0.93 inches and operates from a 17-volt power supply with
an overall efficiency close to 20%.

Introduction

The wide-band microwave amplifier field has been dominated for many
years by the traveling-wave tube (TWT). Recently, however, tran-
sistor amplifiers have begun to compete with and replace TWT’s in
many applications, especially in the low-noise area. Class-A transistor
amplifiers are now available at frequencies up to C-band that equal
or better the general performance characteristics of TWT’s, such as
noise figure, bandwidth, gain flatness, and linearity. In addition, the
transistor amplifier offers the advantages of lower volume and weight,
simpler power supply requirements, and higher reliability.

* This work was supported by the U.S. Army Electronics Command,
Fort Monmouth, New Jersey, under Contract No. DAAB07-71-C-0234.
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In the area of medium-power amplifiers with power outputs of
several watts, the bandwidth of presently available class-C amplifiers
is generally limited to less than 10 to 30%, depending upon operating
frequency. This limitation is due to the inability to provide a good
input match to class-C power transistors over a wide frequency range.
The transistor thus does not receive sufficient input power for turn-on.
This effect becomes increasingly pronounced at frequencies above
1 GHz, where the input @ of the transistor, which depends upon para-
sitic lead reactances and the input resistance of the transistor, be-
comes very high. The output circuit usually can be broad-banded more

easily or, at the least, power output and efficiency can be traded for
bandwidth.

The input matching limitation can be overcome by class-A opera-
tion of the transistor. This not only eliminates the turn-on problem
but also results in a larger stage gain that can be used to offset the
lower efficiency of class-A operation. The success of this approach de-
pends upon the availability of power transistors suitable for class-A
operation and the use of design techniques that permit optimization of
power output and gain over a wide frequency range. S-parameter de-
sign alone, used very successfully in small signal class-A amplifiers, is
not sufficient when high power output and good efficiency are required
over a wide bandwidth. Special design techniques based on load-pull
measurements are necessary to provide a more systematic approach to
the development of class-A power amplifier stages.

This paper describes such techniques as developed and applied to
the design of a 1 to 2 GHz power amplifier module with 30 db gain
and a nominal saturated power output of 10 watts. The amplifier mod-
ule consists of three balanced stages- The first two stages employ
standard commercial 2N5920 transistors, while the power stage makes
use of a modified version of the 2N5921. This power transistor is
equipped with emitter ballasts that permit operation under heavy for-
ward bias, as is necessary for class-A power amplification.

General Design Considerations

The successful design of a linear broad-band power amplifier depends
upon the realization of a suitable input and output circuit for a par-
ticular transistor that produces the required stable gain and band-
width simultaneously with good power output and efficiency, Un-
fortunately, there exists no unified transistor circuit model in the
microwave region that permits calculation of all these amplifier para-
meters. The transistor properties at microwave frequencies are usually
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characterized by S-parameters'? at some convenient external terminal
and reference impedance.

When evaluated over a frequency band of interest, the four S-para-
meters represent the transistor as a two-port network that specifies its
small-signal terminal behavior in that frequency band. Bandwidth,
gain, and stability can be predicted for any circuit configuration sur-
rounding the transistor with the aid of these S-parameters. Power
output, on the other hand is not predictable by the S-parameters and is
a function of the power-handling capacity of the transistor, the dc-bias
point, and the load impedance. Since the range of suitable load im-
pedances is also limited by gain, bandwith, and stability requirements,
a careful compromise must be made. The additional information is
obtained from measured data on an initial amplifier circuit. This data
is used to optimize the circuit over the full bandwidth. The flow chart
of such a design routine is shown in Fig. 1.

AS SUME DESIGN CALCULATE

OUTPUT OUTPUT IMPROVED
LOAD CIRCUIT UTPUT LOAD
MEASURE | | DFNSP'S{,‘ STABILITY FA?S'&"E || Loap-PuLL

S-PARAMETERS cireot |1 cHeCk CIREUIT MEASUREMENT

FINAL
DESIGN

Fig. 1—Design flow chart.

The first task is to devise an output circuit that provides a load
resistance corresponding to the power output capability of the transis-
tor. The circuit must also minimize the reactive load presented to the
transistor, which includes compensation of the base-collector capaci-
tance. This procedure follows closely the design outline for the output
circuit of class-C amplifiers.® It is convenient for computational pur-
poses to represent the transistor in its microstrip carrier by an equiva-
lent source circuit as shown in Fig. 2. In this circuit, R, represents the
load resistance required for the desired power output, C,, is the base-
collector capacitance, L, and L, are parasitic inductances of the tran-
sistor carrier in a grounded base configuration, and L and C are tuning
elements added to the trangistor carrier. Using this circuit and select-
ing a suitable transmission-line topology for the output network, the
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dimensions of the transmission line elements for best match are calcu-
lated using a computer optimizing search routine.*

The next step is to design the input circuit for the amplifier using
the measured S-parameters and the previously determined output cir-
cuit- A suitable input-circuit topology is selected and the transmission-
line elements for this circuit are computer optimized over the required
frequency range. Prior to fabrication of the test circuit, a stability
check? is performed and, if necessary, circuit modifications are made to
ensure stability.

Lp

Ro ==C°B

Ls c

I

Fig. 2—Transistor equivalent source circuit.

The amplifier design at this point cannot be expected to provide
efficient power output over the entire design frequency range, but is
used to construct a trial amplifier that is suitable for load-pull char-
acterization.®® Since it is not possible, generally, to devise an output
circuit that presents the optimum* load impedance to the transistor at
each frequency over a wide bandwidth, the designer needs information
about the influence of moderate mismatches in the output on the per-
formance of the amplifier. The load-pull diagram fulfills this function.
The output power of the trial amplifier is recorded as a function of
load impedance referenced to the transistor carrier. Based on this
information, curves of constant power output are plotted on a Smith
chart at several frequencies throughout the design band. These data
are then used to optimize the output circuit, and the design cycle for
the input circuit is repeated until a satisfactory final design evolves.
Examples of load-pull diagrams are given later.

It is apparent that the design procedure is rather tedious, and suc-
cessful application depends on the use of time-saving features such as
computer optimization and accurate computer-controlled microwave
measurements. Load-pull data evaluation is greatly facilitated by an

* Optimum is defined here as the load impedance that provides maximum
power output.
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electronically controlled variable mismateh.” This instrument, shown in
Fig. 3, consists of a modified slotted precision line that is equipped
with two moveable dielectric slugs. The distance between the slugs de-
termines the VSWR, while their relative position with respect to a
reference terminal provides the phase of the variable mismatch. The
separation and position of the slugs are controlled by servo-motors that
can be computer controlled for automatic measurements.

Fig. 3—Servo-controlled variable mismatch.

Driver Amplifier Stages

The driver comprises the first two stages of the amplifier module. The
2N5920 transistor chip is used in both these stages, which together
have to provide 20 db gain and a power output of one watt. This tran-
sistor is capable of delivering two watts of saturated power output at
2 GHz in class-C operation. The chip is not emitter ballasted, but is
small enough to have a fairly even thermal distribution and to permit
class-A forward biasing with an approximate power output of 700 mW
at the 1-dB gain compression point.

The transistor chip is mounted in a microstrip carrier suitable for
wide-band operation. The construction of the carrier is shown in Fig.
4. The main body of the carrier is made of highly thermal and electrical
conductive copper—tungsten, to which both a BeO pedestal and an
alumina wafer are brazed. The transistor chip is mounted on the BeO
pedestal. Base and emitter bonds as shown complete the carrier, which
has a minimum of parasitic reactances and excellent heat conduction
and which permits easy inter-connection with microstrip circuitry.

Employing the design technique outlined in the previous section,
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Fig. 4—Microstrip carrier for 2N5920.

the input and output circuits for a single-transistor amplifier are first
synthesized using the measured S-parameters of the 2N5920 in the
microstrip carrier. The amplifier circuit is next constructed, tested,
and experimentally optimized to give best performance over the 1 to 2
Gz frequency band. The final amplifier circuit is used as a building
block for both driver amplifier stages and also serves as a test fixture
for rf-evaluation of the transistors for these stages.

Each driver stage consists of two amplifiers connected in a balanced
configuration® between two 3-dB hybrids. This arrangement ensures
low input and output VSWRs and thus greatly eases the cascade of
amplifiers and provides excellent isolation between successive stages.
A photograph of a complete driver stage is shown in Fig. 5. Each
transistor is biased separately at a quiescent collector current of 160

Fig. 5—Photograph of driver amplifier stage.
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mA. The broad-band performance of this stage at drive levels of 10
and 100 mW is illustrated in Fig. 6. At the one-watt power output
level, the gain deviates by less than 1.5 dB from the small-signal gain
over the 1 to 2 GHz frequency range.

The same amplifier configuration is used in the first driver stage,
the only difference being that the quiescent collector current is reduced
to 80 mA, which improves the efficiency of the amplifier module.
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Fig. 6—Performance of driver amplifier stage.

Power Amplifier

Nearly all of the presently available commercial power transistors are
designed for class-C operation, and do not permit operation under
strongly forward-biased conditions. A typical transistor, such as the
2N5921, is capable of delivering 5 to 10 watts cw in class-C operation
in the 1 to 2 GHz frequency band- However, if such a transistor is
forward biased for class-A operation, its gain decreases very rapidly
for collector currents above 200 mA. Fig. 7 shows the typical gain
dependence of an unballasted transistor as a function of collector cur-
rent. The effect is most pronounced in large-area, high-power tran-
sistors in which hot spotting leads to a very strong thermal imbalance
above a certain dissipation level. The presence of rf-drive evens this
thermal imbalance as illustrated by the gain curves plotted for 10-
and 100-mW input power.

Substantial power outputs in class-A operation can be attained
either by placing many separately biased small transistors in parallel
or by using a large ballasted transistor. The performance of a bal-
lasted version of the 2N5921, the TA8170, is illustrated in Fig. 8. This
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transistor shows a gradual gain fall-off for collector currents above
250 mA, but does not exhibit the thermal instability of the 2N5921.
Class-A operation with collector currents up to 600 mA at a collector
voltage of 15 volts is possible, making this transistor suitable for the
power stage of the amplifier module.

The transistor pellet is mounted in a special microstrip carrier that
includes both input impedance transformation and output tuning. A
sketch of the carrier and its equivalent circuit is shown in Fig. 9. The
shunt inductance L is used to compensate C,; and is placed as close as
possible to the transistor pellet. The dc blocking capacitor C has to
provide a nearly frequency-independent rf-short for the shunt inductor,
and thus is in excess of 100 pF.

20 T
TA 8170
Ve=15v
fimW t 22GHz ——

=T §
5- IOmW \\

/ —
B A e i
/ﬂ Py= 3W
L Z]
0 |
100 200 300 400 500 600 700
COLLECTOR CURRENT (mA)

GAIN (d8)
o
.
~
2\
o
3
£

Fig. 8—Gain as function of collector current (TA 8170).
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The distributed circuit input and output networks are synthesized
for a small-signal gain of 10 dB using a computer-optimization pro-
gram in conjunction with the measured S-parameters of the transistor
in the tuned microstrip carrier and assuming a suitable output load
for 2.5 watts power extraction. A photograph of the initial single-
transistor trial amplifier fabricated with these circuits is shown in
Fig. 10. In this form the amplifier produces a power output of 1.5
to 2 watts with 9 db gain over the 1 to 1.6 GHz frequency range.

RUTILE
ELKONITE
BeO

Fig. 9—Microstrip carrier for TA8170.

The load-pull characteristics are then measured to improve the
performance of the amplifier over the entire frequency range. The
Smith chart plot in Fig. 11 shows a typical load-pull diagram of the
trial amplifier at 1.8 GHz. The load-impedance contours for constant
power output at a constant power input of 300 mW are plotted. The
large-diameter contour set is referenced to the output terminal of the
amplifier, while the small-diameter set represents the corresponding
calculated values as they appear at the collector terminal of the tran-
sistor carrier. These measurements are repeated at several frequencies
within the designed operating range.

The solid curve in Fig. 12 shows the location of optimum load im-
pedance values (maximum power output) referenced to the transistor
carrier as a function of frequency. At each one of these frequencies a
set of constant-power contours (not shown here) determines what power
output can be attained for a given mismatch. The topology of the out-
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Fig. 10—Photograph of initial single-transistor power amplifier.

Fig. 11—Load-pull diagram of TA8170.
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BEST OPTIMIZATION
P R

Fig. 12—Optimum load impedance locus versus frequency.

put circuit and the values of the individual circuit elements are then
optimized to provide a certain minimum power output (2.5 watts) over
the frequency range. The dashed curve in Fig. 12 represents the cal-
culated impedance of the output circuit determined by an optimum
search routine. The measured performance of the amplifier with the
optimized circuits is presented in Fig. 13. With a constant-power input
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Fig. 13—Performance of optimized updated single-transistor power amplifier,

RCA Review e Vol. 33 ¢ December 1972 747




of 300 mW, the gain varies between 8.3 and 9.5 dB over the 1to 2 GHz
frequency range, which corresponds to a power output of 2.0 to 2.6
watts.

In the final configuration of the power amplifier stage, four TA8170
transistors are combined to achieve the full power output. Two tran-
sistors are directly rf paralleled but separately dc biased in a common
circuit to form a nominal 5-watt amplifier. The circuits use the same
topology as the single-transistor amplifier but different element values.
Two of these amplifiers are finally combined in a balanced amplifier
arrangement.

RCA
TABITO
RCA RCA (4)
2N5920 2N5920
(2) (2)

IN
10 mw

Fig. 14—Block diagram of amplifier module.

Amplifier Module Construction and Performance

The circuit block diagram of the three-stage module is shown in Fig.
14. All stages are balanced and operate class-A. The rf circuits of the
module are fabricated on alumina substrates using Cr-Cu-Au thin-film
technology. The individual circuit boards and microstrip carriers of
the transistors are soldered to brass circuit bases. These bases are
joined together after the stages are pretested and then inserted into a
hermetically sealable aluminum housing.

The geometrical layout of the amplifier module in Fig. 15 shows the
five circuit boards of the three amplifier stages. The ceramic substrates
are mounted on circuit bases that are equipped with channels to pro-
vide room for the dc bias cireuit for all eight transistors of the module.
The dc bias diagram, Fig. 16, shows below the dashed line the resistors
and diodes that are mounted in the circuit-base channels. The dec-sup-
ply terminals are floating, i.e., isolated from rf-ground. The entire
module outline, exclusive of the connectors, measures 5.65 X 1.5 X 0.925
inches. A photograph of the complete module before sealing is shown
in Fig. 17.

The final measured performance of the amplifier module at a case
temperature of 30°C is summarized as follows:
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Frequency .98 to 1.96 GHz
Power output (P, =10 mW) 8§+x14 W
(P, =20 mW) 9916 W

Gain (P, =10 mW) 28.9 = 0.8 dB
(P, =20 mW) 26.9 = 0.7 dB
Efficiency (P;, =10 mW) 175 £3.1%
(P, =20 mW) 20.8 =3.4%
Noise figure 15 dB maximum
Input VSWR 1.33:1 maximum
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Fig. 18—Gain and efficiency versus frequency.

The plot in Fig. 18 shows gain and efficiency as a function of frequency
for three different power-input levels.

Conclusions

Measurement techniques using power-load contour characteristics orig-
inally developed for class-C amplifiers were extended to class-A ampli-
fier design. These techniques together with optimum search computer
routines greatly facilitated the development of a full-octave-bandwidth
power amplifier having both high gain and high efficiency. Aside from
radiation resistance and high-temperature operation, the transistor
power amplifier proves to be superior to present-day traveling-wave
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tubes in all important characteristics—size, weight, shock resistance,
overall efficiency, gain flatness, reliability, and simplicity of power-
supply requirements. The latter may be of special importance in air-
borne applications in which a single low-voltage supply is superior to
the complex high-voltage, converter power supplies for TWTs with
their associated rf interference problems.

Class-A operation is the key to successful development of very
wide-band amplifiers at frequencies above 1 GHz. This, however, re-
quires the use of well-ballasted transistors capable of heavy forward
biasing without thermal runaway. Fortunately, most transistor manu-
facturers realize this trend, and increasingly greater emphasis is placed
on linear operation at microwave frequencies. Recent experimental
transistors have shown linear operation at 4 GHz with 8 db gain with
600-mW power output at the 1-dB gain compression point.* A power
amplifier, similar to the one described here and having several watts
of power output, can thus be expected to cover the 2 to 4 GHz range
in the near future.
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Integral Heat Sink Transferred Electron Oscillators

S. Yegna Narayan and John P. Paczkowski
RCA Laberatories, Princeton, N. J.

Abstract—An integral heat sink technology has been developed for the tabrica-
tion of TEOs that results in an increase in typical oscillator efficiency
to between 6 and 9%. Integral heat sink TEOs fabricated from several
GaAs wafers operated at these efficiencies. The highest efficiency ob-
tained to date from such TEOs is 14% with a power level of 105 mW
at 8 GHz. This is believed to be the highest efficiency reported to
date for cw TEOs. The highest output power obtained to date from
a single integral-heat-sink mesa is 400 mW at 11.3 GHz with 6.4%
efficiency, while the best single mesa output-power—efficiency combi-
nation obtained is 305 mW at 10.5 GHz with 9% efficiency. This paper
describes a simple analysis carried out to generate guidelines for the
development of device technology, the integral-heat-sink technology,
and the results obtained from integral-heat-sink devices.

Introduction

The excellent noise properties of transferred electron oscillators
(TEOs) coupled with their relatively low operating voltages makes
them attractive for portable battery operated applications. As a result
ew TEOs are finding dncreasing use in commercial and military
systems. The major drawback of TEOs has been their low operating
efficiency. Commercial TEOs have typical efficiencies of 2 to 3%, while
efficiencies obtained in the laboratory are typically 4 to 6% with
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occasional devices achieving close to 10%. We have now developed
an integral heat sink technology that has increased typical TEO
efficiencies to between 6 and 99 . Integral heat sink TEOs fabricated
from several GaAs wafers have operated at these high efficiencies.
The highest efficiency obtained to date from such TEOs is 149 with
a power level of 105 mW at 8 GHz. This is believed to be the highest
efficiency reported for ew TEOs. The highest output power obtained
to date from a single integral heat sink mesa is 400 mW at 11.3 GHz
with 6.4% efficiency, while the best single mesa output-power—efficiency
combination obtained is 305 mW at 10.5 GHz with 99 efficiency.

Thermal Analysis

The potential of transferred electron devices as high efficiency oscil-
lators has been demonstrated under pulsed conditions. Efficiencies as
high as 329 in L-band' and 22% in X-band® have been achieved. In
contrast, typical cw efficiencies in C and X-band have until recently
been of the order of 3 to 5%. This difference between pulsed and cw
efficiencies is attributed mainly to the higher power dissipated under
cw conditions and the consequent temperature rise. The three im-
portant temperatures for ew TEOs are (1) the average active layer
temperature T,,, (2) the temperature gradient across the active layer
AT, and (3) the maximum active layer temperature T,,,. These
temperatures are interrelated; the first two effect oscillator efficiency
while the third effects device reliability. In general high T,,. leads
to low reliability.

Eftect of T,y and AT on TEO Efficiency

(a) Effect of T,,: The efficiency of TEOs is proportional to the cur-
rent peak/valley ratio B, since this determines the allowed rf current
swing at a fixed bias voltage. B is in turn proportional to the electron
velocity peak/valley ratio in GaAs. It has been established that the
velocity peak/valley ratio in GaAs dccreases with increasing lattice
temperature® The TEO efficiency, therefore, decreases with T,, and
this is thus a fundamental limitation.

(b) FEffect of AT The temperature gradient across the device causes
the material properties to become nonuniform over the active layer.
In epitaxial GaAs doped with shallow donors, in the temperature range
of 300°-600°K, the electron concentration » is temperature indepen-
dent, while electron mobility u varies inversely as the lattice tempera-
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ture. AT consequently causes a resistivity gradient which, in turn,
causes an electric field gradient with the hotter part of the active
region at a higher field. As soon as this region reaches threshold field,
the current is pinned and any further increase in voltage is absorbed
therein. This effect limits the device peak current and hence 8.* The
limitation imposed is not, however, a fundamental one, since AT can
be decreased by proper design of the device geometry.

One can also, in principle, tailor the doping density in the active
region to keep n(x) w(x) constant and completely eliminate the effect
of AT on B.

— d —»
4y
SN N l z

N N

‘Qj N . |
W 1
]
FLUX SPREADER

AMBIENT
TEMPERATURE T,

Fig. 1—Diagram of a typical TEO.

Effect of Device Geometry

We will now discuss the effect of device geometry on T\, Ty, and AT
and consider how these parameters can be minimized. Fig. 1 shows a
typical single heat-sink TEO structure. Ty, Tay, and AT are computed
for this structure assuming one dimensional heat fiow and neglecting
joule heating in the low resistivity n+-layers. ‘The thermal conductivi-
ties of n and n+ GaAs are approximated by 150/T and 120/T re-
spectively where T is the temperature in °K.* The analysis is then
extended to dual-heat-sink structures in which a fraction (1-- 8) of
the heat flux flows through the substrate-active-layer interface (SN).
A simplified device model neglecting domain formation and assuming
a cubic current/voltage characteristic® is then used to compute trends
in device efficiency. The details of this analysis are given in the Ap-
pendix. The results of computations for typical X-band structures
with I, = 10 um are presented in Figs. 2 to 6, and are discussed below.

(a) The effect of mesa diameter on T,,.. and AT (Fig. 2) For a
given bias/threshold ratio a, both T, and AT increase with diameter.
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This implies that for a given T,,, and AT, higher bias voltages can
be used for smaller diameter devices. In general, efficiency increases
with bias voltage for fixed T,,,, and AT. For high efficiency operation,
it is thus clear that small diameter devices should be used. The
physical reason for this effect is that, with small diameter devices, one
takes full advantage of thermal spreading in the heat sink. This

,LN = IOF,m
Lytz=2pum

12 -2
nﬂwd- 10 ¢cm

Kg=388

130

30

350 s

——— Tmax

300 : L L

! ! ! ! ! ] o]
80 100 120 140 160 180
Mesa Diameter (um)

Fig. 2—%’.1:3.,0and AT as a function of device diameter for a typical X-band

effect can be further enhanced by using geometries that have high
perimeter/area ratio for a given active area, such as annular rings,’
stripes, etc. If we remove the one dimensional restriction and allow
lateral thermal variation, even more stringent constraints will be
placed on the device diameter.

(b) Effect of dual heat sinking (Fig. 3) Dual heat sinking can sig-
nificantly reduce T,,,, even when A =2(1-8) = 0.5, i.e, with only
25% heat flux removal from the SN interface. In order to have any
heat removal from the SN interface, it is necessary to reduce the
substrate thickness to the order of the epitaxial n+ thickness. For
X-band devices this involves using an n+-n-n+ GaAs wafer thickness
of the order of 15 pum.

(c) Effect of K, (Fig. 4) Using a thermal flux spreader of higher
thermal conductivity reduces T,,,. Or, for a given T,,,,, the use of a
higher thermal conductivity heat spreader allows the use of larger
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Fig. 3—Effect of dual heat sinking. Even a dual heat sinking efficiency

of 509% (i.e., 256% heat removed from top contact) has a dramatic
effect on T mas.

diameter devices and hence higher output-power capability. While
type 11A diamond flux spreaders have the highest thermal conductiv-
ity, technological problems and high cost make them unattractive for
general applications.

'y
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5501 B o .
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Fig. 4—Effect of thermal conductivity of heat spreaders.
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(d) Effect of nl, product (Fig. 5) Increasing the nl, product in-
creases the thermal flux density @ and hence T,,, and AT. The lower
limit is set at 1 X 102 em—2 by space-charge considerations, while
thermal dissipation sets an upper limit of the order of 3 X 102 cm—2.

6001 Auciopm Ks* 3.88
Eutr2pm Very:3
550}~

mZns3210'%em™?

:

2

Tmax (°K)
Iy
o
(=)
—

nly=2x 10'2em”

4001~

-2
350 o2yt 1x10'%cm

Il L ] Il L 1 Il 1 1
20 40 60 80 100 120 140 160 180
Meso Diameter (ftm)

Fig. 5—Effect of the nl, product on Tmas.

(e) Effect of device diameter on B and efficiency (Fig. 6) Three
cases are considered: (A) a device with a thermal gradient, cor-
responding to typical cw operation, (B) device with uniform n-layer
temperature maintained at the same average temperature as the
corresponding case (A) device, and (C) an ideal dual heat sink device.
Case (B) is equivalent to a pulsed device operated in an oven, the
oven temperature being maintained at the corresponding case (A)
average temperature. Fig. 6 shows that, (1) B and 5 decrease with
increasing device diameter, (2) the thermal gradient has a more
drastic effect than the average temperature, consistent with the ex-
perimental observations in Ref. [4] and [3]. Dual heat sinking in-
creases efficiency significantly by reducing both T,,, and AT.

integral-Heat-Sink Technology

Based on the above analysis we can generate guidelines for the devel-
opment of TEO technology. Technology developed for high efficiency
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TEOs should be capable of the following:

(1) Fabrication of small-diameter (<100 pm) devices. It should also
allow the fabrication of ring and stripe geometry devices.

(2) Fabrication of dual-heat-sink structures. For X-band operation,
this implies that all excess GaAs should be removed, leaving a total
thickness of the order of 15um.

(3) Fabrication of multiple mesa devices for high output power
operation. |

(4) Achieving an intimate mechanical bond between device and heat |
spreader to assure low thermal resistance. |
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Fig. 6—a and 7 as functions of device diameter. Case (A) device with

temperature gradient, a typical cw device, case (B) device without
temperature gradient maintained at the same average temperature
as in case (A) and case (C) an ideal dual heat sink device.
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An integral heat sink technology for the fabrication of high ef-
ficiency TEOs was developed based upon these guidelines. Its main
features as illustrated in Fig. 7 are as follows.

(1) Starting with an epitaxially grown n+-n-n+ GaAs wafer, chmic
contacts are deposited on the thin n+ layer. This n+ layer is 1 to 2

| pm thick.

METALLIZE THIN ELECTROFORM
a* LAYER, $INTE GOLD HEAT SINK

NeanbnsiGaAy METAL CONTACT

[‘°°"3°F"‘ Dia TOP CONTACT

ETCH THIN
N*- SUBSTRATE

Fig. 7—Simplified process schedule for integral heat sink TEOQ’s.

(2) A 100-125 pm thick Au heat sink is electroformed on the
contact.

(3) The n+ substrate is chemically thinned down till the total GaAs
thickness is of the order of 15-20 pm.

(4) For a typical top-contact pattern, 100-150 um diameter dots are
deposited, masked, and mesas etched. The Au heat sink is then diced
into 500 X 500 (pm)?2 squares, each with the mesa in the center, and
these are packaged.

The advantages of this fabrication process are: (1) it is & batch
process suitable for the fabrication of multiple mesa devices to achieve
both high efficiency and high power operation, (2) the remeval of
excess GaAs makes it suitable for realizing small diameter devices
without excessive undercut during etching, (3) the removal of excess
GaAs also allows the fabrication of ring structures, (4) electroform-
ing of the Au heat sink assures intimate contact and, thus, lower
thermal resistance than bonding a device directly to the heat spreader,
and (5) this process can be extended to the fabrication of dual-heat-
sink structures by electroforming thick-top contacts.
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X-band integral heat sink TEOs were fabricated from several nt+-n-n+t
GaAs wafers and evaluated. These wafers had nominal active lengths
of 10 um and nominal n-layer carrier concentrations of 2 X 10?5 cm—3,
corresponding to an nl, product of 2 X 10?2 cm—2. Differential capaci-
tance measurements made on Schottky barrier diodes fabricated from
n+-n wafers grown under conditions similar to these n+-n-n+ wafers
indicate that the n-layer doping is flat to within 10%.

Table 1—Summary of Typical Integral Heat Sink Devices

Device Vitas Ivras Peue f 7 Viias d
Number (Volts) (Amps) (mW) (GHz) (%) Vinresnora (pm)
T27A3 9.6 0.100 70 11.5 74 2.4 110
T27A5 7.5 0.120 75 9.6 8.3 2.14 110
T27A8 12.0 0.120 110 9.5 8.0 3.0 110
T27A4 7.5 0.100 105 8.0 14.0* 2.14 110
T27A6 7.5 0.130 90 8.0 9.2 2.14 110
727A10 14.4 0.150 160 10.5 7.5 3.6 110
717E2 8.0 0.250 160 7.8 8.0 2.0 135
727B14 14.0 0.30 270 10.8 6.4 3.7 135
641B4 11.2 0.33 230 10.2 6.2 2.8 135
366C2 11.0 0.19 140 10.7 7.0 2.5 135
729B6 12.2 0.45 340 8.8 6.2 3.0 1356
729B15 14.0 0.45 4007 11.3 6.4 3.5 135
729B17 14.1 0.40 340 8.5 6.1 3.5 135
729B29 11.0 0.31 3056# 10.5 9.0%# 2.7 135

* The best efficiency obtained to date.
+ Highest Pow. from a single-mesa device.
# Best power-efficiency combination from a single-mesa device.

Microwave measurements were made on integral heat sink TEOs
with diameters ranging from 110 pm to 180 pum. The maximum output
power, efficiency and operating frequency were measured using stand-
ard methods. Devices were evaluated in a reduced-height waveguide®
and a waveguide-vane circuit® described elsewhere. Operation in both
these circuits was comparable. The TEOs were evaluated in both
polarities, i.e., in the heat-sink-anode and heat-sink-cathode configura-
tions. Efficiencies were found to be consistently 1.5 to 2% higher in
the heat-sink-anode configuration. Table 1 is a summary of results
obtained in the heat-sink-anode configuration. Fig. 8 is a plot of
efficiency as a function of diameter showing a decreasing trend.

Thermal measurements were made on representative devices using
an infrared radiometer with a spot size of 35 um. Fig. 9 is a plot of
Trax versus « for a 110 um diameter device. Note that the thermal
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Fig. 8 —Measured cw TEO efficiency as function of device diameter. Solid
;jne is the computed curve for a =3, nl, =2 X 1012 cm—2, and
=10 um.
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Fig. 9—Typical R., V»/Ve characteristic for integral heat sink TEO.
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resistance in the heat-sink-anode configuration is 40°C/watt in con-
trast to 50°C/watt in the heat-sink-cathode configuration. These
measurements are consistent with the microwave measurement and
indicate that heat generation is higher at the anode. This fact has
been ignored in our simplified analysis, which assumed uniform heat
generation, to make the thermal problem tractable. The effect of in-
homogeneous heat distribution has been considered by Johnson, et al.’
Fig. 10 is a plot of measured T,.. as a function of mesa diameter for
a number of integral heat sink TEOs fabricated from an nt+-n-n+
wafer. The computed curve is also shown. Agreement between
measured and computed values is within experimental error.

1 i ] 3 1
36 40 60 80 100 120 140 160 180
MESA DIAMETER (um)

Fig. 10—Measured Tm.: as function of diameter for X-band TEO’s on
integral gold heat sink. Solid line shows computed curve.

Conclusions

An integral heat sink technology has been developed embodying all
the guidelines developed in the simplified analysis. Using this tech-
nology we have fabricated single-heat-sink devices from several GaAs
wafers that have typical cw efficiencies between 6 and 9% in X-band.
The highest efficiency obtained from integral heat sink TEOs was 14%
at a power level of 105 mW at 8 GHz. This is believed to be the high-
est efficiency reported to date for ew TEOs. The highest power output
obtained from a single mesa device was 400 mW with 6.4 efficiency
at 11.3 GHz, while the best power-output-efficiency combination from
a single mesa structure was 305 mW at 10.5 GHz with 9% efficiency.
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Appendix—Effect of Device Geometry

Consider the schematic of a typical TEO shown in Fig. 1. We will
compute the maximum temperature in the active layer, temperature
difference across the active layer, and the average active layer tempera-
ture under the following assumptions:

(a) One dimensional heat flow normal to the flux spreader plane
is considered.

(b) The heat flux spreader is semi-infinite. This approximation
has been shown to be valid for d/D < 0.1; and 0.04 < w/D
< 4'10

(¢) The thermal conductivity of n and n+ GaAs are approximated
by 150/T and 120/T watt/em°C, respectively, where T is the
temperature in °K.J?

(d) Joule heating in the n+ layer is neglected.
(e) The power flux to the heat sink is Q watt/cm2.

It can be shown that T,,,, the maximum temperature, occurs at
the active layer-substrate interface (T,,) and is given by :

wd l L+ l
Thar=|T,+Q@—+Q — exp Q + [1]
8K, K, 120 300
and the temperature difference across the active layer AT, is given by
TI’d lc ln+ lu
AT =T, +Q—+Q— exp 1@ + —
8K, K. 120 300
Ql,+
— exp (2]
120

where K, and K, are the thermal conductivities of the bonding layer
and heat spreader, respectively. Other parameters are defined in Fig. 1.

AT
Toy = Taax — — (3]
2
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Bias power a
The heat flux @ = = — E*epmnl,, [4]
area B

where « is the bias/threshold voltage ratio, E; the threshold field, and
pp the low field mobility of the device threshold bias temperature. By
using the value of p at the ambient temperature, a conservative esti-
mate of T, is obtained.

Egs. [1] and [2] can be extended to dual-heat-sink structures
where heat is removed from both sides of the active region. The loca-
tion of T,,, Will be somewhere in the active layer. Assuming that a
fraction 8 of the heat flux flows through the active layer—exitaxial
n+ contact interface, it is clear from symmetry that T, occurs 8,
from this interface. The dual-heat-sink structure is therefore equiv-
alent to a single-heat-sink structure with length 8, and heat flux 3Q.
The corresponding T, and AT can be obtained from Eqs. [1] and [2];

wd L L+ 8,
Tons = | T, + Q8 —+ Q8 — | exp <« Q8 | — +-— [51]
8K, K, 120 300
wd l,
AT =T, +Q— + Q8 —

8K, K

ln+ 81" QSIII+
exp < Q8 + — ]+ —exp . [6]
120 300 120
Dual heat sinking thus significantly reduces T,,, and AT. We define
a dual-heat-sinking efficiency parameter A,

“

A=2(1-38). [7]

A =1 corresponds to 8 = 0.5 or perfect dual heat sinking and A =10
corresponds to § =1 or a single heat sink.

To estimate the effect of T,, and AT, we will assume that we can
neglect the formation of domains in the device. Under this assumption,
the current is directly proportional to carrier velocity, and we can use
the published values of the velocity peak/valley ratio for 8.* Since the
peak current is proportional to p(T,,.,) and hence 1/T, .., we have

Average temperature
B(gradient) = B(T,,)

Maximum temperature
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Tmux - (AT/2)
- ,B(Tn\') .

max

(8]

Once B(gradient) and B(T,,) are known we can estimate the efficiency
by assuming a cubic current-voltage characteristic for the device and
use the Van der Pol equation for nonlinear oscillators.* While this will
not tell us the actual efficiencies obtained in practice, it will show the
various trends in efficiency as device parameters are varied.
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A. G. Sigal, M. S. Abrahams, and J. Blanc, “Properties of Vapor-Deposited Aluminum
Arsenlide,” Electrochemical Soc., J. of, Vol. 119, p. 952, July '72.

M. E. Fohl, “Central Processor Unit Diagnosis by Function,” Fault Tolerant Computing
Symp., Boston, Mass., 6/19-21/72 (Digest of Papers).

J. A. Rajchman, “A Survey on Magnetic Memories,” Ferrites, Proc. of Int'l Conf. on,
p. 409, July '70.

S. S. Periman, J. H. McCusker, and S. M. Broadman, “Analog Memory Devices Employ-
ing PE-FE Interactions for Adaptive Control Voltage Modules,” Ferroelectrics, Vol. 3,
p. 239, Feb. '72.

A. Mack and B. Patrusky, “Time Division Digital Switch Matrix Technique Evaluation,”
IEEE Int'l Conf. on Communications, June 19-21 ,1972 (ICC '72 Conf. Proc.).

J. H. McCusker and S. S. Periman, “Adaptive Thyristor Power-Control Circuits,” IEEE
J. of Solid-State Circuits, Vol. SC-7, p. 282, Aug. '72.

A. S. Clorfeine, H. J. Prager, and R. D. Hughes, "Improved Diode and Circuit Procedures
for High-Efficiency S-Band Oscillators,” Proc. IEEE, Vol. 60, p. 729, June '72.

P. A. Levine and V. W. Chan, “A Comparative Study for IMPATT Diode Noise Properties,”
Proc. IEEE, Vol. 60, p. 745, June '72.

H. Sobol and F. Sterzer, "“Microwave Power Sources,’” IEEE Spectrum, Vol. 9, p. 20,
April '72,

G. D. O'Clock, Jr., "Phase Detector Data Distortion in Phase-Lock Loop Receivers,”
IEEE Trans. on Aerospace and Electronic Systems, Vol. AES-8, p. 391, May 72.
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J. Campbell and B. Popovich, A Broad-Band Wide-Angle Scan Matching Technique for

Large Environmentally Restricted Phased Arrays,” IEEE Trans. on Antennas and Propa-

gatlon, July ‘72,

J. E. Carnes, W. F. Kasonocky, and E. G. Ramberg, “Free Charge Transfer in Charge-

Coupled Devices,” |IEEE Trans. on Electron Devices, Vol. ED-19, p. 798, June '72.

F. H. Nicoll, “Low-Voltage Electron-Beam-Pumped Lasing of CdS at Atmaspheric

Pressure,” |EEE Trans. on Electron Devices, Vol. ED-19, p. 838, June ‘72,

R. A. Sunshine and M. A. Lampert, “Second-Breakdown Phenomena in Avalanching

Silicon-on-Sapphire Diodes,” IEEE Trans. on Electron Devices, Vol. ED-19, p. 873,

July '72.

C. P. Wen, K. P. Weller, and A. F. Young, “Multilayer Vapor-Phase Epitaxial Silicon

Millimeter-Wave/IMPATT Diodes,” IEEE Trans. on Electron Devices, Vol. ED-19, p. 891,

July '72,

H. Sobol, “A Review of the Technological and Electromagnetic Limitations of Hybrid

Circuits for Microwave Applications,” IEEE Trans. on Parts, Hybrids, and Packaging, Vol.

PHP-8, p. 58, June '72.

B. Miyatani, F. Okamoto, P. K. Baltzer, S. Osaka, and T. Oka, "“Optical Properties of

Impurity Levels in CdCr.Se, and CdCr,S,,” Magnetism and Magnetic Materials Conf.

Proc., Chicago, IIl., Nov. 1971, p. 285, 1972.

S. T. Opresko, Jr. and H. L. Pinch, “Control of Product Phases in the Chemical Vapor

Deposition of Garnet Films," Materials Research Bulletin, Vol. 7, p. 685, 1972.

J. S. Furnstahl, “Military/Aerospace Packaging,” Packaging and Production, Aug. '72.

A. Pelios, R .W. Klopfenstein, "Minimal Error Constant Numerical Differertiation,”

Mathematics of Computation, Vol. 26, p. 467, April '72.

R. E. Flory, “Video Recoiding and Playback,” McGraw-Hill Yearbook of Science and

Technology, 1972.

A. W. Levine and J. Fech, Jr., “The Chemistry of Blocked Isocyanates. !l. Kinefics and

Mechanisms of the Reaction of Dibutylamine with Phenyl and 2-Methylphenyl Oxime

Carbamates,” Organic Chemistry, J. of, Voi. 37, p. 2455, July 28, '72.

P. M. Schwartz, R. A. Blakely, and B. B. Robinson, “Efficiency of the Electrochemilumin-

escent Process,” Physical Chemistry, J. of, Vol. 72, p. 1868, June 22, '72,

R. S. Crandall, “‘Non-Ohmic Electron Transport on Liquid Helium,” Physical Review A,

Vol. 6, p. 790, Aug. '72.

W. Rehwald, M. Rayl, R. W. Cohen, and G. D. Cody, "Elastic Moduli and Magnetic

Susceptibility of Monocrystalline Nb,Sn,” Physical Review B, Vol. 6, p. 363, July 15, '72.

R. Klein, “Theory of Rayleigh and Brillouin Scattering Near the Phase Transitlon,”

Physique, J. de, Suppl., Vol. 33, p. Cs-11, April '72.

N. Feldstein and J. A. Weiner, “The Effectiveness of Tin Sensitizer Solutions,” Plating,

Vol. §9, p. 140, Feb. '72.

G. A. Alphonse, "Broad-Band Acousto-Optic Deflectors Using Sonic Gratings for Flrst-

Order Beam Sttering,” RCA Review, Vol. 33, p. 543, Sept. '72.

R .W. Engstrom and J. H. Sternberg, "The Silicon Return-Beam Vidicon—A High-Resolu-

tion Camera Tube,” RCA Review, Vol. 33, p. 501, Sept. '72.

I. Ladany and H. Kressel, “An Experimental Study of High-Efficiency GaP:N Green-Light-

Emitting Diodes,” RCA Review, Vol. 33, p. 517, Sept. '72.

W. S. Pike, M. G. Kovac, F. V. Shallcross, and P. K. Weimer, “An Experimertal Solid-

State TV Camera Using a 32 X 44 Element Charge-Transfer Bucket-Brigade Sensor,”

RCA Review, Vol. 33, p. 483, Sept. '72.

J. L. Vossen, "Non-Destructive Sheet-Resistivity Measurements with Two-Point Probes,”

RCA Revlew, Vol. 33, p. 537, Sept. '72.

A. Waksberg and J. Wood, "‘An Automatic Optical Bias Control for Laser Modulators,”

Review of Sclentific Instruments, Vol. 43, No. 9, Sept. '72.

M. Toda, “A Magnetically Susceptible, Highly Resistive Surface Layer In N-Type

CdCr.S,.” 3rd Solid State Devices Conf., Tokyo, Japan, 1971, Proceedings, Oyo Buturl

Supplement, Vol. 41, p. 183, 1972.

G. D. OClock, D. A. Gandolfo, and J. R. Loose, “Acoustic Surface Wave Device Per-

g)r;na;\;e in Microwave Communications Systems,” Ultrasonics Symposium Digest,
ct. '72.

J. A. Rajchman, “Promise of Optical Memories,” Vacuum Sclence and Technology, J.

of, Vol. 9, p. 1151, July/Aug. '72.

P. B. Sllverman, “international Communications—An Overview,” WESCON/72 Digest.
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Patents Issued to RCA Inventore Third Quarter, 1972

July

R. W, Ahrons Delay Line Using Integrated MOS Circuitry (3,676,711)

R. W. Ahrons High Gain MOS Linear Integrated Circuit Amplifier (3,678,407)

T. P. Allington Method of Electrically Mounting Components in Hybrid Circuits
(3,676,252)

T. G. Athanas Formation of Openings in Insulating Layers in MOS Semiconductor
Devices (3,674,551)

J. Avins Amplifier-Limiter Circuit with Reduced AM to PM Conversion (3,678,405)
J. Avins Variable Gain Ampilifier (3,678,406)

J. Avins and L. R. Kirkwood Control Apparatus for a Color Television Receiver
(3,679,816)

C. D. Boliz, Jr. Optical Apparatus for Continuous Television Film Projection System
(3,679,827)

D. S. Bond Radio Facsimile Postal System for Multiple Addresses (3,678,180)

R. A. Bonnette Filamentary Display Devices (3,673,652)

L. J. Caprarola Hybrid Thermoelectric Generator (3,674,568)

J. A. Castellano and R. N. Friel Liquid Crystal Display Device Including Side-By-Side
Electrodes on a Common Substrate (3,674,342)

J. R. Collard Support for Electrical Components and Method of Making the Same
(3,678,995)

J. Craft Balanced Variable Gain Amplifier (3,678,403)

F. P. Daly Metal-Oxide-Metal, Thin-Film Capacitors and Method of Making Same
(3,679,942)

J. A, Dodd, Jr. and G. H. Lines Method of Making Matching Photoprinting Masters
(3,674,488)

W. G. Einthoven, E. S. Jetter, and C. F. Wheatley, Jr. Method of Making Transistors
Including Base Sheet Resistivity Determining Step (3,676,229)

A. N. Goldsmith Three-Dimensional Television System (3,674,921)

D. F. Griepentrog Automatic Beam Current Limiter (3,674,932)

D. Hampel Multi-Function Logic Gate Circuits (3,678,292)

G. D. Hanchett Alarm Circuit (3,680,068)

M. M. Kaufman Decoder Circuit (3,679,911)

S. A. Keneman and A. Miller Electro-Optical Memory Employing Ferroelectric Element
(3,680,060)

H. G. Kiess Non Air-Polluting Corona Discharge Devices (3,675,096)

W. L. Lehmann Capacitors of Constant Capacitance (3,675,095)

A. L. Limberg Synchronous Demodulator Employing Common Base Transistor Amplifier
Input and Base-Emitter Clamping Action (3,679,981)

A. L. Limberg Synchronous Demodulator Employing Transistor Base-Emitter Clamping
Action (3,679,982)

E. Luedicke and R. S. Silver Method of Operating an Information Storage Tube
(3,675,134)

E. P. McGorgan, Jr. Comparator Circuit (3,676,702)

J. E. Meyer, Jr. Logic Circuits Employing Switches Such as Field-Effect Devices
(3,6786,705) .
H. I. Moss and E. F. Hockings Magnetic Head with Modified Grain Boundaries
(3,676,610)

F. Okamoto, Y. Wada, and K. Miyatani Magnetic Compositions (3,679,379) .
P. C. Olsen and P. C. Tang Video Blanking and Sound Muting Circuit Employing
Grounded Tuner Switches (3,679,819)
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F. R. Ragland, Jr. Method for Making a Light Intensity Correction Filter (3,676,129)
M. Robbins Magnetic Compositions (3,676,082)

A. I. Stoller and S. T. Opresko Method and Material for Etching Semiconductor
Bodies (3,677,848)

K. Strater, W. B. Hall, E. M. Mihalick, and W. C. Stever High Capacity Deposition
Reactor (3,673,983)

G. V. Taylor Tape Winding Mechanism (3,677,505)

E. S. Thall Method for Filling an Evacuated Electron Tube with Gas to Atmospheric
Pressure (3,679,284)

G. J. Thibodeau Clamp Circuit for Preventing Saturation of Operational Amplifier
(3,679,989)

P. K. Weimer Decoders and Coupling Circuits For Solid State Video Pickup
(3,676,590)

0. M. Woodward Printed Circuit Balun (3,678,418)

B. Zuk Transmission Gate and Biasing Circuits (3,675,144)

August

J. G. Banfield, S. Y. Husni, and W. J. Greig Method of Fabrication of Semiconductor
Devices (3,686,080)

J. D. Callaghan Antenna System for Television Reception Within Both the UHF and
VHF Television Band of Frequencies (3,683,391)

T. J. Christopher Astabie Multivibrator Circuit with Means for Ensuring Proper
Starting of Oscillations (3,688,154)

S. B. Deal and D. W. Bartch Electron Tube Having Tamper-Detectable Label Attached
Thereto (3,680,236)

R. S. Degenkolb and E. R. Skaw High Q Circuits on Ceramic Substrates (3,681,713)
A. G. F. Dingwall Operation of Field-Effect Transistor Circuits Having Substantial
Distributed Capacitance (3,688,264)

R. A. Dischert and J. F. Monahan Contrast Compression Circuits (3.684,825)

W. A. Dischert Sheet Metal Waveguide Constructed of a Pair of Interlocking Sheet
Metal Channels (3,686,590)

P. J. Donald Method of Pressure Treating Electrophotographic Recording Elements
to Change Their Sensitivity to Light (3,681,071)

N. Feldstein Method of Producing a Luminescent-Screen Structure Including Light-
Emitting and Light-Absorbing Areas (3,681,110)

W. V. Fitzgerald, Jr. and P. C. Wilmarth Horizontal Oscillator Disabling (3,688,031)
H. R. Frey Photographic Method for Printing a Screen Structure for a Cathode-Ray
Tube (3,685,994)

A. N. Gardiner Method for Manufacturing Wire Bonded Integrated Circuit Devices
(3,685,137)

J. B. George VHF and UHF Automatic Gain Control Circuitry Derived From a Single
Control Voltage (3,688,198)

R. N. Guadagnolo High Voltage Pulse Generator (3,686,516)

L. A. Harwood Integrated Circuit Biasing Arrangements (RE27454)

K. G. Herngvist Gas Laser Discharge Tube (3,683,295)

C. J. Hirsch Time Delay Device (3,688,131)

C. Y. Hsueh Measurement of Maximum Dynamic Skew in Paraliel Channels (3,681,693)
R. N. Hurst System for Record Medium Control and Editing (3,684,826)

A. C. lpri  Synchronizing System (3,688,037)

?. A. Johnson Low Level DC Amplifier with Automatic Zero Offset Adjustment
3,681,703)

H. Kawamoto Microwave Apparatus Using Multiple Avalanche Dicdes Operating in the
Anomalous Mode (3,683,298)

M. S. Masse and J. P. McDowell Servo System with Noise Cancellation (3,683,254)
L. C. Morris High Speed Tunable Maser for Use in Radar and Communication Re-
ceivers (3,688,207)

L. S. Napoli and J. J. Hughes Coax Line to Stiip Line End Launcher (3,686,724)
P. Nyul Angled Array Semiconductor Light Sources (3,686,543)

J. I. Pankove Electroluminescent Semiconductor Device of GAN (3,683,240)

S. 8. Perlman and J. H. McCusker Ferro-Electric Transformers with Means to Suppress
or Limit Resonant Vibrations (3,683,211)

W. Phillips Doped Caicium Fluoride and Strontium Fluoride Photochromic Com-
positions  (3,684,727)

R. R. Russo Process for Forming an lsolated Circuit Pattern on a Conductive Substrate
(3.682,785)
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R. J. Ryan, S. F. Burtis, and J. T. Grogan Process For Forming a Conductive Coating
on a Substrate (3,682,784)

A. N. Saxena Method of Coating Selective Areas of the Surface of a Body (3,887,722)
E. W. Schiieben Bookbinding (3,685,857)

S. Shwartzman Gallium Arsenide Semiconductor Device With Improved Ohmic
Etectrode (3,686,539)

L. E. Smith Transistorized Vertical Deflection Circuit (3,684,920)

%SL.S U%adhyayula and B. S. Periman Stabilized Transferred Electron Amplifier
(3,686,578)

P. K. Weimer Bucket Brigade Scanning of Sensor Array (3,683,193)

C. F. Wheatley, Jr. Deflection Circuit (3,688,153)

M. J. Whittemore, Jr. Recorder and Playback Apparatus for Pulse Width Modulated
Record (3,688,025)

Y. Yao Capacitive Steering Networks (3,684,899)

September

J. K. Allen and M. N. Norman Television Image Control Circuit (3,692,931)

D.S.Bond Apparatus for the Automatic Navigation of a Sailing Vessel (3,691,978)

J. G. Butler Waveform Generator (3,689,914)

V. M. Cannuli Method of Forming an Epitaxial Semiconductive Layer with a Smooth
Surface (3,692,594)

D. J. Carlson Mixer Circuit (3,694,756)

K. K. Chang Solid State Microwave Heating Apparatus (3,691,338)

N. Feldstein Electroless Nickel Plating Method (3,690,944)

H. G. Grelg Electrostatic Printing (RE27490)

S. E. Harrison and R. Drake Photocolorable Vacuum Sublimed Xanthene Dye
(3,690,889)

F. Z. Hawrylo and H. Kressel Method of Forming Semiconductor Device with Smooth
Flat Surface (3,692,593)

C. C.}h Sound Records and Reproducing Apparatus _ (3,689,692)

L. B. Juroff and L. M. Lunn Remote Controlled Television Tuner Motor Switching
Circuit (3,691,444)

R. I. Kiein, S. Caplan, and R. T. Hansen Liquid Crystal Display Device (3,689,131)

G. E. Long Iil and D. W. Bartch Spray Method for Producing a Glare-Reducing Coating
(3,689,312)

M. J. Lurie High Resolution, Redundant Coherent Wave Imaging Apparatus Employing
Pinhole Array (3,689,129)

D. P. Marinelli Method and Apparatus for Depositing Epitaxial Semiconductive Layers
from the Liquid Phase (3,692,592)

H. Nelson Method of Making Light Emitting Diode (3,694,275)

G. S. Newcomb Conversion to a Digital Code Which is Self-Clocking and Absolute
Phasing (3,689,913)

C. L. Olson and R. A. Dischert Automatic Registration of Color Television Cameras
(3,692,918)

F. J. Papiano Method of Alloying Two Metals (3,690,943)

A. Presser Variable Tuning Arrangement for a Strip Transmission Line Circuit
(3,693,118)

A. N. Saxena Schottky Barrier Dlode (3,694,719)

L. J. Thorpe Special Effects Generator (3,689,694)

J. L. Vossen, Jr. Method of Radio Frequency Sputter Etching (3,692,655)

W. R. Walters Time Delay Circuits (3,693,030)

P. C. Wilmarth Horizontal Oscillator Disabling Circuit Control Apparatus (3,692,932)

C. F. Wheatley, Jr. Television Deflection System Including AFC Circuit with Re-
generative Phase Detector (RE27492)
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AUTHORS

Erwin F. Belohoubek received the degree of Diglom-In-
genieur in 1953 and the Ph.D. in Electrical Engineering in
1955 from the Technical University in Vienna, Austria. From
1953 to 1955, he worked as Research Assistant at the Insti-
tute for High Frequency Techniques of the same university.
He joined the RCA Electronic Components Division in
Harrison, New Jersey, in 1956 and transferred to the Micro-
wave Technology Center in Princeton, New Jersey, in 1957.
Here he worked on the development of magnetrons, electro-
statically and magnetically focussed traveling-wave tubes,
and a crossed field microwave delay tube. In 1969, Dr.
Belohoubek became Leader of a group working on hybrid integrated circuits.
He is presently responsible for the development of passive and active MIC
cicuits, including high-power transistor amplifiers, multipliers, linear amplifiers,
circulators and limiters, and acoustic delay devices. He received an Outstand-
ing Performance Award of the RCA Electronic Components Division in 1963
and an RCA Laboratories Achievement Award in 1967.
Dr. Belohoubek is a Senior Member of the IEEE.

A

James E. Carnes received the B.S. degree from Pennsylvania
State University, University Park, in 1961, and the M.A. and
Ph.D. degrees in electrical engineering from Princeton Uni-
versity, Princeton, N. J., in 1967 and 1970, respectively. His
Ph.D. dissertation was an investigation on photo-induced
currents and charge transport in polyvinylcarbazole, an
organic polymer. He was in the U. S. Navy from 1961 to
. 1965. During the summers of 1966 and 1967 he investigated
% metallic contacts and dc electroluminescence in strontium
P\ titanate at RCA Laboratories, David Sarnoff Research Center,
Princeton, N. J., which he joined as a member of the tech-
nical staff in 1969, Since that time he has studied electrical breakdown, con-
duction, and interface properties of various insulating films on silicon and Is

currently involved in the investigation of charge-coupled devices.
Dr. Carnes is a member of the American Physical Society, Tau Beta Pi,

Phi Kappa Phi, and IEEE.
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Peter Foldes received his diploma of electrical engineering
from the Technical University of Budapest in 1950. He dld
his Post Graduate work at the Telecommunication Research
Institute and Academy of Science in Budapest between 1953
and 1956. In the early part of his career, he was involved in
the design of airborne communication radio, radar transmit-
ters and antennas, propagation studies and system design
of radar and microwave communication systems at the Army
Research Institute and the Telecommunication Research
Institute of Budapest. In 1957, he joined RCA Limited in
Montreal, where he was involved in the rf-multiplexer, wave-
guide, and antenna-system design for the Aiaska and Trans-Canada microwave
communication systems. During this period, he pioneered the use of Casse-
grainian antennas for communication systems, which led to a participation in
various NASA-JPL programs. On the basis of his work JPL built the first 85-foot
Cassegrainian antenna for Space Communication, and his rf-optics design was
adapted for JPL's 210-foot diameter antenna. Since 1962, he has designed a
number of rf-optics and feed systems for the Intelsat network. These are now
in operation or being built in Canada, the United States, Panama, Brazil, Argen-
tina, India, and Pakistan. In 1969, he became Staff Engineer for RCA Space
Systems. In this capacity, he was involved in Earth Station as well as Aerospace
problems and conducted studies into the long term aspects of communications.
Recently, he designed a 30-foot antenna to meet the Earth-Station requirements
of the Canadian Telesat network and led the development of the antenna required
for the space craft. Mr. Foldes has been a lecturer at both the Technical Uni-
versity of Budapest and at McGill University in Montreal.

Peter V. Goedertier obtained his Bachelor's Degree at the
University of Louvain, Belgium. He later took a License
Degree in Mathematics at the same University, majoring
in theoretical physics. He taught Statistics at the Antwerp
Business School, and was granted a leave of absence to
study microwave theory and techniques at Cruft Laboratory,
Harvard University, in 1947-1948. After that, he was ap-
pointed Professor of Physics at the Philosophical College
of Louvain. In 1954, he conducted a research project on
microwave spectroscopy at the Center of Physique Nucleaire
of the University of Louvain, working mainly on the deter-
mination of the molecular structural constants of vinyl bromide and its deutero
substitutes. In 1958 he came to the United States as a Research Associate in
the Microwave Spectroscopy Group of Duke University. He joined RCA Labora-
tories, Princeton, New Jersey in 1959.

At RCA Laboratories he has studied the interaction of gas molecules
with crystalline fields (in the course of this work he developed a new kind of
Cs-lon source), has been engaged in the early research on optical masers
(both gaseous and solid-state materials), and was a co-discoverer of the He-Ne
‘“‘cascade” laser. In 1965, he was given an Achievement Award for his contribu-
tions to the development of the cross-pumped YAG:Nd:Cr laser. For the past
three years, he has worked on the development of various optical systems relat-
ing to the processing and the displaying of video information.

<«
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AUTHORS

Istvan Gorog attended the University of California at Berke-
ley, where he received the B.Sc. (1961) and the M.Sc. (1962)
and Ph.D. (1964) degrees in Electrical Engineering. In
September 1964, Dr. Gorog joined RCA Laboratories, David
Sarnoff Research Center, where his main areas of concern
have been quantum electronics and electro-opticai systems.
His activities have included gas laser research, holography,
investigation of pre-recorded video recording and playback
techniques, laser deflection, and photochromic and catho-
dochromic devices and systems. Currently he is head of the
Opticai Electronics Research Group in the Physical Elec-
tronics Research Laboratory. During 1968 Dr. Gorog was on leave of absence
from RCA as a National Science Foundation Post-Doctoral Fellow in Frascati,
Italy, where he worked on laser related problems in plasma research.

Dr. Gorog is a member of the American Physical Society and of Eta
Kappa Nu.

Joseph D. Knox received his B.S. degree in Electrical En-
gineering from the University of Dayton in Dayton, Ohio, in
1966 and his M.S. and Ph.D. degrees from Case Institute of
Technology in Cleveland, Ohio, in January 1970 and Septem-
ber 1970, respectively. During his stay at Case Institute, Dr.
Knox did an extensive study of the absorption of iodine 127
and iodine 129 inside and outside the cavity of a He3-Ne?°
laser. In the course of this work, he developed a spectro-
scopic technique that gave sufficient resolution to observe
the actual hyperfine structure (38 lines in all) of iodine 129.
! Dr. Knox also engaged in a study of the He-Ce laser, high-
power CO2 lasers, the use of cold cathodes in gas lasers, and the design and
development of He-Ne lasers for special applications. He joined RCA in Sep-
tember 1970, working on the design and development of a laser deftection display
system. His other activities include the design and fabrication of acousto-optic
deflectors, modulators, and cavity “dumpers’ for visible and infrared lasers. The
tellurium dioxide deflectors and latest lead molybdate deflector incorporated In
the laser deflection system described were of his design.

Dr. Knox is a member of Tau Beta Pi (Physics and Engineering Honorary),
Sigma Xi, the IEEE, and the Optical Society of America.

Walter F. Kosonocky received the B.S. and M.S. degrees
in electrical engineering from Newark College of Engineer-
ing, Newark, N. J., in 1955 and 1957, respectively, and the
Sc.D. degree in engineering from Columbia University, New
York, N. Y. in 1965. Since June 1955 he has been employed
at RCA Laboratories, Princeton, N. J., where he has con-
ducted research on application of new phenomena and new
devices for information processing systems. This work has
t included ferrite memory systems, parametric digital devices,
tunnel-diode circuits, tunnel-diode and transistor circuits,
pattern-recognition systems, applications of lasers for digital
systems (including a study of saturable absorbers for Q-switched lasers and
semiconductor laser digital devices), optical hologram memory systems and
page composition, optically controlled p-MOS circults, and a liquid-crystal Image
converter. Presently he Is working on the development and applications of

charge-coupled devices.
Dr. Kosonocky is a member of Sigma Xi, Tau Beta Pi, Eta Kappa Nu, and

a senior member of IEEE.
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Shing-gong Liu received his B.S. degree in electrical engl-
neering from Taiwan University, Talpei, Taiwan, in 1954,
the M.S. degree in electrical engineering from North Caro-
lina State College, Raleigh, North Carolina, in 1958, and
the Ph.D. degree in electrical engineering from Stanford
University, Stanford, California, in 1963. From 1958 to 1959
he worked with the IBM Laboratories, Poughkeepsie, New
York. He was a research assistant at the Hansen Microwave
Laboratories, Stanford University, where he worked in the
field of microwave ferrites. He joined RCA Laboratories,
Princeton, New Jersey, in 1963, and has since worked

principally in the areas of semiconductor microwave devices.
Dr. Liu is a member of Phi Kappa Phi, Sigma Xi, and the American Physical

Society.

S. Yegna Narayan received his B.Sc. (Honors) from the Uni-
versity of Delhi, India in 1959, his B.E. (Distinction) from
the Indian Institute of Science, Bangalore, India, in 1962,
and his M.S. and Ph.D. from Cornell University in 1964 and
1966, respectively. His graduate research dealt with the
coupling of microwave energy to plasma systems. Since
joining the staff of RCA Laboratories in 1966, Dr. Narayan
has been working in the area of high-power epitaxial GaAs
microwave devices. Most of his effort has been on the
development of high-power cw X-band TEOs. He was the
recipient of the RCA Laboratories Outstanding Achievement

Award for the team effort in the development of GaAs transferred electron
device technology. Dr. Narayan is now responsible for epitaxial GaAs growth
in the Microwave Technology Center. He is an associate member of Sigma Xi,
and a member of the American Physical Society.

John P. Paczkowski received his B.S. degree in Physics
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