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GaAs hyperabrupt varactors were produced having capacitance ratios
in excess of 10:1, but less than the expected frequency tuning ranges
were originally obtained from VCOs with these hyperabrupt varactors
used as the tuning diode. Special network analyzer measurements with
varying levels of input drive power showed the impedance of the hyper—
abrupt varactors to be unusually sensitive to the incident power level
resulting in a significant reduction in maximum capacitance at levels
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oscillator. ~~~~_—
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formed because a required error amplifier was not completed during the
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amplifier would result in a 50-nsec open—loop set—on time .

With these modifications, closed—loop operation over the usable
4000-MHz bandwidth with a frequency error of ± 3 MHz is expected.
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SECTION I

INTRODUCTION

The objective of this program was to redesign a set—on VCO type frequency

system to operate from 11 to 18 GHz with a single voltage controlled oscillator

using a hyperabrupt varactor. The redesigned system was then to be fabricated ,

tested , and delivered as a single , integrated unit consisting of the following:

(1) An rf amplifier—limiter for a uniform power output over a

wide dynamic range.

(2) A discriminator and shaping network.

(3) A follow—and—hold circuit to memorize the applied discriminator
output voltage upon appropriate command during the rf input

pulse.

• (4) A difference amplifier that compares the stored voltage

address against the real—time voltage output of the dis-

criminator.

(5) A summing amplifier that adds the sample—and—hold voltage

to the feedback error correction voltage.

(6) A linearizer that matches the discriminator output (after

holding and summing) to the tuning characteristics of the •
-• 

-

voltage controlled oscillator.

(7) A single VCO covering the total tunable bandwidth.

The single osc illator wideband VCO frequency memory sys tem was intended
to meet the following obj ective performance specifications:

Set—on accuracy at 50 ns: 
± 
0.5 MHz

Frequency stability at 50 ~s: ± 2.0 MHz

Input pulse power: +15 dBm ± 1.5 dB

Power output: +5 dBm

The basic work on the wideband VCO using a GaAs varactor had been per—

formed on a previous contract, “Hyperabrupt Varactor Voltage—Controlled

Oscillators,” No. N00039—75—C—0474, and had resulted in the conclusion
that it would be possible to build one high—speed VCO covering the full

11— to 18—GHz band. The single VCO would replace three VCOs originally 



• ~~~~~~~~~~~~~~~~~~

intended for the frequency memory system and eliminate the complex swit”hing

and diplexing which would have been required.

The basic design for a 7— to ll—GHz frequency memory system was developed

under a previous contract for a “Locked—Open—Loop VCO Frequency Memory Sys-

tem,” (Contract No. N00039—74—C—0227) and adapted to this program with several

modifications. The purpose of this type of frequency memory system is to

produc e a continuous microwave signal at the same frequency as an incoming
rf pulse of an unknown threat frequency for ECM deceptive jamming. In addi-

tion, developments in the area of FET frequency discriminators under

Contract N00039—76—C—0280 were applied to the design of the frequency dis-

criminator used in this program. Some of the pertinent results of these

three previously completed programs will be included in this report for

both background and explanatory purposes.

The additional work done during this program included continuing effort

in application of the GaAs hyperabrupt varactors to obtain operation over

the complete 11— to l8—GEz range and to determine the extent and cause of

• the limited tuning range obtained in practice, revision of the timing and

amplification circuits of the basic frequency memory system for improved

performance, and extension of the FET frequency discriminator work into
the 11— to 18—GHz region. Each of these subjects is also discussed in this
report.

2
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SECTION II

TECHN ICAL DISCUSSION -
~~~

A. HYPERABRUPT VARACTOR VCOs FOR ECM APPLICATIONS

Hyperabrupt varactors are used as the tuning diode in wideband voltage

controlled oscillators in order to provide a more linear tuning characteristic

and an increased tuning sensitivity. Most ECM applications for VCOs require

both wideband coverage and high—speed operation. In those systems which re-

quire linear tuning, it has often been necessary to add active linearizer

circuits to the system to compensate for the inherently nonlinear tuning

curve obtained when standard abrupt junction varactor diodes are used. These

linearizer circuits can be quite complex and costly for those applications

where the tuning response must be rapid (in the tens of nanoseconds) and

can be especially difficult to employ in feedback type frequency control

circuits. During this program as well as during the previous hyperabrupt

varactor VCO program, a number of VCOs have been fabricated and tested which

have shown that considerably improved linearity can be achieved in wideband

VCOs using GaAs hyperabrupt varactors as the tuning diode. A typical com-

parison is shown in Fig. 1.

In many applications, the bandwidths and linearities provided by the

hyperabrupt VCO would be sufficient to eliminate the need for a linearizer

• altogether. In other applications, the extent of the compensation required

of the linearizer would be substantially reduced as would, in turn, the

• complexity and operational disadvantages of the linearizer.
• A second important feature of the hyperabrupt varactor emphasized

during these programs is the considerably reduced tuning voltage needed
to cover a given frequency range. For low speed applications, minimization

of the tuning voltage swing is relatively unimportant unless there is a

voltage supply limitation, but for high speed ECM applications generation

of large tuning voltage swings is difficult because of semiconductor

limitations. During this program, VCOs built with GaAs hyperabrupt varactors

have been shown to have exceptionally low tuning voltage requirements for

relatively wideband frequency ranges. A comparison of typical VCO tuning

curves using abrupt and hyperabrupt junction varactors is shown in Fig. 
2.3
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For a set—on VCO type of frequency memory system, such as the simplified

open—loop configuration shown in Fig. 3, the output voltage from a wideband

discriminator is used to tune the VCO to approximately the same frequency

as the incoming signal. The smaller the tuning voltage required , to tune

• the VCO, the easier it is to design and build amplifier circuits which

respond fast enough for rapid set—on. In more complex systems, such as

the locked—open—loop frequency memory system with a first order feedback

control loop, elimination of the linearizer greatly reduces the stability

problems encountered in the high—speed feedback amplifier circuit.

PULSE D
RF

IN PUT
V 

_ _ _  

Cw

____  _ _ _ _ _ _

J SAMP LE OUTPUT
~~ DISCRIMINATOR1 ‘[ 

~~~~

“HOLD’ COMMAN D

Figure 3. Simplified open—loop configuration.

B. GENERAL CHARACTERISTICS OF HYPERABRUPT VARACTORS

The physics of varactor diodes has been extensively studied and des—

• cribed in the literature [1]. In brief summary, considering the one—sided

junction (shown in Fig. 4A) that is comprised of a p+ layer heavily doped

as compared with the n—layer so that the depletion layer is contained en—

tirely within the n—region, a general expression for the doping density (N)

as a function of the distance into the n—region from the p~~n interface at

x 0 is:

N = B X m (1)

1. S. M. Sze, Physics of Ser’~iconductor Devices, (Wiley—Interscience ,
N.Y., 1969), pp 114—116.

IL A
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Figure 4. Geometry of p+_n_n+ junctions.

upon application of a reverse bias voltage, the width of the depletion layer
is varied in accordance with:

c c (m + 2) (V + Vbi) l/(m+2)W~~ eB (2)

where V is the applied reverse bias, Vbj is the built—in potential, and the

other symbols have their usual meanings. The differential capacitance of

the junction, Ci, is given by:

re B (c ) (m+l)ll/ (u1+2)
C~ — A [(m+2 (V+ b1) ] (3)

6
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Fe B Cc £ ) (fll+l )1 ‘r
C~ — A L (jn+2) (V+Vbi) ]

where y — l /(m+2).

For an abrupt junction, having the doping profile shown by Fig. 4B:

m = o and y = 1/2; for a linearly graded junction, Fig. 4C: m — 1 and y —
1/3; and for a hyperabrupt junction, such as shown in Fig. 4D, the doping

profile is made very high at the junction and decreases rapidly with x.

The doping prof ile of the hyperabrupt junction can be of various shapes and
degrees but the value of y will exceed 1/2 in all cases and may be in the

range of 0.6 to 2.

The generally used capacitance/voltage relation for a varactor is:

— K(V — Vbi
)

where C~ is the junction capacitance, V is the applied voltage, V,1,1 is the
contact potential or built—in voltage, and y is the previously defined

exponent determined by the doping profile.

In a simple series R—L—C circuit, the resonant frequency is determined

by the well known expression:

1f0 (6)
2~~~~~

that for a circuit in which the inductance is fixed can be expressed by:

fo = K1C 1/2 (7)

By substitution of the value of C~ from (5) into this expression, the
following results:

fo = K1 [K(v—vbi)~~’] 
—1/2

which only for a value of y = 2 , reduces to a linear relation between voltage
and capacitance:

fo — K2 (V_Vbj )

7

_ _ _ _ _



This idealized linearity, although it can be quite closely approached
in low frequency VCOs, is generally not realizable at microwave frequencies
because of several factors.

(1) - Parasitic and stray capacitances add to the junction capacitance,

as does the output capacitance of the oscillator device, to change

the actual overall capacitance vs voltage characteristic.

(2) Transmission line effects cause the other circuit capacitances

and inductances to vary with frequency rather than act as the

assumed constants.

(3) The output parameters of the oscillator , transistor, or T—E device,
vary with frequency and loading.

Although exact linearity can be achieved only over limited portions of
the frequency range of wideband microwave VCOs, a considerable improvement

over the tuning curves resulting from the use of abrupt junction varactors

is obtained through the use of hyperabrupt varactors.

The gallium arsenide varactors used for the work of this program were

all fabricated during the course of Contract N00039—75—C—0474, “Hyperabrupt

Varactor Voltage Controlled Oscillators” [2]. During that program, experi-

ments were performed that indicated that varactors with a value of y in the

• order of 0.7 to 1.7 were needed for linear tuning (Fig. 5). The epitaxial

GaAs hyperabrupt varactor material was grown using the hydride vapor synthesis

technique which was extensively described in the final report of the program.

• The description will not be repeated , but , in summary , the desired doping
profile was obtained by using a programmable gas flow controller to introduce

dopant gases at the appropriate rates dur ing the growth run. Desired and

measured doping profiles obtained during this process using a Datatrak con-
ductive card programmer are shown by Fig. 6. In addition, the flexibility

of this controlled dopant process permitted the growth of complex configura-

tions such as the p+_ 0
_n+_n_p+ GaAs wafers used to produce electronically

etched varactor diodes with integral heat sinks. The use of such plated

heat sink varactors was stressed in the initial work because the improved

heat sinking was believed necessary to reduce post—tuning drift. Both the

2. “Eyperabrupt Varactor Voltage—Controlled Oscillators”, Final Repor t,
Naval Electronic Systems Command; Contract N00039—75—C—0474, October ,
1977.

8 
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growth and complex etching and plating processes necessary to prepare plated
heat sink gallium arsenide hyperabrupt varactors are discussed in the refer-
enced final report.

C. HYPERABRUPT VARACTOR VCO PERFORMANCE

Overall linearity and wideband operation with reduced tuning voltage

swings were demonstrated repeatedly using VCOs fabricated with the GaAs

hyperabrupt varactors of the previous program. Some examples have already

been shown (Figures 1 and 2), others are included in the previously refer—

enced final report, and a number of others could be shown. With the ex—

• ception that the expected bandwidth was usually not achieved in practice,

the results were generally quite good , and one specific example was a factor

in establishing the single—VCO objective of this program.

A delivery requirement of the preceeding program was a series of three

VCO’s intended to cover the 11— to 18—GHz range. Basic wideband VCO designs

with tuning voltage ranges less than 20 V were used for this requirement.

One of the three oscillator s, built with a plated heat sink hyperabrupt
varactor from Wafer 1569, gave exceptionally linear wideband operation

covering 12.2 to 17.0 GHz instead of the nominal 14 to 16 GHz previously

obtained from this design. It was this performance that led to the objective

of covering the full 11— to l8—GHz range in a single VCO rather than three

as initially intended. The comparison is shown in Fig. 7 in which the actual

tuning voltages are normalized for a positive swing from zero to elimate the

offsets and differing polarities for comparison purposes. The VCO with the

hyperabrupt varactor required an opposite tuning polarity because the plated

heat sink varactor is mounted opposite to the conventional varactor. The

circuit design of this hyperabrupt varactor VCO is shown by the diagram of

Fig. 8. Note that two varactors connected in series for the rf circuit are

used that reduces the rf voltage swing across each junction.

Despite the examples of linear wideband perf ormance ob tained f rom the
• GaAs hyperabrupt varactor VCOs, a recurrent problem was noted in obtaining

operation over as wide a frequency range as expected based on the capacitance

ratios of the varactors. Most of the work directed at this problem was done

using standard 7.2— to —11.2 GHz VCOs and it was generally difficult to obtain

10
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operation below 8 GHz with varactor capacitance ratios of from 2 to 4 times

greater than those of silicon abrup t junction varactors used in the standard
VCO. In order to determine the cause, special network analyzer measurements
were made at X—band frequencies as a function of applied rf power level as
well as tuning voltage. These measurements were in addition to the conven-

tional capacitance bridge measurements that are made using a low level signal

at approximately 1 MHz.

A previously shown C/V diagram (Fig. 5) compares a desired C/V character-

istic for a full 7— to Ll—GIlz VCO with the low—frequency test data obtained

on one varactor wafer. Although the predicted performance appears to be

more than adequate, operation below 8 GHz was not obtained in a number of

trials. When such hyperabrupt varactors were tested at microwave frequencies

on the network analyzer (see Fig. 9), a definite reduction in the capacitance

swing with increasing drive power levels was observed. The Smith Chart plot

of impedance vs tuning voltage at an incident power level of 12.5 mW (solid

line) shows a reasonably uniform impedance swing covering an arc of 78° for

a voltage change from 0 to —20 VDC. When the incident power is increased to

200 mW, with the same tuning voltage swing, the impedance change (or tuning
effect) is drastically reduced to approximately 20° as shown by the do tted
line. To further demonstrate the loss of maximum capacitance, a series of

points shown by the dashed Line were taken at a fixed zero bias voltage at

various rf input levels from 1.5 to 200 mW and higher where heating obscured

the results. It may be observed that with each increase of input power, the

effective capacitance at zero bias was reduced.

To make sure that such a result was not a measurement problem, a similar

test was made on a conventional silicon tuning varactor. As shown by Pig. 10,

the impedance swing is basically independent of the rf dr ive level except for
a small increase around zero that is a known effect caused by the averaging
effect of the rf voltage added to the bias and the highly nonlinear C/V char—

acteristic of the abrupt junction.

Since the bandwidth reduction effect is particularly pertinent to meeting

the objectives of the Single Oscillator Wideband VCO contrac t, add itional work
was done on the effect during this prngram.
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D. VCO TESTS TO EVALUATE TUNING BANDWIDTH REDUCTION

In order to further verify and , to some degree , quantify the reduction of

tuning bandwidth obtained in practice as compared to that expected from the

varactor capacitance ratio , an X—band VCO was constructed and subjected to a
series of evaluation tests. The VCO was a transferred—electron diode type of
oscillator that was initially fabricated and tested with an abrupt junction

silicon varactor . As shown in Fig . 11, the frequency vs tuning voltage char—
acteristic has the typical nonlinear characteristic of this type of oscillator

that covers from 8.3 to 11.5 GHz with a tuning voltage swing from 0 to 40 V.

Ia j I

P4z

az - -

P.’
0
II’
U. 

-

p j  I P t

0 5 10 IS 20 25 30 35 40
TUNING VOLTAGE (V dc}

Figure 11. X—band test VCO with silicon abrupt junction varactor installed.

The capacitance vs tuning voltage characteristic of the silicon abrupt
junction varactor used in this VCO was measured before and after its removal

from the oscillator subsequent to the oscillator tuning curve measurements.
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The varactor designated “B” of the four—mesa varactor chip was the specific
one that was used , but , as shown by the data plotted in Fig. 12, the C/V
characteristics of three of the mesas were measured for comparison. Probable
measurement inaccuracies because of leakage current caused the readings taken
while the varactor was still connected to be of doubtful significance. With

the varactor chip removed , the test data show a normal C/V relationship with
a value of 0.47 for the exponent (y). From this data, the varactor capacitance

required for various VCO frequencies was calculated and plotted in Fig. 13,
and by extrapolation of this curve , it is estimated that a varactor capacitance

of between 9 and 19 pF would be required to produce an oscillating frequency

of 7 GHz. Upon reexamination of the oscillator, it became apparent tha t the
dc blocking capacitor of the circuit (Fig. 14), which was only 3.5 pF , was a
limiting component since it was in series with the varactor capacitance. The

effective series capacitance of a 3.5 pP capacitor and the required varactor

capacitance of 10 to 20 pF is between 2 .5 and 2.9 pF. By changing the series

blocking capacitor to a 40 pF MNS type , the required varactor capacitance for

operation at 7 GHz would be between 2.7 and 3.1 pF. Therefore, if the blocking

capacitor were changed to the 40 pF as stated and a hyperabrupt varactor with

a zero voltage capacitance of approximately 2.9 pF were installed, the VCO

should operate at 7 GHz with the tuning voltage at zero.

IC I I I I I I J I J  I 1 1 1 1 1 1 1 1  I I I I P I i ~

• PROBABLE INACCURACIES 
-

BECAUSE OF LEAKAGE

(.0 

® ~~~~~~~~~~~~~~~~~I OUT OF
I L 5.. OSCILLATOR -

DEF ECT IVE
0 1_  I I i i i i u l  p 1 1 1 1 1 1 1 1  I I I 1 1 1 1 1

0.1 1.0 10 100

TUNING VOLTAGE (C j +I) (V)

Figure 12. Capacitance vs voltage measurements: silicon abrupt
junction varactor from VCO.
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CAPACITANCE FOR 7 GHz
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0.1 0.2 0.4 0.6 1.0 2 4 6 tO 20 40 60 100

CAPACITANCE (pF)

FIgure 13. Measured varactor capacitance vs VCO frequency to determine
capacitance required for 7—GHz operation.

BIAS TUNING
VOLTAGE VOLTAGE

FERRITE
CIRCULATOR

FOR ISOLAT ION

CAPACITOR VARACTO R 
____ OUTPUT[ - _ _

MIC ROSTRIP
TRANSFORM ER

~~ TRANSFERRED- 50QX ELECTRON
DIODE

Figure 14. X—band VCO circuit.
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In order to preserve the high frequency operation at 11 GHz , the minimum
varactor capacitance would still have to be that previously required , approxi-
mately 0.20 to 0. 25 pF. The required capacitance ratio would then have to
be:

C~ 0 V = 2.9 pF 14 5:1
~~~~ O.2 pF

max

A wafer grown for this and the related program B408 had been shown to
have very high tuning ratios and a number of devices from different size

groups were measured with the results shown in Table 1. Varactor “C” was

selected since it closely matched the requirements of ratio with a 10 V swing .

C~ 0 V = 2.82 pF = 14.1:1C~ l O V  O.2pF

This GaAs hyperabrupt varactor was installed in the oscillator with no

other changes than the replacement of the 3.5 pF blocking capacitor with the

40 pF MNS capacitor. The results are shown by the tuning curve of Fig. 15 in

which reasonable performance is obtained from 8 to 11.5 GHz in 15 V with ex-

cellent linearity and tuning sensitivity from 8 to 10.5 GHz . Over this range

the nonlinearity is about ±1% and this 2500—MHz bandwidth is covered with a
tuning voltage swing of 6.5 V.

The performance is excellent and represents a considerable improvement

in linearity and tuning sensitivity when compared with the performance ob-

tained using the silicon abrupt junction varactor; however , the increased
bandwidth and operation at 7 GHz were not achieved . As has been the case in

the other VCOs , the apparent varactor capacitance at zero volts is signifi-

cantly less than that predicted from the standard C/V measurements verifying

the effect  shown by the previously discussed network analyzer measurements

at various power levels.

These network analyzer varactor measurements showed a significant re—

duction in zero voltage capacitance at applied power levels of a few milli—

wat t s  or greater with a drastic reduction for input powers in the tens of

milliwatts. In the test X—band VCO , characterization test data taken on

L 

the transferred—electron diode which was used in the VCO showed the diode
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Figure 15. X—band test VCO with GaAs hyperabrupt varactor
VCO B408 installed.

was capable of a peak power of 87 mW at 7.2 GHz. The output power of the

assembled oscillator was in the order of 25 mW and, assuming as much as

one—half the difference between maximum available and actual output power

was lost in the circuit or mismatched , the varactor was subjected to about
30 mW. As may be seen from observing the network analyzer Smith chart
plot shown previously as Fig. 9, with an input of 30 mW about one—half

of the low level varactor impedance tuning range is lost.

It would be desirable to repeat the measurement with an equally wideband

but very low power TE diode in the VCO. Unfortunately, very low power TE
diodes are difficult to obtain having sufficient bandwidth; however, it is

feasible to build a lower frequency VCO using bipolar transistors that would
operate at a low power level to determine if wider percentage bandwidths

could be obtained. Such an oscillator could be followed by broadband fre-

quency doublers to obtain the required X— and Ku—band outputs.

20
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Based on a previous design for a 2.4— to 5.2—G Hz VCO, an oscillator cir-

cuit was fabricated using a pair of GaAs hyperabrupt varactors from Wafer

B408. Figure 16 shows the schematic of this oscillator circuit which used

an HP bipolar transistor as the active element. Excellent broadband operation

was obtained as shown by the frequency and power vs tuning voltage curves of

Fig. 17. With a tuning voltage input of 0.5 to 13.5 V, the VCO covered more

than full octave (2.9 to 6.0 GHz). As may be observed, the output power was

much less than obtained from the TE diode VCO. If the same ratio of output

power to total applied varactor power is assumed, each of the two series

varactors in this lower power oscillator is subjected to an applied power

level of 2 mW or less.

-V BIAS +V TUN E

I~~~~~~~~~~I ~~~ 1~~~~~~~~~~~~~~~~~~ TPU T

Figure 16. Oscillator circuit.

By add ing a frequency doubler and a filter to the output of this bipolar
transistor VCO, the frequency vs tuning voltage for the 7— to ll—GHz range

is shown by Fig . 18. Only a voltage swing of 4.5 V (from 3 to 7.5 V) is

required to tune the entire range over which the linearity is ±7 .5% . Of

course , the low power output of the VCO and the conversion loss of the
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Figure 17. Bipolar transistor VCO with GaAs hyperabrupt varactor
(Wafer B408).
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Figure 18. Bipolar transistor VCO and doubler using GaAs
hyperabrupt varactor.
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doubler results in a very low overall output level which would need to be
increased through amplification for most applications. The complete

VCO/double/ filter assembly is shown by the photograph of Fig. 19.
To be able to consistently cover the 11— to 18—GHz band with the pre—

sently proven technology , we would now propose to build an oscillator cover—
ing, in the linear region, 2.7 to 4.5 GHz followed by two broadband doublers

and an amplifier. Based on the results obtained from the previously mentioned

2.4— to 5.2—GHz VCO that was the basis for the 3— to 6—GHz VCO and that had

the tuning curve shown by Fig. 20, the full 11— to l8—GHz frequency range would

be covered linearly within ±2% with a 5—V tuning voltage swing. This should
virtually eliminate the need for a linearizer and require only a gain of 10
for a 0.5—V output discriminator.

Further experimental and theoretical work should be performed on this

bandwidth reduction with power level phenomena. Probably, it is caused

by conduction electrons that cross the junction when the reverse polarity

bias is overcome by the rf voltage swing and disperse the high space charge

in the vicinity of the hyperabrupt junction. Since the carrier concentration

is a low value away from the junction, there is little force to oppose this

dispersion in contrast to the abrupt or graded junctions where the dispersion

away from the junction would be restrained by the greater number of carriers
that are present. The bandwidth reduction effect is noted before rectifica-

tion currents are measured and the voltage at the varactor terminals is

monitored to assure that the cause is not a voltage regulation effect. The

reduction in capacitance with power observed in the hyperabrupt varactor may

be of use in a new type of filter—limiters in which the impedance of the

hyperabrupt varactor is determined by the incident rf power. There may be

other uses for this effect that is a disadvantage in the application of

specific interest — linear, wideband VCOs.

E. 11— to 18—GHz VCO

The VCO design for the 11— to l8—GHz VCO needed for this program was

basically the same as that of the previously described 12— tc- 17—GHz VCO

shown by the diagram of Fig. 8. A specially selected Varian VSU—9202 CJ

transferred—electron diode was used as the oscillator device with test data

23
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TUNING VOLTAG E (V OC)

Figure 20. Tuning curve of basic 2.4— to 5.2—GHz VCO.

indicating an output capability of approximately 125 mW at 16 GHz. After
some initial tests with GaAs varactors from Wafer 133411, a pair of plated
heat sink varactors from Wafer 1569 , with approximate capacitances of 0.8 pF
and 0.12 pF at 0 and 20 V respectively for a ratio of 6.7:1, were installed
with the interconnecting leads and tabs as short as possible.

The initial results were highly promising. Continuous operation was

obtained from 10.9 to 18.4 GHz with a 21—V tuning voltage swing, and the

first 6 GHz of this range was exceptionally linear with an 11—V signal

sufficient to cover from 10.8 to 16.8 GHz . The initial data was obtained

directly from an x—y recorder , that was fed from an EIP Model 35lC frequency

counter and a D—A converter , and is shown as Fig. 21 where three points marked

“noise” and one point marked “spurious” show where the fr equency counter
response jumped because of conditions that were verified on the spectrum

analyzer.
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Figure 21. Initial test VCO using PHS hyperabrupt varactors from
wafer 1569.

Some additional tuning, mostly precise selection of T—E diode operating

bias and heat sink t emperature , was tried and it was possible to obtain a
continuous frequency counter output throughout the full range although the

output signal was generally quite noisy even for a wideband VCO. In the

intended application, a frequency memory system for deceptive ECM purposes,
the noisy FM output of a few Mhz was not a problem since the addition of

analog noise would probably be necessary in most cases to compensate for

some set—on error. The spurious signal dropout was eliminated.

After running the oscillator on and off for several months during the

course of the program, the performance degraded and finally the oscillator

became completely inoperative. It was found that the varactor bond had

opened and it was repaired . This problem recurred several times, and each

time the operation became less and less acceptable until it was impossible
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to rebond to the varactors. At this point they were replaced. It appeared

that some problem existed with the plated heat sink processing of some of

the varactors causing a tendency to bond failure with time at high operating
temperatures. After replacing the VCO, the bandwidth was reduced somewhat

but the VCO was capable of covering most of the bandwidth even though there
-. were many noisy points across the band.

After the most recent repair, the VCO covered 11.0 to approximately

18.2 GHz (see Fig. 22), but there is a small skip around 15 GHz and a region
of noisy operation around 17.5 GHz where the frequency counter will not work.

The VCO in the system now covers the full range intended , but has several
small frequency regions where the operation is erratic. This frequency—voltage

characteristic was recorded with the VCO mounted in the frequency memory sys—

tern at the established operating (controlled) temperature but with an external

tuning voltage to permit easier recording. Possible continuing efforts to

improve the performance of the VCO will be discussed in a later section of
this report.

IS I I I I I I I I I

I S -

17 -

~ 1 6 -  -
ID

Uz IS-

a
U. 1 4 -

13 -  FREQUENCY-VOLTAGE -

CHARACTERISTIC
Il-IS 0Hz VCO

12 - -

p I I I I I I I I I I I I I
0 -2 -4 -6 -8 -lO -12 -14

TUNING VOLTAG E (Vdc )

Figure 22. Final test VCO using replacement PHS hyperabrupt
varactors from wafer 1569.
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F. FREQUENCY DISCRIMINATOR

In the basic set—on VCO frequency memory system, the function of the
frequency discriminator is to provide a voltage related to the frequency

of the incoming signal. This voltage is stored and used to tune the VCO

as close to the same frequency as possible. In the more complex locked—open—

loop VCO frequency memory systeni, the frequency discriminator is also used

to provide a real time output voltage that is related to the VCO frequency
and that is used for comparison with the previously stored incoming fre—
quency voltage in an error reducing feedback circuit. Absolute accuracy is

necessary in the first case; in the latter system the feedback correction

reduces the need for absolute accuracy but there remains a need for minimum

f ine grain structure and for a single valued relation between frequency and
voltage to avoid unstable performance in the feedback circuit.

One of the main problems of the conventional interferometer type of fre-

quency discriminator is the tendency to have a considerable amount of fine

grain structure as a consequence of the necessary lengths of transmission

tine, which produce in— and out—of—phase addition and cancellation of the
small mismatches of the various components of the interferometer. During

the course of the work on Contract N00039—74—C0227 (Locked—Open—Loop Fre-

quency Memory System) and later on Contract N00039—76—C0280 (FET Frequency

Discriminator), a frequency discriminator using the roll—off characteristics

of a microwave FET was developed for use in the 7— to ll—GHz range that,
because of the overall small size , had excellent fine grain linearity. Ad-

ditionally, a greater output voltage swing was obtained because of the am—

plification provided by the FET. The overall linearity was reasonably good

and the F/V characteristic could be adjusted conveniently by varying the

drain voltage of the FET and the bias voltage of the detector diode.

In order to utilize the full potential of the single VCO covering the

total objective bandwidth (11 to 18 GHz), it is equally necessary to have a

frequency discriminator that covers the full range rather than requiring

a complex switching and multiplexing arrangement using three discriminators.

In order to achieve this objective , work on an FET frequency discriminator

intended to cover the full 11— to l8—GHz bandwidth was included in this

program. 

- -  - 
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Basically, the FET frequency discriminator consists of the elements

shown in the block diagram of Fig . 23. The limiter, which is a separate
module not included as a part of the integrated circuit discriminator, is

needed to eliminate the effects of amplitude variations on the output of the
discriminator. Depending upon the output VSWR of the limiter , an isolation
may or may not be required between the limiter and the discriminator. The
output of the limiter is applied to the gate input of FET through a blocking
capacitor to allow for dc biasing of the gate. A short section of microstrip
line is included in order to provide room for positioning a small metallized

ceramic chip as an input tuner to augment the roll—off characteristics of
the FET and thereby produce an input to the detector that decreases uniformly

with increasing frequency. A Schottky diode in chip form is used as the
detector. -

INPUT OUTPUT
BLOCKING BLOCKING

CAPACITOR CAPACITOR

S ~~~~~~~~ ER \
~~~~~~~~~~; F ET \ DETECTOP~~~~~~~~~

dC

VOLTAGE
INPUT

Figure 23. Block diagram of FET frequency discriminator.

For the 11— to l8—GHz frequency discriminator it is desirable for the

YET to have usable gain up to 15 GBz or higher. The overall maximum output

from the YET would be at the lowest frequency with the power output decreasing

towards zero at the maximum frequency. Within the constraints of the desired

linearity the greater the low frequency power output the larger will be the

detected output voltage swing. In the VCO set—on frequency memory system,

it is desirable to start with as large a discriminator output voltage swing
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as possible to reduce the amount of gain necessary to drive the VCO tuning
varactor over the same frequency range.

Linearization of the discriminator characteristic is accomplished by
shaping arrangements at the input and output of the FET chip . However , while
the input network uses the conventional approach of selecting a microwave
matching circuit geometry and adjusting it for linear output it was thought

better to adjust the output of the FET by purely electronic means, as opposed
to circuit—geometry approaches. The large FET output impedance variability,

as a function of drain voltage changes, provides such an adjustment mechanism.
The elimination of an output—matching microwave transmission line helps to

eliminate a source of multiple reflections and discontinuities that tend to

introduce irregularities in the discriminator output characteristic. An

example of the effect of drain voltage variations on the discriminator output

response is shown in Fig . 24.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V ’•17 5I, - I I I I I I I I I

FREOUENCY—~
Figure 24. Effect of drain voltage variations on FET discriminator output.

As can be seen , the most pronounced effect on the shape of the output

curve is at the low—frequency end of the band. Also, it is to be noted that

in addition to changes in the linearity of the output curve, the slope can also
be varied , so that the output voltage swing can be changed as a function of

drain voltage.

Another means of affecting the shape of the discriminator output (as a

funct ion of input frequency) is afforded by adjustments in the forward—bias

current of the detector diode , as depicted in Fig. 25. Here, the greatest

effect appears to take place at the high—frequency end of the operating band .

Again , the adjustment affects  both the slope and the linearity of the video

output.
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FREQUENCY—. .

Figure 25. Effect of detector bias on FET discriminator output characteristic.

The effectiveness of these electronic adjustments and the apparent com-
plementary nature of the two approaches (drain voltage affecting the lower

frequencies, detector bias affecting the high—frequency end) led us to adopt
the electronic “shaping” approach at the discriminator output, while using
the more conventional microwave matching network at the FET input. The basic

scheme is shown in Fig. 26.

Two 4—stage tunnel—diode amplifier type limiters were available for use
in the discriminator assembly. The better of the two was selected but the

usable frequency range of the discriminator was substantially reduced by

the nonuniformity of the output power vs frequency characteristic of the

limiter. As shown in Fig . 27 , the TDA limiter was tested alone and with
two combinations of an additional isolator and adapters. The difference in

the shape of the output curves among the three is relatively small and the 
—

level difference can be accounted for by the attenuation of the isolator.

There is a variation of approximately 0.5 dB across the band that in

itself s ‘uld cause a frequency error (850 MHz out of the 7—GHz bandwidth)

if there was no corrective capability afforded by tuning the FET discrimi-

nator. The rapid changes in the power output below 13 GHz— and above l5.5—GHz
limit the bandwidth of the discriminator substantially.

The overall discriminator output characteristic is shown by Fig . 28

with the input frequency range limited to 12.5 to 15 GHz over which the

output characteristic is nominally linear and produces a total output

voltage swing of 1.24 V. Over the extended frequency range of 12.5 to

17.5 GHz , as shown by Fig. 29 , the output of the discriminator amplifier

is 1.58 V but there is a significant departure from linear above 16 GHz.

~k 
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Figure 26. Schematic diagram of FET frequency discriminator
output shaping circuit.

- T v
CURVE - IDA LIMITER (AL 119001 /SN 41111) ONLY
CURVE S — LIMIT ER (AS ASOVE) WITH ISOLATOR (IllS/ SN )OflAND SMA MALE-MALE ADAPTER NO. I
CURVE C — LIMITER (As Aso vE) WITH ISOLATOR (tue/sN 101 )

-13
-14
-IS

12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5 I?~O 1 18.0 I
FREQ. INPUT (6H 5 ) ITS 18.5

Figure 27. Limiter output test.
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Figure 28. Frequency discriminator — low range.
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Figure 29. Frequency discriminator — full range.
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In summary, the results obtained from the overall limiter—FET discriminator

assembly were such as to limit the frequency coverage of the system to a band—

width covering about 12.5 to 16 GHz. However, a relatively large voltage

swing was obtained which needed an amplification factor of about 10 to tune

the hyperabrupt varactor VCO over a comparable bandwidth. This is compatible

with the set—on speed requirements of the system.

G. CIRCUITS

1. Discriminator Ouput Amplifier

The initial design of the amplifier consists of an integrated circuit video

amplifier (SE 592) driving an ultrahigh—speed hybrid op—amp (MS K 785) in order

to produce an output swing of ±10 V at a total gain of 30X. Interaction

between the two stages caused some ringing which was difficult to suppress.

Since it was determined, after the VCO and the discriminator were tested,
that a gain of 10 would provide sufficient signal to drive the VCO from the

discriminator output, the circuit was modified to use only the first stage

S 
set to a gain of lOX.

The inp~it and output waveforms of the discriminator output amplifier are

shown by the photograhps of Figs. 30a and 30b for short and long duration

input pulses. The output rise time of the amplifier is fast enough to pre-

serve the 20—ns rise time of the input pulse, and there is no noticeable

droop with a 750—ns long input pulse.

This circuit also provides the detector bias current for the discriminator

and balancing adjustment to keep the low level SE 592 within its linear range

of operation.

2. Track and Hold

Based on the excellent long—term storage results obtained from the Computer

Labs THC—0030 Track and Hold Module used in the 7— to 1l—GHz frequency memory

system, this type of voltage memory was used in the 11— to 18—GHz system.

It is an inverting stage with provisions for gain adjustment and offset. For

application in the 11— to 18—GHz frequency memory system, the gain was set to

unity because of the input/output comparison that is made as the error voltage

L 

for the feedback correction. The offset was used to match the discriminator
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I

Rise Time
10 ns/div

Input  Pulse

~~~

- 
100 mV/div

Output  Pulse

—- . _ -~----— —----— 500 mV/div

(a)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Long Pulse
100 ns/div

Input Pulse
100 mV/div

Output  Pulse
500 mV/div

(b)

Fi gure 30. Revised d iscr iminator—output  ampl i f ie r .
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output amplifier voltage to the VCO tuning voltage at the low—frequency end

of the usable bandwidth.

3. Error Amplifier

A iew type of error amplifier using an SE 592 video amplifier IC was
initially installed with poor results. It was replaced with an MSK 760

hybrid IC which would function the same as the circuit used in the 7— to

ll—GHz frequency memory system that had a 600—ns settling time. Further

work should be done on the SE 592 circuit to eliminate the problems and
obtain faster error correction capability. The circuit using the MSK 760

IC was left in the open—loop configuration.

4. Threshold and Gate Circuit

The threshold and gate circuit was revised to provide for faster switching

of the track and hold module and the rf feedback PIN—diode switch. The re-

sulting waveforms are shown in Fig. 3la through 3ld.

The circuit was tested with a pulse generator to simulate the incoming

detected pulse from the threshold detector. Figure 3la shows the gain of the

input amplifier stage, a 733—i.iA integrated circuit differential video ampli—
fier . With the input pulse set to the threshold sensitivity limit, the input

signal is approximately 50 tnV and the amplified signal is somewhat greater

than 1.5 V with a rise time in the order of 15 us. Figure 3lb shows the
delay between the input signal and the 74121 multivibrator output and Fig. 31c

shows the total delay from input to the “hold” command output which is approx-

imately 55 ns. The difference between the “hold” and “switch” commands is

shown by Fig. 3ld. It may be necessary, if further work is authorized, to

add some video cable to delay application of these signals , which initiate
the feedback mode, until the input signal has been processed , stored, and

settled.

The length of the “hold” mode may be set to 10,100, or 1000 ~is by a
switch mounted on the front panel which changes the external capacitor value

of the 74121 multivibrator.
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LV l OCr V 5~~S

- --- -- ------— Iu~’it Signal (Approx 50 mV)

__________________ Output of Amplifier Stage_______________— 

(Approx 1.5 V)

(a)

-1’

—~ -
~~

-
~~~~~

-
~~

- Input Signal (Scope probe
connected ahead of lOX pad)

-— Output of Multivibrator

(b)

Figure 31. Waveforms af ter  revising threshold and gate circuit.

37

— - - -- - - - — - --

~ 

- -- -- ---
~~~~

— - - -  



-- -5--- - ~~~~~ --— - - -~~~~~
----5--—--- 5-- -----5- -5 ---- - -5-—-— ---- - .----

~~~~~~~~~~~~~~
--5 -  

-- r~w~~~~~~-: Input Pulse (Sampled ahead
of lOX pad)

—- “Hold” Output

Cc)

“Switch” Output (2 V/Div)

“Hold” Output (5 V/Div)

Cd)

Figure 31. (Continued).
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5. Power Supplies and Accessories

The overall system operates from 115 Vac. To convert this to the various

bias voltages required by the system, 5 dc power supplies are included . To

maintain the system at a constant temperature, all parts are mounted on an

isolated baseplate on which are mounted a number of heaters which are driven

by a temperature controller. The temperature is sensed by a thermistor

mounted directly under the VCO.

H. OVERALL SYSTEM

Because of the earlier mentioned bandwidth and error amplifier problems,

the frequency memory was left in an open—loop configuration operating over

the 12.5— to l6.O-GHz frequency range. In this configuration, the block
diagram of the unit is shown in Fig. 32. Photographs of the unit, in and
out of the enclosure , are shown by Figs. 33 and 34.

RF •INPUT INJECTION LOCKING SIGNAL

POW ER THRESHOLD
SPLITTER DETECTOR AND GAT E

GENERATOR

POWER F E T

COMBINER LIMITER FREQUENCY
DISCRIMINATOR

~HOLD”

DISCRIMINATOR FOLLOW

AMPLIFI ER I HOLD DRIVER

WITCH~I PIN I

~ 

DIODE 

r RP FEEDBACK SIGNAL 
I 

RF
OUTPUT

Figure 32 . Block diagram of frequency memory system (as delivered).

To evaluate the input/output frequency tracking of the system, the
unit was tested with a CW input signal and the input and output signals were
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simultaneously monitored on a spectrum analyzer. Over the 12.5— to 15.5 GHz

range, the open—loop tracking was within 30 11Hz which is well within the 
-

injection locking range. Photographs of the spectrum analyzer display with -

and without the injection locking signal are shown in Fig . 35. The unlocked - 
-

error is approx Imately 15 11Hz at an input frequency of 13.5 GlIz (the noisier
signal is the VCO output).  Application of the injection signal locks the - -

VCO to the incoming frequency. Locking is, of course , limited to the interval
of time the incoming pulse is present, and the VCO reverts to the open—loop

error .~t other t imes. -
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Without Injection
Locking Signal

Input Freq . 13.5 GHz

Dispersion 10 MHz/Div.

(a)

With Injection
Locking Signal

Input Freq. 13.5 GHz

-- 
Dispersion 10 MHz /Div .

(b)

Fi5zii re 35. Spectrum analyzer photographs of input
and ou tpu t  signals.
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SECTION III

CONCLUSIONS AND RECOMMENDATIONS

One of the major objectives of this program was to demonstrate that, by
using GaAs hyperabrupt varactors, the full 11— to l8—GHz band could be covered
by a single VCO with a relatively low tuning voltage swing. Although sub-

sequent deterioration reduced the useful range of the VCO in the overall fre-

quency memory system where it was installed, the full range was covered initial—

ly. Even after the performance degradation occurred , the VCO operated linearly

over a wide range and with a very small tuning voltage requirement such that
it was able to track an FET discriminator over a 12.5— to 16—GHz bandwidth

without a linearizer.

Additional information concerning the tuning bandwidth limitations ex-

perienced with the use of hyperabrupt varactor was obtained. Operation at low

rf power levels appears to be the only method of obtaining the wide tuning
range which the large varactor capacitance ratio of the hyperabrupt varactor

predicts.

An FET frequency discriminator operating in the 11— to l8—GHz frequency

band was constructed and installed. It proved difficult to cover the complete

7—GHz wide band and the TDA limiter was a major problem in reducing the usable

bandwidth.
In order :o improve the overall operation of the 11— to 18—GHz frequency

memory system, it is recommended that the system be GFE ’d back to RCA until
September 1979 so that additional work can be done. This work would be to

improve the operation of the VCO by replacing it with a transistor—multiplier

type VCO described in this report, to further optimize the FET discriminator
and possibly extend the coverage from 12.5 to 17 GHz (the TDA limiter is not

adequate for any greater range), and to get the error amplifier circuit working

so that the fnedback mode can be made functional. This work will also possibly

include adding improvements that are determined by the work presently being

done on the 7— 1l—GHz frequency memory system.

An additional study and experimentation program is recommended on the rf

power level effects on the capacitance ratio of the hyperabrupt varactor. - This
program would also study possible uses for the effect, such as in limiters or

power sensitive switches.
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