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PREFACE

This Semiannual Report describes the progress of the research performed
for the period 1 October 1976 through 31 March 1977, under Contract N00173—

76—C--0383 at RCA Laboratories, Princeton, N.J., in the Microwave Technology

Center, F. Sterzer, Director. The Project Supervisor is S. Y. Narayan and

the Project Scientists are R. L. Ernst and H. C. Huang.

The Navy Project Engineer is E. Cohen of Naval Research Laboratory. This

program is funded by Naval Air Systems Command.
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SECTION I

INTRODUCTION

The progress during the first six months of an 18—months’ program is sum-

marized in this report. The object of this 18—months ’ research program is to

develop amplifier modules suited to airborne, active array radar applications.

Using GaAs FETs as the active device, the design goal of these amplifier modules

is an output power of 5 W with 25—d B gain over the 9— to lO— GHz frequency band.

Extensive characterization of the amplifiers during pulsed operation is also

part of this program.

Based upon the current performance of devices developed so far, and upon

the predicted performance of higher power PETs which are being develope~1 in

this program and in a concurrent program (#F336l5—76—C—ll44), it is projected

that the amplifier module would be configured as a cascade of five balanced

amplifier stages. The anticipated FET device types and the stage—by—stage

budget of gain, power levels and efficiencies are shown in Fig. 1.

The dimensions of the various type FETs are summarized in Table 1. The

two—gate (2G) and 4G devices use designs established by RCA and previously
reported in the literature. The 8G device is a new design for which masks are

currently being made. The 16G, 32G and 48G devices are currently under develop-

ment, and the latest data will be given in Section II of this report.

The output stage power requirements shown in Fig. 1 should be satisfied

by using two 48—gate devices. These devices are designed for a power level of

4 W at 10 GHz. An alternate approach is to use two 32G devices which are de-

signed to operate at higher bias voltage levels, permitting the attainment of

3 W per device.

The 2—W output of the fourth stage should be satisfied by a pair of l6G

devices designed for a l—W power level.
Low current versions of the 16G devices are also good candidates for the

640—mW output of the third stage. An alternate approach would be to utilize

a pair of 4G two—cell devices. Currently, these devices are giving more con-

sistent performance than the 16G FET, which reflects the fact that the l6G PET

is in an early stage of development.

1
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TABLE 1. COMPARISON OF FET GEOMETRIES

Designation (number
of gates/cell) 2G 4C 8G l6G 32G 48G

Number of cells/pellet 1 5 1 1 1 1

Gate width/cell  ( jim) 300 600 1200 2400 4800 9600

Gate length (pm)
(mask dimension) 1.0 1.0 1.0 0.8 ,1.0 0.8 ,1.0 1.0 , 1.5

Design output
power at VDS 

= 8V
(W) 0 .15 0.25 0.5 1.0 2.0 4 .0

The requi rements of the second stage for a 200—mW output  can ideally be

satisfied by a single cell of a 4G device . Histor ical ly ,  these devices have

had the greatest  developmental e f fo r t , and can often be expected to achieve

twice the  power required for this stage .

The prime device for  the f i rs t  stage is a special 2G type designed to

operate e f f i c i en t l y  at low levels. A selected low current  version of a 4G

single—cell device is also a possible candidate for  thi s stage . It Is also

feasible tha t devices which ha ve recently become comme rcially available may

f ind  application in this stage .

Besides requiring development of new FET types and new ampl i f i e r  modules ,

extensive efforts are needed to determine the pulse characteristics of the

amplifiers with special attention to the intrapulse and interpulse phase pro-
perties. The amplifier rf and bias circuitry must then be configured to have

optimal pulse characteristics for pulse widths between 0.2 and 20 ps and for

duty factors as great as 50%.

This semiannual report will summarize the efforts for the last six months

in the following areas:

— Device development and fabrication.

— Amplifier design techniques and measured circuit performance.

— Pulse measurement techniques for both amplitude and phase.

— Pulsed phase measurements of individual amplifiers.

— Bias circuit considerations for pulsed FET amplifiers.

3 
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Bot h the progress made in these areas and the problems which have been en-

countered will be detailed. The program p lan fo r the next six months to

alleviate the problem areas and to assure the satisfactory completion of the

p rogram design goal s by the end of the contrac t will also be described.

4
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SECTION II

DEVICE DEVELOP MENT

A. FET DESIGN

In order to achieve high overall amp l i f ie r  e f f i c i ency, the ou tpu t  power

of the FETs must be tailored for each of the amp l i f i e r  stages as shown in

Fi g. 1. There are five d i f f e r en t  types of FETs being developed un de r this

and a concurrent program.* The FET geometry was l isted in Table 1. The design

output power for the 2, 4, 8 , 16 , 32 and 48C s t ructures are 0.15 , 0. 25 , 0.5 ,
1, 2 and 4 W , respectively,  for a drain bias voltage of 8 V. At hi gher drain

bias voltages the output power increases a t.iost proportionally to the drain

voltage provided the performance is not therinaliy limited.

Figure 2 is a photograph of the largest FET which has 48 gates in parallel .

There are 25 source pads, one gate pad , and one drain pad. Gold posts are

p lated on all the pads to accommoda te f l ip—chip  packaging, as will be shown in

Fig. 7. The other FET configurations have a similar contact arrangement as

the 48G FET device.

I ~ ~J I! I  1 H I J J!I l  IJ, J Ii I
•1 .— - — 

. .

— 

I

t ~~~

Figure 2. 48G FETs .

*“X_Band Power FET ,” Air Force Avionics Laboratory,  Contract  No. F336 15—76— C—
1144.



B. FET PROCESSING

The process technique employed at RCA Laboratories for PET fabrication is
the self—aligned gate technique. The processed PET pellets are flip—chip pack-
aged with sources thermocompression—bonded to a gold—plated copper heat sink

(Fig. 7) .  Figure 3 summarizes the processin g steps. The salient steps are :

(1) The nt~face is metallized using titanium, platinum, and gold.

(2) Photoresist patterning is used to define the mesa. Mesas are formed

using ion beam etching (IBE) .

(3) A second photoresist pattern is defined which splits mesas into alter-

nating source and drain electrodes. Openings (i.e., channels) in the photo—

resist between adjacent electrodes are 1.0 jim.

(4 ) The channels fo rmed in the photo resist are cut using IBE down to the

n—layer of the wafer. During IBE, source to drain saturation current 
~
‘DS~ 

is

monitored and the process stopped when the channel thickness is appropriate for

good FET performance. Typically , the value of 1D5 at this point is 5 to

15 A/cm of gate width.
(5) A chemical “touch—up” etch is used to give enough undercut to pre-

vent short circuiting in later steps.

(6) A second Ti/Pt/Au evaporation places the gate stripes into the cnan—

nel formed by earlier steps . Since the source and drain pads are undercut ,
there is no short ci rcuiting of gate to either pad. Also , because the material

in the active chann el is lightly doped (‘~ iol7 cm 3) ,  the titanium forms a

Schottky—barrier contact (Fig. 3(c)].

( 7) A protective layer of photoresist is deposited on the FET wafer.

Holes are opened over the source region for post formation.
(8) 25—jim—thick gold is plated in the post region.

Excess metall ization layers are removed. Figure 3(d) shows posts on our

power PETs. The adhesion between the post and source contacts is excellent.

The n+ layer thickness of the wafer is carefully chosen to allow gate

metallization thickness of between 4000 to 6000 L About 5000 ~ of gate metalli—

• zation is desirable to decrease the e f fec t s  of gate metallization resistance.

Excessive gate metallization can lead to short circuits between the gate and

source or drain contacts.

6
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• (D) PLAT ED POSTS

Figure 3. MESFET fabrication process.

The smallest gate length which can be achieved by this process is that set
by the resolution of the photomask. Since ion—beam etching does not undercut,
we can obtain 1:1 mask resolution to metal definition ratio, We have obtained

• excellent photomasks with 1—pm gate stripes and with these have obtained gate
lengths between 0.5 and 1 pm by precise control of exposure parameterg.

C. RESULTS AND PLANS FOR FET DEVELOPMENT

During the period from October 1976 to April 1977, more than 100 GaAs
wafers have been processed. The 4G FETs provide a gain of about 8 dB, an out-
put power of 150 to 300 mW, and a power—added efficiency up to 30% in the 9— to
lO—GHz frequency band. The best gain observed from a l6G PET was about 7 dB 

in7



this band. The power—added efficiency was of the order of 15%. Recently we

have improved the efficiency of l6G FETs to about 20%. The output power of

the l6G PET was typically about 0.7 to 1.2 W , which is within the des ign goal.
The performance of 32G FETs thus far  is about 1.8 W with 14% power—added effi-

ciency at 8 GHz. The gain of the 48G FETs in the 9— to l0—GHz band is quite

low. We believe that the large gate width of 48G devices is not a fundamental

limitation and that useful performance can be achieved from the 48G FETs in

this frequency band . Because of the relatively low gain from our initial 48G

FETs , we tI~sted those devices at 4 GHz. The gain was about 7 dB with an output

power of 3 to 4 W and a power—added efficiency of about 30%. Figures 4, 5 and

6 are the representative performance of 16, 32 and 48G FETs, respectively.

1200 i ,
1.03W AT 3.8dB~

- AND 14
~
2
~~ ’7 pA -

1000 - -

-

w
0
° 600 - -

DEVICE - 3056-5
VD 10.4 V
VG Z

~~~B V
400 f~~~~~8 GHz -

200 - -

SMALL SIGNAL GAIN • 4.8dB

0 ~ I I I I I

0 100 200 300 400 500 600 700 800
INPUT POWER ( m W )

Figure 4. l6G FET saturation characteristic.
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Figure 5. 32G PET saturation characteristic.
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During the early phase of this program, we experienced some difficulties

caused by the poor surface flatness of semi—insulating (SI) GaAs substrates.

When the surface flatness is worse than a few microns, it is very difficult to

define a 1—pm gate length by photolithography. We have solved this problem by

carefully polishing the substrate surface at RCA Laboratories instead of using

an outside vendor. As a result, submicron gate lengths can be consistently

achieved.

These initial results from large (32 and 48G) FETs show that the output

power is reasonably close to the design values. The gain (and consequently,

power—added efficiency) are still lower than desired. The exact reason for

this is not yet clear. We are beginning a systematic evaluation to determine

the cause for low gain. We have established that our gate length is between

0.7 and 1.0 pin, and thus, this is not the main gain—limiting factor. Until re-

cently, the best wafer surface quality was obtained from reactor B, while higher

mobility was achieved with reactor A. By the addition of gas line filters, the

wafer surfaces now obtained with reactor A are comparable to those obtained in

reactor B. We expect to have a number of reactor A wafers evaluated by the end

of the next report period.

The gate metallization thickness is being increased in the next series of

wafers to between 0.6 and 0.8 pm . We are implementing procedures to routinely

monitor ohmic contact resistance, Hall mobility , and-carrier concentration in

all device wafers.

--
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SECTION III

AMPLIFIER DEVELOPMENT

A. OVERALL AMPLIFIER APPROACH

The overall amp l i f ier configurat ion proposed to satisf y the program design

goals consists of a cascade of five balanced amplifier stages as discussed in

Section I and shown in Fig. 1. The device types which have been available

durin g the f i r s t  six months of this program fo r  amp l i f i e r  desi gn are the 2 , 4

and l6G varieties.

To design any given amp lifier stage , the selected device is characterized
b y measuring its S—parameters. The carrier mo unted device , shown fl ipped and
mounted onto a copper pedestal in Fig. 7 , is p laced between two 50—~2 micro—
strip lines. The most accurate measurements are obtained when the microstrip

cha racterization f ixt ure incorporates a waveguide below cu tof f  confi guration ,
as shown in Fi g. 8, to supp ress propagation in other than the quasi—TEN mode

of mic rostrip. The S—paramete rs are then measured as a function of frequency

~: .. ~~~~~~~~~~~~~~

_ _  

TI

~~

.,. 
_ _

Figure 7. Flip—chip mounted FET on a carrier.

11

S
— - “r a — - - - - :  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- 
_
# • - • 

- a• s~-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ •#-

- • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~• •

~
, ---~~ 

-r~- 
• ~~~. ~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~ _____~ • • •

~~~~~~ ~ -. •~ 
. 

~~~~~~~~~~~~~~~~~ 
_______

~~~~~~~ ~; 
•
~~~~~~ 

<
~

-
~~~~:~~~~z• - ~~(_ ••

~ -‘L~~~~~ ~1-
~ 

4 .
• •

- m
~~~~

• -
~~~

- 
•

~~~~~~ 
-

•~~ -~ ~- 
•

~~~~~ :•~q-_ •

- -  / -  • - -
~~~~~~~~~

‘• ‘ 1

1-.-

S ~~.• *JV .. ~:: - .- — - — — - —- ---—- — ~~~~~~~~~~~~~~~~ —



and gate bias by an automatic network analyzer. The computer—generated print-

out shows the scattering parameters and the predicted small signal gain for the

measured device. These data are then used to select the proper amplifier stage

network topology and element values.

First, the values of 
~ll 

and 
~22 are plotted on a Smith chart. Then the

matching networks are designed for a match to 50 ci, usually at the highest
frequency in the band of interest. This is done to compensate for the intrinsic

6—dB/octave gain variation of the FET by introducing mismatch losses at the

lower frequencies. The resulting higher VSWRs at input and output are com-

pensated by the use of quadrature couplers to combine two identical amplifiers

into a balanced stage. In this way each stage will have good input and output

VSWRs and can be directly cascaded to the other balanced amplifier stages with-

out interstage interactions and detuning effects.

Once the initial element values have been designed from the Smith chart,

the complete network is then analyzed and optimized by an RCA computer program

called COSMIC (Computer Optimization of Simulated Microwave Integrated Circuits).

Usually the optimization constraints are selected to produce an amplifier with

high flat gain and reasonably low VSWRs.

Amplifier protytype circuits are then fabricated on either 25—mil-thick

alumina substrates or on lO—mil—thiek Duroid. The alumina substrates are more

durable and result in smaller circuitry, but in the 9— to lO—GHz frequency range

some circuit elements may be too short to be practical. By using 10—sill—thick

Duroid substrates, more reasonable circuit element dimensions can be achieved

and the probability of dispersion effects in microstrip are virtually eliminated.

The amplifier circuitry developed in this program utilizes alumina substrates as

the preferred media. As the higher power stage utilizing the 16 and 48G devices

are developed , it is possible that the low impedance levels presented by the

device may demand the wider range of impedance levels that can be more readily

achieved with the Durold substrate approach.

The design and performance achieved during the first six months of this

program with several of the required amplifier stages are summarized in the

following subsections.



B. FIRST—STAGE DESIGN

The f irst  stage is intended to achieve 64—mW output with 6—dB gain. An

amplifier has been fabricated utilizing a 2G device which has achieved 25 mW

with 5—dB gain. It is believed that by proper device selection two devices in

a balanced amplifier will generate the needed power and gain levels.

In developing the second stage utilizing 4G FETs, low current devices which

are not suitable in that stage would be ideally suited as a backup approach for

the first stage.

Commercially available FETs also show potential for the first stage. For

example, according to the manufacturer’s data sheet, the Dexcel DXL—50l is capa-

ble of 50 mW at 12 GHz with 9—dB gain. Initial attempts to utilize this device

show that it is capable of high flat gain, but its power output is a disappoint-

ingly low 10 mW. If this low output condition is consistent for several samples

of this type number, then it is not usable in the first stage.

C. SECOND—STAGE DESIGN

The second stage is intended to provide 200 mW with 5—dB gain. Ampli-

fiers have been fabricated on 25—m u alumina substrates utilizing a single cell

of the 4G FET. The design and the computer—predicted performance for this

stage are shown in Fig. 9. About 7—d B gain and 100—mW output have been ob-

tained from a single stage. Two of these stages have been fabricated and

integrated with a pair of interdigitated quadrature couplers to form a bal-

anced amplifier stage. This balanced amplifier has achieved 204 mW with

6.6—dB gain and 10.3% power—added efficiency.

D. THIRD—STAGE DESIGN

The third stage should provide 640 mW with 5—d B gain and 20% power—added

efficiency. Because the l6G devices are in a very early stage of development,

the two—cell version of the more developed 4G FET has been used to fabricate

amp lifiers which might be suitable for this stage. Single stages of this ampli-

fier use a topology and have a computer—predicted performance as shown in

Fig. 10. The fabricated amplifier has about 7—d R gain and 270—mW output.

When two of these amplifiers are combined to form a balanced amplifier stage ,

518 mW with 6.9—dB gain and 19.8% power—added eff iciency have been obtained.

14
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Figure 9. Amplifier design and predicted perfo rmance using a
4G—single—cell FET.

LINE # LENGTR WIDTH

1 175 27

2 64 12

3 30 6

4 117 50

5 30 30
6 80 40

FREQ FGAIN PH FLATNESS S Il ,I.RC S22,0.RC
X .00008 x 1.000DB X 1.000* X 1.000*

9.000 8.408 166.51 .000 .00 .585 —148 .91 .293 —1 49. 1 9
9.200 8.609 146.85 .202 .20 .551 —174.58 .2 11 —175 .36
9.400 8.628 127.69 .220 .02 .497 164. 11 .165 136.46
9.600 8.544 106.61 .220 — .Od .471 136.71 .193 87.05
9.800 8.615 91 .19 .220 .07 .478 21.87 .278 54.71
10.000 8.252 70.bI .37b — .3b .475 98.04 .326 32.82
NEXT? (PAUSE): *G0??
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Figure 10. AmplifIer design and predicted performance using a
4G— two—cell FET.

LINE II LENGTh WIDTH

1 190 18
2 65 24

3 66 39
4 144 53
5 127 5

6 117 50

FRE Q FGA I N PH I VSWR 0 S l l ,l.RL S22,0.RC
X 1. 000DB X .000 x .000* X •977*

8.600 6.826 71.24 4.576 2.19 .641 —125 .48 .364 3.30
8.800 7.605 53.14 3.867 1.85 .589 — 151 .34 .292 —10.40
9.000 7.979 31.28 3.503 1.63 .556 —170.66 .234 —25.96
9.200 7.986 17.61 2.775 1.40 .410 160.05 .163 —35.43
9.400 8.271 5.91 3 200 1.28 .524 150.23 .11 8 —45.92
9.600 8.525 — l~~.09 3.498 1.08 .555 104.51 .038 —23.86
9.800 7.873 —34.44 2 . 2 3 3  1 .1 2 .465 82.72 .057 34.82

10.000 8.236 —5 1 .2 6 3.540 1.22 .555 64.38 .097 44.52
10.200 7.890 —68.61 3.784 1.48 .582 44.37 .190 32.66
10.400 6.665 —86.79 3.2bt ~ l . t 1  .583 13.80 .244 12.89

16
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Thi s balanced stage has been cascaded with the 2G single—cell balanced
amplifier stage developed for the second stage. This cascade has generated an

output of 501 mW with 13—dB gain and 13.1% power—added efficiency at 9.25 GRa .

The power levels generated to date are slightly below the desired level of

640 mW. As more 4G wafers are processed, devices will be selected which should

be capable of generating the desired output . Also, as the 16G devices are de-

veloped , low current versions should be excellent candidates for application

on this stage.

E. FOURTH—STAGE DESIGN

The fou r th  stage shoul d generate 2W with a gain of 5 dB. The representa-

tive performance reported in Section II for a 16G FET is 1.03 W with 4.8— d B
gain and 14.2% power—added efficiency at 8 GHz. One of the earliest samples

of this device has been incorporated into an amplifier design having the topol-

ogy and computed—predicted perfo rmance shown in FIg. 11. Hoping to exploit

the highest frequency potential of this device , a Duroid ring was used with

the device carrier, and a Duroid substrate in the amplifier design. This

earliest amplifier achieved 300 mW output with 6.5—dB gain and 5.5% power—added

effIcIency. As newer devices are being made available, newer amplifiers are

being designed. If the impedance levels permit , this amplifier will be fabri-

cated on ~S—mil—thick alumina substrates.

F. FIFTH—STAGE DESIGN

The best performance for both 32 and 48G devices has been reported in

Section II. As these devices become suitable for use in the 9— to lO— GHz fre-

quency range , amp lifier designs will begin.

C. PROBLEM AREAS AND ANTICIPATED GOALS

In designing the amplifiers for the second and third stages, one consistent

problem became apparent .  When the ampl i f iers  are first turned on, the amplifier

17
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I5pF DUROID

Figure 11. Amplifier design and predicted performance
using a l6G FET.

LINE If LENGTH WIDTH

1 156 6
2 166 51

3 110 60

4 150 36

5 250 80

6 250 49

PH FGA I N  PH
1.000* X 1.0-2022 X 1.000DB .~ 1.00008

8.500 .&21 65.16 .292 —145.75 3.~~ 7 140.A .30-2 .00
9~3(JQ .524 37.58 .34o — 164 .51 4.248 IL.54 .5b1 .2~
9.500 .355 3.2~ .350 IU7.03 4.053 7 .39 .581 — .22
0.000 .306 —70.59 .314 157.80 3.673 45.50 .2~ l — .38
10.500 .571 —127 .43 .198 II 6 .2~ 3.893 4.84 .5b1
NEXT? (PAUSL) : *60,??
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response appears to be tuned abo ut 1 GHz too h igh in frequency. This has been

correc ted b y re tuning the amp lifiers with external chips to get the reported

results.

This mistuned response may be due to any of several causes. The designs

were based upon S—parameters of devices which have since burned out , and o ther
devices which appeared to have almost identical S—parameters were substituted in

the c i rcui t .  The d i f f e r e nce in devices may be a major cause of the detuned re-
sponse .

In charac ter izing the FETs , IL is necessary to specify a refer ence plane
extension from the location of an SMA short circuit used during the calibration

of the automatic network analyzer. If the specified extension is a little

shorter than the correct value , the observed detuning will occur .

Another area for amplifier improvemen t is that of efficient packaging.

So far , all alumina stages use substrates which are 300 mu wide . Balanced

stages therefore must be at least 600 mu wide. The way we have initially

: - ~ ;k~ ged the cascaded balanced stages results In a total amplifier width of

two Inches. Our review of this package shows many wasted areas, and it is
believed that an overal l width closer to one Inch should be reall7able , and

that some of the mounting plates can be eliminated.

Amp l i f i e r  developn~ nt e f f o r t s  during the next six months will concentrate
)r~ several areas: the amplif iers which have already been developed will be op—
tlmized by selertion of better devices; reduction of the need for tuning of
the amplifiers; and , packa ging in the ~~ st efficient manner. As t.he 16, 32 an~
48G devices become available, the fo urth and f i f th ampl i f ier stages will be

designed and fabricated.
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SECTION IV

AMPLIFIER PULSED PHASE CHARA CTERIZATION

A. INTRODUCTION

The app lication of FET amp lifier modules to airborne , active array radar
app lications requires that these mod ules have extensive pulsed phase charac-
terization. Because the microwave power FET is a new device, it is necessary
to de termine if any phase limi tations in the pulse mode exist which would make
these devices not suitable for the intended application . To obtain these re-

quired da ta, a pulsed phase mea surement techni q ue which has hi gh resolution ,
high accuracy under a variety of amplitude conditions , and a fast rise time is

needed. Once the extensive pulsed phase measurements have been done , biasing
and pulse modulation techniques must be developed which permit the F ETs to

operate at their full potential and are compatible with the program design

goals.

B. PULSED PHASE MEASUREMENT TECHNIQUES

Any phase measurement technique requires that the phase of an rf signal

at the output  of an amp l i f ier be compared to a reference signal at the identical
frequency. This is usually accomplished by coupling the reference and test

signals from the same rf generator.
The phase bridge used in this program is shown schematically in Fig. 12.

Using standard wave guide comp onents, this bridge is capable of measuring both
amplitude and phase responses in both pulsed and cw modes.

In the pa rt icular phase bridge fabr icated at RCA Laboratories , the  rf

generator is a klystron. Because all pulsed phase measurements are done with

a cw carrier , sweep oscillators and traveling—wave—tube amplifiers are dedi-

cated to test benches used for swept amplitude response and power measurt-~—

ments. The output of the klys tron is pulsed by us ing a standard PIN modula tor

because di rect modulation of the kl ystron re f lec tor  causes frequency c hanges

during the pulse. A high—quality isolator is used at the klystron output to

guarantee that the frequency remain absolutely constant and is unaffec ted by

the PIN modulator. A lO—dB directional coupler is used at the output of the

PIN modulator to monitor frequency and rf pulse amplitude on an oscilloscope .

20
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HP X375A ISOL
cTw —SST

8734 HP X38~~,, 
HP X885~~~

~~~~~ ~~~~ _[ 
~
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7—
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~~~~~~CTW 

HP X375A

~ ciw I CTW
10d B X

POWER METER A HP X375 
CTW

~~ FREQUENCY METER 10d B
3dB X CIW

T COAX TO WAVE GU IDE

H TRANSITION V I J j~ I
CT W CTW

Figure 12. Pulsed phase measurement bridge .

By simply disconnecting the modulator from its pulse driver , which is not

shown in Fig. 12 , the bridge can be used In a cw mode .

The r f  is sp lit  into two channels by using a 3—dB coupler in the form

of a shor t—slot  h y b r i d . One output , to be used as the  “ re fe rence  channel , ”

goes through a rotary vane attenuator and a phase shifter to provide any de-

sired amp li tude and phase. This reference power is monitored through a lO—d B

d i r e c t  lonal coupler.

The other 3—dB coupler output is used as the “test channel” to drive the
amplifier under test . Ten—dB directional couplers are used immediately before
and after the amplifier to respectively monitor its input and output power

Levels. The gain is calculated from these data. Level—setting attenuators

used before and after these coup lers permi t the power input to the amplifier

to be var ied as des i red , whil e ens uring tha t the pow~~r rating of the crystal

detectors used at the end of the phase br idge is not exceeded.

The outputs of the test and reference channels are comb ined through ano ther
3—d B coup ler.  The ou tpu t s  of the coupler are detected , and these detected out-

pu ts, shown as Vi and V2 in Fig. 12, ari~ conn ec ted t~~ a differen tial amplifier

21

• ______________________ ______________________ — ——-—-—--—



plug— in of an oscilloscope. To minimize ambiguities on the resulting disp lay ,

it is help ful to have the reference and test signals arr ive at the 3—dB co’ip ler

simultaneously. This is closely approximated by including in the reference

channel a pair of coax to waveguide transitions , denoted as CTWs in Fi gure 12 ,

and a length of coaxial cable as close as possible to the length of cable used

to connec t the amplifier to the test channel. This feature makes it possible

to compare the phase response of two amplifiers by plac ing one in the test

channel as is normal ly done , and by placing the other amplifier in the reference
channel.

The coupling of the reference and test channel outputs through the 3—dB

hybrid coupler causes the two detector ou tpu t s  at V 1 and V 2 to be dependent
upon the relat ive phasing of these two signals. Whe n the test and re fer ence
channels are maintained at equal levels and the phase sh if ter in the reference

channel is va r ied , the change in detector output s is as shown in Fi g. 13. As
expected , when one det ector output reaches a maximum , the other is at a minimum.

Because of the square—law characteristic of the detectors , especially at small

signal levels, the minimums are very broad , and the de termina tion of the phase

shifter setting which gives the exact minimum is very uncertain . If the

difference in detector outputs is measured , which is accomplished by the dif-

ferential plug—in of the oscilloscope, the zero voltage setting can be deter-

mined with high precision. As Fig. 13 shows, the minimum output of a single

detector occurs at a point of zero slope, while the zero crossing of the dif-

ferential output occurs at a point of maximum slope. Thus, the differential

output measurement gives max imum sensitivity to phase variations , whether

caused by changes in phase shifter settings or by cha nges in the ampl i f i e r

phase response .

The d i f fe ren t ia l  phase bridge method has the advantage that it is not

sensitive to amplitude variations. A theoretical analysis of the phase brid ge

shows that its differential output is given by the expression :

V1 
— V

2 
= 4 V V

~ 
sin(8

1
.-0
2),

where Vr and V t ar e the magnitudes of th e r f voltages f r om the re fe rence aod

test channel s, respectively. This express ion shows tha t the d i f fe rence  outpr i

can be zero when either Vr or V~ or sin(0 1—0 2 ) equals zero. This shows that
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~~~~~~~~~~~~~~~~~~~ 
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—20 - -

-40 - V 1 -V 2 -

-60 - -

¶ -80 - -

- too I I
0° 90° 1 80° 270’ 360

PHASE SHIFTER SETTING ( DEGREES )

Figure 13. Phase bridge detector outputs with reference and
test arms at equal levels.

a null will occur whenever the difference angle, Ol
_8
2~ 

is an integer multiple
of r , independen t of the values of Vr or V~ .

The independence of the phase bridge to amplitud e variations has been
tested by varying one of the level setting attenuators in Fig. 12. By using
an automatic network analyzer, the variation of phase shift as a function of

the attenuator sett ing is known . The change in detector outputs when the at—
tenuator imediately ahead of the 3—dB coupler is changed from a O.-dB sett ing
to a 1O—dB setting is shown by compar in g Figs. 13 and 14. From separate network
analyzer measurements , it is known that the amplitude really chan ges 7.52 dB
and the phase changes by 57.3° for this particular attenuator and frequency.
All the detector patterns in Fig. 14 are shifted by approximately 570 to the
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60 I I
P — — ~~ •,,~V1 — 

~~~ V2

0’ 90 180° 270 360°
PHASE SHIFTER SETTING ( DEGREES)

Figu re 14. Phase bridge detector output s with re ference arm
7.5 dB greater than test arm .

left from the pattern s shown In Fig. 13. It can also be seen in Fig. 14 that
the e f fec t  of unequal levels in the test and re ference channels is to cause

the outputs of the individual detectors to have minima which are no longer
zero. The differential output still has a zero crossing. However, the slope

at the zero crossing and , hence , the ver tical sensi t ivi ty  of the oscilloscope

used to measure the d i f f erential outp ut , is a fun ction of the rf  amp litudes.

Thu s, using the highest level of rf compatible wit h the l imitat ions of the
detector diodes results in the greatest sensitivity. The various attenuators

within the phase bridge setup permi t this criterion to be satisfied.

The rf amplitude independence of this d i f ferent ia l  phase bridge is veri-

fied by varying the attenuator settings and comparing with the automatic network

analyzer measurements. The resulting data are shown in Table 2. Excellent

agreement occurs over a wide range of attenuation.

The phase bridge can also be used to measure pulse amp l i tude  response of

an FET amplifier. This is accomplished by adjust ing the rotary vane a t tenua tor

in the reference channel arm to the MkX sett ing, wh ich corr esponds to greater

than 75 dB of attenuation according to separate automatic network analyzer mea-

surementS. This effectively turns off the reference channel so that the only

signal arriving at the t~~, crystal detectors come s from the output of the
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amplifier under test. The function selector switch on the front panel of the

differential amplifier oscilloscope plug—in is used to display the output of

either detector rather than the difference between them.

TABLE 2. COMPARATIVE PHASE SHIFT MEASUREMENTS OF HP X375A
(m v. No. 3—5654) Attenuator

Attenuator True A 0 A 0
Setting Attenuation Bridge Analyzer
(dB) (dB) (degrees) (deg rees)

1 0.84 9.5 10.5

5 3.59 33.5 33.4

10 7 .52 59.0 57 .3
15 11.67 80.2 77.7

20 16.01 97.0 94.5

C. PHASE SENSITIVITY MEASUREMENT S

For the intended phase arr ay app lication , it is v i t a l  to kn ow the phase

sensitivity of the amplifiers to variations in such parameters as drain voltage ,
gate voltage, power input level , load VSWR , and temperature. it is also es-

sential to determine that the phase sensitivities reproduce consistently from
amplifier to amplifier. Thus, it will be assured tha t the p hase trackin g of

am~,1jfiers used In a phase array will be maximized by driving all amp lif iers
f rom the same gate and drain voltages and at the same input power levels.

To da te, some phase sensitivity measurements have been done on prototype

amplifier stages developed from 2G, 4G (single cell) and l6G FETs. This has

been done to give early indication if there are any major phasing problems with
the FET amplifier approach. The resulting data does not show any fundamental

limitations with this approach. More detailed and finalized data will be taken

when the final versions of the various amplifier stages are developed .

The details of the various measurements are plott ed in Figs. 15 through
26. A suimnary of the various phase sensitivities with references to the re—

lative f i gu res is given in Tab le 3.

For the 2G amp l i f ie r, It is noted that the sign of the phase sensitivity

relative to the drain voltage is dependent upon the rf  signal level, as is

25
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Figure 15. 2G FET amplifier drain voltage sensitivities at
an input power of +1 dBm.
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Figure 16. 2G FET amplifier drain voltage sensitivities at
an input power of +11 dBm.
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GATE C H A R A C T E R I S T I C S
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Figure 17. 2G FET amplifier gate voltage sensitivities
at an input power of 0 dBm.
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GATE CHARACTERISTICS
16 - RCA LNB SI
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Figure 18. 2G FET amplifier gate voltage sensitivities
at an input power of +11 dBm.
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- p FI gure 19. 20 YET amplifier sensitivities to input
power variations.
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Figure 20. 4G single—cell FET amplifier drain voltage sensitivities.
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Figure 21. 4C single—cell FET amplifier gate voltage sensitivities.
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Figure ~4. l6G FET amp l i f ie r  drain voltage sensitivities.
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Figure 25. l6C YET amplifier gate voltage sensitivities.
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TABLE 3. PHASE SENSITIVITIES OF PROTOTYPE YET AMPLIFIER STAGES
(Figure Numbers Given in Parentheses)

Device Typ e 2G 4G l6G

Wafer Number LNB51 2573 2975

± 1°/V —2°/V —3°/Vra n (15 ,16) (20) (24)
AO/ L~V 12°/V 8°/ V 6° /Vga e (17 ,18) (21) (25)

AN/PM 2°/dB 5.5°/dB 8°/d B
(19) (22)  (26)

~O/~ vswR 6°

L~O/A T O .0 66°/° C
(23)

verified from Figs. 15 and 16. Around the operating point of 5 V on the drain ,
L
~~/~

Vd j  is about —1°/V at small signals (Fi g. 15) , and is abou t +1°/V at
1 dB compression (Fig. 16).

By scanning the data in Table 3, it can be seen tha t the phase sensit ivity

to the gate potential is greatest for the small signal devices , while the sensi-

tivity to drain voltages and the am/pm conversion are greatest for the larger

signal devices. These data show that the greatest amount of voltage regulation

is needed at the gate , and that rf level changes have the greatest influence
on the higher power stages.

D. PHASE TRANSIENT MEASUREMENTS

The FET amplifier is most naturally pulsed between on and off states by
superimposing a pulse upon the gate bias. Microwave power FETs normally operate

at a gate bia s between —l and —2 V, and are normally pinched of f  at a ga te bias
around —5 or —6 V. To measure phase transients, a system of pulse generators
is set up to generate the various waveshapes shown in Fig. 27. From the top,

~~e first  waveshape shown is a sync pulse used to synchronize all pulse gener-

ators, oscilloscopes, and peak power meters. The second waveshape is the rf

pulse output of the PIN u~ du1ator shown in Fig. 12. The third waveshape ir

the pulse used to drive the gate of the FET amplifier unde r test.  It is de-

rived from a pulse generator which permits :he two voltage levels of the
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Figure 27. Pulses used in phase transient measurements.

pul se to be set at those values needed to turn the FET on and o f f .  The timing

and width of the gate pulse can be set completely independently of the rf
pulse . Hence , the response of the amplifier to pulsing the gate before , af ter ,
or at the same time as the rf pulse can be readily determined . The bottom

waveshape of Fig. 27 shows a typical output of the differential  phase bridge.

Because the FETs tested so far  show a small transmission even when a cu tof f
voltage is applied to the gate , the t iming and w idth of this pulse coincides

with the rf pulse . This waveshape can be inverted depending upon which null

of the different ial  phase bridge is used for measurements.
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T h e  i n t r apu lse  phase decay l o r  a I OO— ~ s ci and gate pulse applied to a

~+G a m p l i f i e r  is shown in F i g .  28 . The j o l t  i a l  t u r n — o n  t r a n s i e nt  is too shor t
to be seen w i t h  t h i s  t ime  h~~sv , and w i I ~1 be d I s c u s s e( I  s h o r t l y .  The phase
br idge  is a d j u s t e d  to ze ro  o u t p u t  i t  t h e  00( 1 of  the  r f  pulse , co r respond ing
to t he r ight s ide  of F ig. 2~~. I L  ( a n  be seen t h a t  neg l e c t i n g  the  t u r n — o n
t r an s i e n t , the phase ( I t I r ~ ng t h e  L O t ) —  s p u t s  v - u I -s less than 1. °.

CHIP 2 5 7 3 - 4 2
V -5V TO 7V
P 18 (18111

0 -
P 12 dBrn
Ill

F = 9.5 GHz

I/
0
2

t

/div ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i1~~

T I M E  —.~
~~~ lOps/d iv

100 ps I

GATE A N D  RF T U R N - O N  AT THE
SAM E TIME

Fi gure 2 8. in t r a p u l s e  phase decay.

The turn—on t ransient  is hi ghl y dependen t  upon the t i m i n g  of  the ga te

pulse relat ive to the rf  pulse . Whe n the  r f  is pulsed on well in advance of

the gate pulse, a 13° turn—on t r ans ien t  is seen as shown in Fi g. 29.  However ,
— the rf  pulse seems to act as a window showing the FET response to the gate

pulse. Delaying the rf pulse in progressive steps from the condition shown

in Fi g. 29 , show s less of the gate  turn—o n p henomenon. Thus , when the r f  and

gate are pulsed simultaneously, the f ull 13° transient still is seen as shown

in Fig. 30. When the rf is turned on 40 ns after the gate pulse , onl y a
4° — transient representing the trailing end of the full transient occurs. This

transient is shown in Fig. 31. When the rf pulse is delayed even f u r ther , less
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FET C H I P  NO 2 5 7 3-42

~~~— RE PULSED ON

— 2 V

~~~GATE PULSED
— 5 V  ON

4O ns/div —0

(a) RE’ and gst e p u ls es

-w

4 

1

4°/div

40 ns/div

( h )  Resu l t  ing unbalanced phase t r ans i en t

Figure  30. I ’ I u e  r an s i e n t  for  simultaneous gate and rf turn—on .
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FET CHIP NO. 2 5 7 3 - 4 2

~— RF PULSED ON

- 2V

— 5 V  .. GATE PULS ED
ON

.j fis 4O ns

40 ns/div —0

(a) RF and g;c l pul se s

4°/div

40 ns/div 0

(b )  Re~~i 1 L i n g  uOI lanc 1I p hase t r a n s i e n t

Fi gure 31. I ’hia -o t ransient  for  r t  turn —o n 40 ns a f t e r  gate turn—on .
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than a 4°—transient is seen, as shown in Fig. 32. It is suspected that this

response is caused b y slight inequalities in the length of the reference and
test channels of the phase brid ge.

For the 4G device tested , these measurements show that a maximum turn—on

transient of 13° occurs when the rf  and FET gate are pulsed on simultaneously.
If  the  r f  is delayed by 40 ns, the turn—on transient is reduced to 4°. A f t e r
the initial transient, which lasts for about 80 ns after the gate pulse , the

intrapulse phase decays by about 1.5° over a lO0—~ s pulse width.
If the gate is no t pulsed so tha t the FET Is constantl y biased on , no

variation in phase response is seen as the rf is pulsed.

Amplitude and ph - transient response measurements on an amplifier stage

using ano ther sample of a 4C device show even better performance. As shown in

Fig. 33 , the amplitud e reaches Its final value within 40 ns. The amp l i f i e r

may, in fac t , have a be tter response , bu t fu r ther improvements in measuremen t

techniques , such as improving th e rise time of the rf pulse to better than 30

to 40 ns are needed. The phase response, also in Fig. 33, shows that after an

initial overshoot of 7°, the phase shift 60 ns after pulse turn—on is 1.5°.

When inspecting the two responses in Fig. 33, realize that they are not syn-

chron ized horizontally to each other.

E. PULSE BIASING TECHNIQUES

The measurements described so far were on single amplifier stages utiliz-

ing a pulse generator having a dc offset capability. This permitted both levels

of the gate pulse to be set to those values which turn the FET on and off.

A multistage FET amplifier should be operated from a single gate bias

supply and a single pulse input . However , it is expected that the various

stages may each require different individual potentials for the on and off

p conditions. For f ixed duty factors, it is conceivable that dc levels can be—

~~~ set by a system of potentiometers , and that pulses could be coupled to the gates
capacitively. Howeve r , as the duty  factor of the pulses vary, the resul ting

levels at the gates would also vary. Rather  than incorporate a complex scheme

of diodes into a dc restoration network , a dc coup led network for injecting

pulses onto a biased FET gate has been developed . This network, shown in

Fig. 34, is not duty—factor sensitive. It can be seen that when there is no

voltage on the base , the il lustrated transistor  is turned o f f , and the emitter
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Figure 34. Gate—bias pulse modulator stage.

output is maintained at —5 V. When a voltage does appear  at  the base , the

t ransis tor  conducts , causing the emit ter  vo l tage  to assume a value dependent

upon the  collector resistance.  The selected t r ans i s to r  has a high—frequency

response to minimize pulse dis tor t ion.

A comp lete pulse d i s t r ibu t ion  network would i nco rpo ra t e  a t r ans i s to r

puls ing stage fo r  each stage of the  rf  an 5) l i f ie r  w h i c h  is to he pulsed . For

the amplifier module shown in Section I , the last  two or poss ibly t h r e e  s tages

wou ld be pulsed to yield high overall efficiency.

In princ iple , the FETs can also be pulsed at the  d r a i n  supp ly .  Because

a substantial current is supplied at the drain , an elaborate modulator network

would be needed to switch the FET s on and o f f  at the r e q u i r e d  f a s t  speeds.

Bo~c c u s e  the gates of the FETs draw no cur ren t , it is , b y comparison , a simple

matter to apply pulse modulation to these terminals.
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SECTION V

DEVICE DELIVERIES

During the f i r s t  six months of this program two del iveries of ten devices
each were made. Complete data sheets showing the rf performance of these de-

vices as a function drive level has been delivered with the devices. A sum-

mary of the device characteristics is tabulated in Table 4.

TABLE 4. CHARACTERISTICS OF DELIVERED FET DEVICE S AT 8GHz

Powe r Out Gain 
~PA Gain (Small Signal)

Device No. (mW) (dB) (Z) (dB)

4G Two—cell types

B327B—l 12 209 .4 4.5 6 .7  6.0

—113 243.9 5 .2  8 .2  6 .3

— 147 211.8 4 .6  5 .2  5 .7

—294 327 5.0 16.8 5.9

—322  256 3.9 15.7 5.95

16G types

B390—ll 417 5.0 7.2 5.4

—29 315 4.3 15.2 4.7

—30 220 3 .3  3 .7  3.3

—32 298 4 .0  9.3 4.1

2 975—72 393 4 .7  9 .75  5.4

B620—5 761.6 3.14 10.6 5.07

—9 654.5 2.48 6 .43 4 . 6 2

—11 737.8 3.00 12.1 4.96

—17 714. 0 2 .85 11.88 3.68

—18 821.1 3.46 15.16 5.18

—26 642.6 2.40 6.48 4.66

—32 773.5 3.20 11.36 4.97

—33 654.5 2.48 9.05 3.97

—34 749.7  3.07 12.10 4.96

—40 690. 2 2.71 7.38 4.85

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- 
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The last ten rows of this table show the devices that were delivered in

the second shipment. I t  can be seen tha t , on the average , the ou tp ut power of
these 16G devices is more than double the  output power of the f ive 16G devices
del ivered in the f i r st shipment, which was two months earlier. This is in-

dicative of the progress being made in device development.
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SECTION VI

PLANS FOR THE N EXT SIX MONTHS

Development of 16, 32 , and 48G devices will con tinue in the nex t six

months. During this time frame, a multistage amplifier consisting of the

f i r s t  four  stages shown in Fig. 1 will be fabricated. This will consist

of a cascade of four balanced amplifier stages with output power approaching

the 2—W level. This amplifier module will be used for extensive phase charac-

terization testing.

—p
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SECTION VII

SUNMARY

The first six months of this program show ad~ ances being made in the areas
of device development, fabrication of single amplifier stages, and characteri-

zation of pulsed phase responses of FET amplifiers .

New device types , namely the 16, 32 and 48G FETs have been developed to
the point of achieving greater than l—W o u t p u t .  In par t icular , the 16G FET
has achieved 1.03 W at 8 GHz, the 32G achieved 1.82 W at 8 CHz, and the 48G

achieved 3.2 W at 4 GHz. Material parameters and processing techniques are

being improved to give even better performance.

Amplifier stages have been developed , which when used as balanced pairs ,

are capable of over 500 mW over the 9— to lO—CHz band. Efforts will concentrate

on reducing the need for tuning chips , improving the packaging efficiency of a

complete amplifier module , fabricating higher power s~ ages , and assemb ling a

mul t i s t age  ampl i f i e r .

Pul sed phase measurement techniques have been developed which are accurate ,

have high resolution, and are easily performed. Phase sensitivity measurements

and phase transient measurements done on early prototypes of the low—level stages

show no major limitations which would p roh ib i t  the use of FET amp l i f i e r s  in

phase arr ay app lications. Phase measurements on a cascade of amplifiers will

be done in the next six—months ’ period.

p
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