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Two approaches are be ing pursued to meet these goa ls :  an a l l  GaAs FET
amp l i f i e r  and an FET/Read diode hybrid a m p l i f ie r .  At  the completion of the
pr ogram , two amp l i f i e r s  of each type w i l l  be de l i ve red ,

The e f f o r t  dur ing t h i s  period was concentrated on GaAs FET deve lopment
and the deve lopment of a three-stage FET d r i ve r amp l i f i e r . The d r i ve r  ampli-
f i e r  w i l l  be used in both a m p l i f i e r  approaches . A three—stage d r i ve r ampli-
fier breadboard has been completed that delivers 1 .3 W with 19 dB gain and 20%
e f f i c i e n c y  over the 9 to IC GHz frequency range.
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PREFACE

This report was prepared by Texas Instruments Incorpora ted , Dallas , Texas
under Navy Contract No. N00l73-76-C-038~4. The work unde r this con tract is
administered and funded by Nava l A i r  Systems Conr~and . Mr . Eliot Cohen of the
Naval Research Laboratory,  Washington , D. C., Is the Scientific Officer.

At Texas Inst ruments the work is being performed in the Advanced Components
Laboratory under the d i rec t i on  of Dr . W. R. Wisse ma n , Manage r of the Advanced
Micra.iave Components branch .

This is the fir~ ,~emia aJ Tec1~IcaJ Report for the contract. It covers
work done from 30 September l97~ to 31 March 1977. It was submitted by the
authors i n May 1977. 
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SECTION I

INTRODU CTI ON

This interim report covers the first six months of art ei ghteen-month

p rogram to deve lop an X- band s o l i d  s t a t e  amp l i f i e r .  This ei ghteen-month

p rogram is the f i r s t  phase of a four-phase prog ram that is expected to be

completed in a five—year period . The amp lifier developed durin g this phase

of the program is the critical component of an all solid state transceiver

module for use in active element , airborne, phased array radars . The ultimate

goa l of the full p rogram is a test bed systems demonstration of a 100-element

a rray.

The amplifier requirements are given in Table I. Two approaches are

being pursued to meet the amp lifier performance goals : an all GaAs EEl

amp l ifier and an FET/Read diode hy brid amp lifier . At th e comp letion of the

prograr . two amplifiers of each type will be delivered.

Section II of this report describes GaAs FET deve l opment. To ddte , 20

GaA s FET5 have been delivered to NRL in accord with the contract requirements .

The microwave performance of these device s is given in Tables Al and A3 of

Appendix A. No Read diode deve l opment is required to meet the p rogram goals ,

since this technology was alread y available at Texas Instruments . Twenty

Read diodes have been delivered to NRL (see Tables A2 and A14).

Sect ion  111 covers the amplifier development that has been carried out

during this portion of the program . Mos t of the effort has been devoted to

the development of a three-stage FET driver amplifier tha t will be used in

both the all FET and the FET/Read diode hybrid amp lifiers .

Section IV summarizeS the progress to date and details plans for the next

reporting period.
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Table 1

X-Band S o l i d - S t a te Module

Amplifier Requ i rements

Center Frequency 9.5 6Hz

I dB Bandwidth ± 500 MHz

Pea k rf Output 5 W Goa l , 4 W Minimum

Pulse W i d t h  2 - 20 ~ts

Duty Cycle Up to 50’Y

O v e r a l l  Ga in  � 25 dB

Fina l Stage Ga in  5 dB Minimum

Ris e t i m e  < 50 ns

Harmonic and Spurious Output 50 dB Down

Ef ficiency Maximized

Spectral Purity at 10 Hz —148 dB/Hz

> 1 000 Hz -105 dB/Hz

2
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SE CT ION II

GaAs FET DEVELOP MENT

A . Ep itaxia l Growt i

GaAs FETs a t  Texas Inst ruments are f a b r i c a t e d  us ing  vapo r phase grow n ep i-

t a x i a l s t r u c t u r e s .  Semiautoma ted reactor  systems are used rou t ine l y to pro v ide

GaAs ma terial for GaAs EEls , as well as for othe r microwave dev i ces , such as Gunn

diodes. Read diodes , and varactor diodes. The systems emp loy the Ga—AsC I —H
1 2 3system , which has been discussed extensivel y in the literature . ‘ ‘ Fi gure

1 is a photograp h of such a system . All EEl structures at present contain a

high resistivity buffe r laye r between the active l ayer (N 10 17 cm 3) and the

Cr—doped substrate. The low dop ing l evel of the buffe r layers, wh i ch are

typicall y 3 to 5 ~im thick , is achieved by growing in a HC 1—rich atmosp here .

An additional amount of AsC 1
3 

is added to the gas flow downstream from the

Ga source . A schematic of this two—bubbler system is shown in Fi gure 2. The

princi p le of such a two—bubbler system has been described previousl y in the

l i t e r a t u r e , along w i t h  the reasons for the observed low dop ing levels. 5’

A l l  FET ma t e r i a l  is  grown Lhicke r than required for device fabrication and

then thinned by success i ve  anodic oxidation and oxide etching cycles. This

process is self—limiting in such a way that the oxide growth stops as soon as

the surface dep letion layer, with bias app lied , reaches the buffer l ayer.

Then the structure is not biased any mo re beyond the avalanche condition . ~nd

holes required for oxide growth are not available . Before submitting the

material to  dev ice fabrication , the layer thickness is measured on cleaved

and etched cross sect ions , and the dop ing profile is measured using C-V data

taken with a mercury probe.

Figure 3 presents a typ ical profile. It is important to note that series

resistance effects of FET structures introduce errors into doping profiles

and tha t the real profile always lies below the measured data in regions

approaching the buffer layer.

3
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B . Device Des i yn

The powe r and ga in requ i rements for the powe r amp l i f i er and fo r eac n st age

of the driver amp l i f i e r  are discus sed in Section ::: of this report. These

requirements are li s t e d  in Tabl e 2 , assuming no ci r c u i t  loss. In practice , the

dev i ces must del iver 0.5 to I dR hi qher output power to overcome c i r c u i t  losses.

GaAs FET output powe r h-tcreases with increasin g gate widths , and it is

necessary to i-fake the gate width large enoug h so tha t the dev i ces ca n read i l y
achieve the required output powe r wi t hou t employ ing such hi gh drain vo l tages

tha t dev i ce r e l i a b i l i t y  beco ’s a problem . W i th present devices tha t have a

therma l resistance ol abou t 20 C/W (‘-+800 ~im gate width ) and no n
+ l aye rs  un der

the ohmic contacts , dra i n voltages greater than abou t 10 V are probabl y unaccep-

table from a rel i a b i H t ~ standpoint. It is also necessary that the gate w idth

not be so ~arge that the device eft iciency decreases. Our experience ind i cates

that the maximum efficiency is obtained when the device is opera ted so tha t its

ga in is compressed 14 to 5 dB f ront the small si gna l ga in. Dev i ce desi gns w i t h

ga te widths that are s l i g htl y too large can be acconi’nodated by reducin g the p inch—

of f voltage with a la iqe r gate rv cess (see Section ::.C), but be l ow some va l ue

(typ i c a l l y 3 to 14 v ) ,  the gain also decreases. The use of l ower drain voltages

is  u sua l l y not satisfactory bc-cause the s i - a l l  si gnal ga in drops with drain vo l tage ,

and or d i n a r i l y, a l l  the gain a vailabl e is needed.

The firs t  drive r stage requ i rements (Table 2) are met by presentl y av a i l a b l e

300 im ga te width devices. Currentl y ava ilabl e 1200 tim gate width , s i ng le-cell

dev i ces have gate widths that a r e s l i g htl y too large (900 ~m to 1000 ~m would be

¶ better), hut are adequate for the second driv e r stage. The third driver stage

and power stages require m u l t i c e l l  powe r devices to achieve the spec it ied output

powers.

At th e outset o this  proqra rli , EEl per torm ance results obtained under AFA L

Contract No. F336l5-76-C-1309 indicated that the 14800 nr gate width dev i ces then

ava i lable would not meet the power amp l i t  icr goa l at safe drain bias levels (8 to

10 V) when it was considered that 3 W would probabl y be needed to overcome c i r c u i t

loss es. This is i l l u s t r a t e d  in Fi r t u re 4, where  t he influence of gate width and

7
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Table 2

Power and Gain Requirements for Each

Stage of the Driver and Power Amp lifiers

Output
Stage Gain (dB) Power (mW)

1st Driver 9 125

2nd Driver 6 500

3rd Driver 5 1585

Power Amp l i f i e r  5 2500~-

The outputs of two EETs are combined to give 5 W
Output power.

8
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length on device micr o~
..a Je performan ce is shown . The maximum output powe r with

t~ dB gain at 8 V drain  bias is p lotted as a function of total gate w idth (varied

b y bonding t r t jt ~ One t )  to ur cells m f the sdme devi ce) at several frequencies .

Da ta a , ’ included t ron an older 2 rn gate length , 21400 rn gate width device and

a I ..m gate len gth , ‘-+800 tnt gate wid t h  d evic e. Even thoug h the 2 ..rn dev i ce had

hi gher output power at shorter la te w idths and l owe r frequencies due to superior

material pa rame ters , the I rn (lev i(es were tar superior at hi gher frequencies and

lar ger gate wi dth s . t b ’  reason is that the gain of both devices was degraded by

interconnectin g m u l t i  p I e I Is , but the hi gher soa II si gna l ga in of the I ~.m

devi ce s caused the r t i r  rem ain in saturation at the 14 dB ga i n leve l under condi-

tions where the 2 tm devices could not, The resul t s f rom the dev i ces of Fi gure

14 and other s i m i l a r  dev i ces demonstr ated th at the present program would requ i re

dev ices with gate len gt hs of 1 ~m or leSs w i t h  a to tal ga te width of somewhat

more than L.800 tm for t he i na I si r i p ’ .

It is known theoretica l I~ that when the gate finger width is too great , the

attenuation and phase shift ot ti le rt si gna l w i l l  reduce gain. A rough idea o f

when this occurs can be obtained by treating a gate finger as an R—C transmission

line with resi stance r per unit len gth and capac itance c per uni t  length . The

equation for volt age v alonq this line  is

2
d v

rcv

where j - .1 and the operating frequency. Th is equation is solved by

±. jjrc Zv ( Z ) _ A e ’

Requ iri n g  v(Z -. ) = 0 g i ves

-j . irc/2 Z -‘ ~jrc/2 Zv(Z) = A e - e

Changes in the fi r s t  exponent s h i t t  the phase of the impressed si g n a l , and as the

second exponen t becomes large , the si gna l is attenuated. Therefore , as Z i s
increased (as one moves down a gate finger) the impressed si gnal is attenuated

and shifted in phase. The attenuation reduces the ou t pu t voltage , and the phase

shift causes the output voltage at one end of the gate to be sli ghtl y out ot~
phase with tha t at the othe r end , producing some c a n c e l l a t i o n .  Both of these

ef fect ’ w i l l  reduce the apparent device gain. For a I I_tm ga te r may be abou

t9
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and 2 ~m Gate Length GaAs FETs as a Function of Total Gate Width .
The drain bias is 8 V in al l  cases.
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Table 3

Microwave Performance as a Function

of Ga te Finger Width for GaA s

Power EEls Havi ng 1 ~.m Gates

and 1200 ~~ Total Gate Width

Maxi mu m Gain Maximum P0 ~ 
Maximum rout

Wi th 
~~~~ 

= 15 dBm , Wi th 14 dB ~a i n , Wi th 6 dB (jam ,
Freq uency Gate Finger 5 V Drain Bias 8 V Drain Bias 8 V Drain Bias

(GHz) W idth  (~,. i )  (dB) (mW) (mW)

8 150 8.2 890 810
200 8.2 910 830
300 7.14 910 660

10 150 7.0 850 520
200 7.0 790 1480
300 5.9 600 300

12 150 6. 2 660 -

200 5.7 500 -

300 5.0 340 -

I i  
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750 ~./cm and c abou t 10 pF/cm . The attenuation and phase shift would probabl y be

serious when .,, u.mrc/2 Z -- I , which corresponds to Z ~ 200 ~im at 10 6Hz .

Since r and c are not known very accurate l y and the precise value of .~
‘wrc/2 Z

at wh i ch device gain beg ins to be seriousl y degraded is not known , the effect was

determ i ned exper imentall y. This was done by using a mask-set which had adjacent

dev ices with different gate fin ge r widths , bu t wi t h the same total gate width.

The results from a typ i ca l  s l i c e  are  show n i n T a b l e  3. A t 10 GHz the finger width

could be as la rge as 200 itm before performance was degraded. At 12 GHz this max i-

mum finger width was less than 150 am.

The da ta from Table 3, Figure 4, and Si milar devices led us to pick a

four—cell , 6400 ~ ri total gate width device with 200 ~..m fingers as the vehicle

for meeting the power amplifier goal. It was ori ginall y thought that three

cells (4800 ...m gate width) of this device would be used for the third driver

stage and one cell for the second stage. However , at that time the l ower

efficiency accompany ing a wider than necessary gate width was not full y ap-

preciated . It is now thoug h t tha t onl y two cells (3200 ~m gate width) wil l  be

best for the third dr iver stage. but one cell (1600 _ rn gate width ) is too

large for the second driver stage.

Fi gur e 5 shows two photographs of a 6400 ~t.m gate width device slice during

fabrication . The gate length is abou t 1 .~m . Other parameters have been

kept about the same as t hose determined previousl y: the source—drain spacing

is about 5 ~ mn , the ep itaxia l dop ing leve l is abou t I x 10 17 carriers/cm 3 , and

the basic design is unchanged . Included on the slice are several test pat:erns

for measuring capacitance as a function of voltage (to determine the ep itaxia l

dop i ng profile) , contact and sheet resistance , and gate meta ll ization resistance .

C. Device Fabricatio n ‘

The device fabrication process is basicall y the same as that deve l oped

under AFAL Contracts No. F336l5—75—C— l123 and F336l5—7 6—C—l3O9 .8’~~ Minor

changes have been made to improve the y ield of good devices.

12
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Figure 5 Photographs of 6~4OO ~m Gate Width Devices During Fabrication
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The first step fo llowing rece i pt of the anodicall y thinned slices is

to etch mesas through the active laye r to isola te the source and drain except

for the channel under the gate and to provide an insulating surface for the

gate banding pad . The slices are etched with H
2

S0
4
/H

2
0
2

/H
2
O: 1/8/40 at

roo’- t e -p erature for about 30 seconds . This etch does not attach the photoresist

and does not etch excessivel y near the resist edges.

The nex t step is source/drain r etalli z ation . The patter n is defined in

pho toresist. and the ~‘eta1 is evaporated over the slic e and removed from

reqions whe re it is unwanted by dissolvi ng the resist in acetone (the lift—off

process). The n-e t a l l i z a t i o n  is 1500 ,~ eutectic composition AuGe followed by

500 A bi . The contacts are ~ade ohm ic by a l l o y ing for one minute at ‘450°C

in flow ing de . This et a l l ization system prov i des very smooth , low resis tance

con tacts with sharp ed ge d e f i n i t i on . The con tact resistance is typ i c a l l y

0.3 per mr gate width for slices havin g n — I x IO
17 /cm 3 and has been ext ra-

polated to increase abo r t 50’ af t er 106 hours of operation at 165°C.

The gate e t all iza t ion is also defined b y a lift—off process , but the defini-

tio n is by elec t ron hea - inst ead of ultraviole t li gh t. The electron resist is

po l-~~eth y l “ ethacry l - r ’e (PMMA), and the gate is lifted off with acetone similar

to the source/drain - - e t a l l i z a t i o n . The ga tes are automaticall y r e a l i g ned
wi thin the 5_ n source drain gap to alignment marks in every 2 mm x 2 mm fi e l d ’

to 2000 A . These marks are the “L ’-shaped pa tterns in Figure 5 and were

put down with  the source/drain etal l i z a t i o n . The gate length can be varied

b y si~~p l’ y reprog r an ir ’ing the electron beam - conrputer . and ga te lengths of 0.5 ~.m

or less are well wi thin the achine ’s capabil i ty. The y ield of devices wi th

no shorted or open gate fingers following gate definition is substantiall y

hig her when electron beam def inition rathe r than conventional contact printing

is used , du~ to mask—slice abrasion and ‘ask run—out with the latter. The

PMMA thickness is 5000 to 7000 ~ . ,  and a 14000 ~ Al f i l m  is  readi l y l i f t e d  of f .

A lu n inu r , is chosen as the gate - e ta l iceause of the ease with which it is

evapora ted and i t S  a b i l i t y  to p roduce p od  S c h o t t ~~y b a r r i e r s  to GaA s even

a f t e r  anneal jr - j  at L+OO” C or ore~ An i rp r r r t aet step is to  etch the SI ice

s l i ghtl y in H
2S0 14/H 2O2/H 20: 1 /8/140 .~t 5 C i mmed at el y p r i or t o  gate metal—

lization in orde r to recess the gate below the epitaxial surface. This has

been found to i p rove device microwave performance si gni fi~ antly .
9
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Following gate rn eta ll iz at i o n , a 0.5 ~m layer of Cr/Au (defined by l ift—off)

is evapora ted onto the source and drain to improve curren t spreading to the

con tact edges and bondabi l ity. A nitride l ayer is then p lasma-deposited on

the active areas to protect therTm from scratches and shorts to the source wires .

This is the stage at which the photographs of Fi gure  5 were taken. Next , a

10 .m l a yer of A u i s  p la ted to the sources and drain pads to aid in bondin g , and

the slice i s  l apped  to 100 ,_ mm .

It is very important that device therm- - al resistance be as low as possible

because gain decreases abou t 0.1 dB for every 10° C temperature rise . For this

reason , devices are soldered directl y to Cu blocks which are clamped between

larger Cu blocks supporting the input and output j mpedance matching circuits.

These larger blocks are screwed to a water-cooled heat sink during microwave

te s t ing .  Measurements on we l l -mounted dev ices and ca l cu l at i ons  w i t h  4800 ~~m

gate width devices indicate a therma l resistance to the hottes t point of abou t
20°C/W . Measurements with 200 ,~ni wide gate fingers indicate about 25/ hi gher

tempe ra tu re  than w i t h  150 ..~~ni f ingers . so the present 61400 ,..m gate width chips

probabl y also have about 2O~ C/W. SEM photographs of a mounted 61400 ~m ga te

wid th device are shown in Fi gure 6.

The method of interconnec ting cells of multicell devices is very important.

With all schemes investigated so far the re has been sor e gain reduction when

cells are interconnected . It has been known for some tine that a bond wire

should interconnect each of the gate pads and each of the drain pads on the

chi p. Figure 6 shows a device bonded in this -anner.

0. Device Perforrr anLe

The best 10 61-u nmicrowave performance observed to date from several different

gate width devices operating at 8 V drain bias is suninarized in Table 14. The mod-

ule stage for which the dev i ce was intend ed is also listed. As mentioned in Sec-

tion ‘
~.B, the I ir s t and second stage requ i rements have been met , althoug h oper—

at i n g the 1200 ,,nr device under conditions tha t w i l l  produce less power may reduce

the gain and/c’ efficiency. The best 3200 pm device had l ower gain than the bes t

15
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21+00 , m device , probabl y beca use ‘iany more of the latter have been tested, si nce

their photonask sets have been available for a much longer ti r e .  Consequentl y,

2400 ~~m devices havin g more nearl y i deal parameters for powe r generation have

LCcn fabricated . The 6400 ~~mr- gate width device had suffi cient gate width to

p rov i de the necessary powe r for the powe r stage , but the gain was too low ,

and the impedance could not be m atched at 10 GHz . The reason is probabl y tha t

the increased finger size over 1200 .~rn gate width cells increases the gate

capaci tance h 7’ a proportionate amount , ‘ aking the input impedance more dif-

ficult to iatch . The drai n-source capacitance is increased by the same factor.

In addition , the source—drain spacing is reduced about 20- from the older

devices, furthe r increasin g the drain— source capacitance and makin g the output

i ripedance -ore d i f f i c u l t  to atch .

I t is possible to obtain hi gher output powers than those listed in Tabl e 14

by opera ting the devices at hi gher drain voltages, as shown in Fi gure 7. This

f i gure is a plot of r ax i - u m i  out put power with 4 dB gain at 10 GHz as a function

of d rain volta ge for a 3200 ~ mim ga te w i d t h dev ice . The power saturated as a func-

tion of drain bias due to Joule heating of the device and breakdown of the gate

Scho ttk y barrier at hiqhe r voltages . The maximum output powe r of 3 W was

ver y hi gh (c l ose t o I 4/’- gate width), but the difficulty in matching the

impedance when ore ccl Is were added p rohibi ted comparable three— and four— :el I

results. It is desirab l e to operate devices at l ower drain voltages to

achieve reliable oper r t ion , however. Many more device failures occur at

hi gh drain voltages; the ~c- -pera ture is hi gher; and after operation at the

hi ghest vo l tages , the gain has som etimes been observed to be permanentl y degraded

by 0.1 to 0.3 dB.

18
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Fi gure 7 Max irnunm Output Power at IC 6Hz with 1+ dB Gain as a Function
ot Drain Voltage for a 3200 tm Gate Wi d t h  Device
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S E C T I O N  I I I
A M P L I F I E R  D E V E L O P M E N T

The ci rcu i t  c i  I t  qe rfor~ ed du rim-c l the fi rs t six months of the X —band

solid—state ‘od im le program was directed toward the demon st -ation of a bread-

board FET d ri er a’p l ifier th at, is capable of producing 32 d Br-- (1 .58 W) of

out pu t powe r with 20 dB gain over a 1 dB bandwidth ~~ 1 6Hz (9 to 10 6Hz).

This dri ver amp l i f i e r  w i l l  he cas caded with an output stage (either EEl or

Read a rn p l i f i er), to ic de veloped during the later portion of the progra r , to

achi e- .e the 5 W output powe r goal with 25 dts gain over the 9 to 10 6Hz

frequency range . Th is secti on of the interi m report describes progress made

d urin g the first six ‘m t is of this I r o- d r i r  t ar develop ent of the FET

dri .er a m p l i f i e r . Previous work at Texas rnstr ~~- r- nts on GaAs FET powe r

a’- H i f er has been p u bl i shed . 
1 

This Sect ion also includes the resul t S of

a ~- r e l  iminary evaluation of the driver a-- p l i f i e r  unde r pulsed operation and

AM additive noise data . Fi nall y, the desi gn and perfor ’ance of a 3 dB hyb r i d

cou pler for the FF1 p ri er arp l i f i e r  are discussed .

A . Amp l i f ie r C o n f i guratio n s

1 . A ll -F E T  Powe r Amp l i f i e r

Fi gu re ~ shows i n all—GaAs FET power a i p l i f i e r  confi guration . The

am p l i f i e r  consists H a driver amp l i f i e r  and a powe r a m p l i f i e r . The driv ’~r

amp l i f i e r  provides 20 dB gai n a 32 dRi (1 .58 W) output wi th three cascaded

FET a p l ifier stages . Fi gu re 9 shows the circuit layout of the all—GaAs

FET powe r ,m r .p l ifier - odir le , The three—stage driver amp l i f i e r  is shown in

the upper left—hand section of the a ip l i f i e r  module . Th e f i r s t  s i x  mon t hs

of the circui t  effort have been ‘oilce rned p r i m a r i l y wi th the design and

optimization of the driv e r anmp l i t  i e r .

20
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2 . FET /Read Hy b r i d  Am p l i f i e r

The second amp lifier confi guration is shown i n Fi gure 10. It

consists of a GaAs FET driver anp l i f i e r and a GaAs Read diode amp li f i e r  as

th e output s t age . The driver amp l i f i e r is the same as that shown in Figure

8, and is to have an output powe r level of 32 dBm-n (1.58 W) to dri- -je the

Read diode s t age . The circ ui t  l ayout of the hyb r i d  amp l i f i e r  i s  shown i n
Figure 1 1 and is similar to that of the amp lifier shown in Figure 9 for t E e

all—FET powe r amp lifier confi guration , excep t f o r  the rep l acement of the power

FET output s tage  by the circulator—coup led Read diode amp lifi e r .

B. Four—Stage Breadboard Driver Amp lif i e r  Developm en t

A pro toty pe b r e a d b o a r d  d r i ver a p l i f i e r  using GaA s powe r FETs with 1 ..-n

e-bearr defined ga tes was designed aad fabricated during the earl y por tion of

the first six months of the program . For this purpose, a sing le—cell

(1200 m gate width) device was used in each stage of a three—sta ge arp l i f i e r

‘- odule with dimensions of 4,8 cm x 3.3 cm x 1 .8 cmi (1.9 i n . x 1 .3 i n . x 0.7 in.).

Fi gure 12 shows this three -stage amp lifie r . A sing le-ended desi gn with

i nterstage impedance m atching was used . Each of the input/output circuits

and intersta ge matching networks was fabricated on a 15. 2 mm (0.300 in .)

b y 15. 2 rm m (0.300 in .) al um ina substrate (0.25 mm thick). A sing le sec tion

of ed ge-coup led l ine was used as part of the interstage matching networks and

• dc bloc king be tween stages . The FET chip was mounted on a gold-p l a ted copper

carrier that fits into a slot on the amp l i f i e r  hous ing. With an input power

of 10 - w , this a p l i f i e r  delivers 500 mW of output power with a gain of

17 - 0.15 dB over the desi gn band width of I G t-IZ (9 to 10 6Hz). Fi gure 13

shows the gain—frequency response of this amp lifier. The power suppl ies

required for this module are + 9 V at 0.5 A and - 2.7 V. The power-added

efficiency is 10 . To increase the output power level , a sing le—stage power

FET amp lif i e r  with a three-cell device (3600 ~m gate width) was cascaded

with the 0.5 W amp lifier module described above. Figure 11+ shows the

23
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F i gure 12 A 0.5 W , Th ree—Stage FET Amp l i f i e r
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gai n— tre quency response of the four—stage anmp l ifier. Over the desi g n 1 dB
bandwid th of I 6Hz (9 to 10 6Hz), an ou tp ut power of 1 .58 W was achieved

wi th a 20 dB gain. The overall dc-to—rf convers i on efficiency is l i+ .5
It has thus been shown that the output power, gain , and bandwidth goals of

the driver a m p l i f i e r  shown in Figure 8 are achievable . As w i l l  be disc ussed

i n Section III. C, furthe r optimization of the device size (gate width) for

each stage has resulted in a three-stage dri i er artmp l i f i e r  wi t h abo ut t he
same output power and gai n and an overall efficiency of 20 to 2 5 .

C. Three-S tage Breadboard Driver Amp l i f i e r  Development

The second three nmonths of the progr am - were devoted to the eff iciency—

gain op timization of the driver a m p l i f ier stages for obtaining irax i r-um

efficie ncy. For this purpose , devices with various gate widths were used

i n different m icrostri p circ uits opti r i zed for maximum gain and efficiency

a t X—band .

GaAs FET devices wi th 300 rm gate width and I ~ m ga te length were used

as the first stage of the driver amp li f i e r . Figure 15 shows the gain—

frequency and efficiency characteristics of this amp lifier. The amp lif i e r

has an output power of 100 oW with 8 dB gain . The I dB bandwid th is 2 .7

6Hz (7.7 to 10. 4 6Hz). Power—added efficiencies in excess of 30 have been

achie ved.

For the second stage of the driver anmp l i f i e r , the desi gn goal was 6 to 7 dB
gain a t 500 mW output . Two 300 ~ m gate width GaAs FETs on the same chi p were

m o unted in single—stage microstri p a m p l i f i e r  circuits for gain—efficiency

optimization . Wi th 6 V drain bias , 15 1 mW was obtained at 9.5 6Hz with 9.8 dB

gai n. The gains of the amp li f ier we re in excess of 8 dB for frequencies

between 7 a nd 10 .1 6Hz wi th 12 dBm input. Within the 9 to 10 6Hz band , the

gain was 9.5 0.3 dB. Th is amp lif i e r  could be used for the first stage of

the driver anmp l i f i e r  i nstead of the amp lifier descr ibed above ut i l i z i n g  a
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s i n g le 300 4- m GaAs F[T. The two—cell amp lifier could offe r a r e l i a b i l i t y

advantage . Wi t h i n c r ease of t he d r a i n vol tages to 7 and 8 V . the amp lifier

provides an output power of 400 :~~~ and L+J.+7 mW at a gain of 6 and 6.5 dB ,

respec tivel y, a t 9.5 6Hz . The power-added effici encies we re in the range

of 35 to 40 . Under these conditions, the ar p l i f i e r  could be used as the

second stage of the driver arp l i f i e r  at an output power level of 400 to

500 mrW and 6 to 7 dB gain .

Cascad ing the a-- -p l i f i e r  described above with the 100 rW , 8 dB ga in
ar- p l i f i e r  usin g the 300 ,rr rET produces the gain—frequency response shown

in Fi gur e 16 . The f i gure shows that this two—stage amplifier can provide

an output powe r in excess of /
~+00 i-mW with 14 dB gain. Power-added efficiencies

as a function of freq menc y are also p lot ted in the same fi gu re . Efficie ncies

on the order of 33 to 36 have been achieved .

For the third stage of the driver amp lifi e r ,  experi mental results

i ndicate tha t an FET with a total ga te wi dth between 2400 ~, m and 3600 rmm

w i l l  be adeq uate to produce an output power of 1.5 to 1 .6 W wi th .— 5 dB

gain and 20 to 25 power-added efficiency. With a 2L100 m gate width FET,

an output powe r of 1 .5 W wi th 4.8 dB gain and 24 efficiency has been achieved .

The li near gain is 5 dB.

At tempts we re m ade t o  cascade this 1 .5 W amp li f i e r  wi th the two—stage

am p l i f i e r  havin g the perfor m ance shown in Fi gure 16 to achieve the per—

forr- ance goals of the three—stage driver amp l i f i e r . Unfortunatel y, the

output FF1 was damaged during the circuit integration p rocedure , and i t was

necessary to use an output stage with l ower efficiency and output power in

the three-stage ammip li fier. Fig ure 17 shows a block diagr am of the three-

stage driver a m p l i f i e r  wi th the measured gai ns and dc cur ren ts , etc., indicated .
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It is shown that an output power of 1.3 W with 19 dB gain and 20’ overall

amp l i f i e r  e f f i c i e ncy was achieved . Table 5 su imm mn a riz es the pe rfor-’anc e of

th e individual stages and cascaded am plifiers . The pr ojected three-stage

a-- p l i f i e r  perform ance is based on the use of the 24 efficient, 4.8 dB ga i n ,

and 1 .5 W a~- p l i f i e r  as the output staqe . U is shown tha t an output powe r

of 1 .5 W wi th 19. 1 dB gai n and 25 efficie r cy could have been achieved if

the fl-ore efficient output stage had been used . Fi gure 18 shows a photograp h

‘if th e three—stage driver a m p l i f i e r  w i t h t he b i a s  ne twor k . dc b ias pins ,

and input / output rf connectors . As rentioned earlier , the individual stages

we re chara cterized in ter ‘ of gain , ba ndwidth, and output powe r prior to

c a s c a d i n g  in the three-stage housing. In the final des of the driver

a- - p t i f i e r , a circ ui t  desi gn approach si m i l a r  to that shown in Fi g u re 12
w i l l  be used .

On the basis of the results obtained for the breadboard driver ar-p l i f i e r ,

the following conclusions have been reached concerri ’-oi the optimum sizes

(gate widths) to be used for ‘ -  a xi m izin g t C e  efficienc y , with due consideration

also for re l i a b i l i t y .  The first stage of the drLer a m p l i f i e r  should have

300 _- nm total gate width , the second stage 900 _ m , and the third stage 3200

D. RI ’ Measurements

1 . Pulse Data

E valuation of the FET a m p l i f i e r  under pulsed conditions has been

successfull y perf orm -e d on 5in g le— and m u l t i c e l l  FETs using a pulse biasing

schei’e that pulses the gate from the p i nch-off condition to the nom inal

ga te bias. The input rf is applied as a cw si gnal . while the output of the

FET arp l if i e r  pulses on and off according to the gate bias . The drain vol tage

is maintained at a constant val e.

31~
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T a b l e  5

FET Driver Amp l i f i e r  P e r f o r ma nce

S tage 1+2+3

2 3 l- ~ Actual Projected

).tput c’()we r (rW) 100 447 1 500 423 1 300 1 500

Gai n (dB) 8 6.5 4.8 14.3 19.0 19. 1

E f f i c i e n cy (,,) 34 37.7 24 36 20 25
1 dB Bandwid th (6Hz) 8.0-10.4 8.8-10 .3 9.0-10.0 u •4_ 10 ,2 9.0-10.0 9.0-10.0
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Fi ’p rc’ 19 show s the system used for the pulse -easuremmments . A cw

--aurre such as a nw et-p er/TW TA cam bina ~ io n pros ides the input si gnal to the

FET a p l i f i e r  t Ind e r test. The gate pulsing ci r c u i t  generates the prope r

le ,- el and pol arity m a r the i~ate si gnal . It is driven b y a n HP 2 l L +A pu l se

lei-- e r a t ) r . The rest of the sys t em consists of standard cal ibration and

pai-Icm r— -- O I i t o r l n g  equ i p-- ent for m easuring gain under cw and p ulsed conditions.

A cr y - t a l  detector (HP ~‘47OB) is used to disp lay the output powe r on the

osc~~lloscope . The scope is also used to m o n i t o r  t h -  gate voltage . The

detector output is calibr a ted under cw conditions usin g the precision attenuator

and powe r p eters without the a m p l i f i e r  under test. A fter the detector is

c a l i b r a ted , the test arp i i fier is inserted , and a cw powe r reference datum

is €- st ab l ished on the CRT scrr-en , During pulsed operation , the relative

powe r at the pulsed output can Le compared with the cw datum ’ .

Fi gure 20 shows a typical pulse response for a 200 ns pulse as

detected b-, the crys t al detector and d isp la1ed on the CR1 screen (upper trace)

of the oscilloscope . The device under test is a two-cell FET with an

el c-n tron -Dea - defined gate; the tot al gate width is 2.4 mm , the n~~ii na 1

gate l e’~~th is 1 .,.,m , and the input rf power is 26 dBr . For the upper t ra ce

the cw reference is set at one di- iisio n fro mm - the top gr a ticule line and

corresponds to a cw output p n-am r of 29.6 d 13 - . As seen fror the pho tograp h,

the output powe r during the p u ls e is nearl y i de n tical to the cw output

i- ov’c r , even at e r r f re tim  - i r ig r the pm I sed - -ode of ‘ p c - r a t  ion . During

the ot  portion of the cycl e , the ~at e voltage is nearl y at pinch-off at
_
~- ,7 m j . and d ,ri n ~ the on port ion , iL  is adj usted for r a xim unm output power.

Th e- r i s~- t i C ’ ‘ ‘~~ the r t Output p u  se iS de t C ’ r i - i ned by the r i set i m i m e  of t - m e

bite r ) l t d - ~ C - w aj e f i r -  - and in t ile case of Fi gu re 20 , is seen to be about

30 r ’~, It Po st c noted that the cal brat ion for the upper trace is highl y

noni i r . - ,,r ( C f t-  ‘ o th~ detector char ai teri s tic) and tha t the output power

d~ t f e r . - i - c  : c t v a - e - r -  the on and o ff portions of the pulse is actuall y abou t

II — l i . Since the Ou tpu t power during the pulse is nearl y identica l to the

37
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è 1~~ V 5~’ - - 
— CL- Reference

P - 29.6 dBm
— S out

~~2

‘ T~~ ~5~~~:Li
_ _ _

Vertical - upper t r a c e : 2 d B/d iv (between ± I dB marks)

Vertical — l owe r trace : 5 V/div

Hori zonta 1 50 ns/div

Input Power: 26 dBr i

Duty Cycle: 0.2 .

Trans istor Bias Conditions: V0 = 8 V , = 290 mA , V
g = - 1 .8 V

Frequency : 9 6Hz

FET : 2 cell (2.4 ri-in gate wid t h ) with elect r on beam defined ga te
(—.. I ~m gate len qth)

F i gure 20 Pu l sed Response for a Two-Cell FET , V
0 

8 V
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cw powe r output for even the first 200 ns in Fi gu re 20 . the amp l i tu de droop
for sary ing pulse widths ( -> 200 ns) and dut y cycles is neg li g ible for this

t ransistor under the g i ve n bias co ndi t ions . This is true in part because

the total dc input power is at a re )ati el y low level so tha t heating of

the de .ice during cw operation is not sufficient to cause si gn i f i c a nt powe r

degr adation , as co--pared to short pulse , low d ut y cycle operation when the

dev ice is a t a c o o l e r  te ’perature .

Fi gures 21 and 22 show the pulse operation of the sam e transis tor

b iased a t a hi gher  d r a i n vol tage of V
D 

= 10 V. The pulse lengths are 20 ,s

and 1 -‘-s , resp ectivel y, a n d as be f ore , the gate voltage and rf tuning are

ad j u s ted fo r  - -- ,l I i m - .unm output powe r . The inp ut powe r is 26 dBm , a nd the cw

output powe r is 30 dB :- . A gain , the cw refe rence datum is set one division

it- l ow the top gra t icu l e li ne . Because of the increased dc power input.

a power advantage does occur in this case for the short pulse low duty cycle

operation in com parison to the cw i--ode . However, the increase in power is

on l y about 0.4 dB for pulse lengths between 200 ns and 1 ...s and is even

s a i l e r  fo r  a 20 .,, s pu ls e . as show n i n Fi gur e 21 . Fi g u re 22 shows t h at fo r

a i ery long pulse , for ex a- -ple greater than 0.5 - s. the output powe r has

essentiall y approached the cw 1e ’e l . That is. ~ar th e two -cell FET shown

in Fi gures 21 and 2 7 and for the bias conditions indicate d , am p l i t u d e

droop occurs up to 0.5 ‘5 , al t ho ug h t he - i y n i t de of t h i s  droo p i s onl y

about 0.8 dB/ms ,

2. Noise

Pre l i m i nary AM add i t i v e  noise ~e as ur e - cm i ts have m m - ode on the

four—stage driver am mp l i her at 9,4 6Hz from 1 kHz to 200 kHz away f ran the

carrier. Althoug h the desi gn goa l is specified for the final 37 dBm a m p lifier ,

the AM additive noise for the 32 d8r-- driver am p l i f i e r  is about 30 dB below

this desi gn goa l at I kRz away tr a m the carrier , and ever further below for
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Vertica l - uppe r trace : 2 dB/d iv (between ± I dB ma r ks )

Ve rtica l — l ower trace : 5 V/div

Ho rizontal - 5 ris/div

Inpu t Power: 26 dBrn

Duty Cycle: ~+

Transistor Bias Conditions: V
0 

- 10 V , 308 mA , V
g 

- - 1 .9

Frequency : 9 6Hz

FE T: Same as in Fi gure 20

Fi gure 21 Pulsed Response for a Two-Cell FET , V D 
- 10 V
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— Cw Reference
- - P = 3 O dBm

- out

I
U.

Ve rtical - uppe r trace~ 2 dB/div (between t 1 dB marks )

— lower trace : 5 V/div

Horizontal: 500 s/div

Input Power: 26 dBm

Duty Cyc le: 3

Transis tor Bias Conditions: V
0 

10 V , I~ - 305 li-CA , V — 1 .9
Frequency : 9 6Hz

FET : Same as in Fi gures 20 and 21

F i gure 22 Pulsed Response Showing Amp li tude Droop for a Two—Cell FET
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frequencies greater than 1 kHz away. In other words , there is roughl y a 30

dB i-’arg i n of add i t i v e  no i s e a l l o w e d  f o r  t he f i n a l  power stage which w i l l

s t i l l  - ‘-eet the final a m p l i f i e r  noise requiren ’ent .

To characterize the noise due to the am i-p l i f i e r  a l o n e , i.e .. the

additive noise , i t ueco ’mme s necessary to exclude frorm , the mieasure nments the

noise prese t in the drivin g or source si gnal. In this regard , a noise

m easur ing system as described by Sann can he used .

Fi gure 23 shows a sii - m p l ified block diagram of the noise measurement

system . The setup is realized in X -band waveguide. The basic system consists

of the refer ence channel A, and the test channel B. which includes the

a m p l i f ier under rest . A si ng le G unn diode source provides the dri v e si g n a l
to the a m p l ifier as we l l as the necessary si ’i -ma ls to the other channels .

A balanced m i,er is used to down—con -~- ert the noisy signa l in test channe l

B to baseband . Depending on the qualit y of the balanced n ixer , the AM noise

presen t in the re fer em cv si g n a l  i s  l a r g e l y suppressed. The output of the

mixer at the i .f. por t cont ains the additii e noise near the carrier, shif ted

down in f req uency b y the carrier frequency . This si g n a l  i s  amp l i f i e d  and
app lied to the input of the tunable wave anal yzer. Cha nnel C is used to

suppress the carrier in the test channel (by proper  l e vel in g a nd phase
shif tin g) so that the balanced mixer can be driven with a stronger signal

without saturating the m ixer diodes . Effectively, this raises the total

system sensiti v it y. Fi nally, chan nel 0, t he c a l i b r a t ion channe l , is used to
calibra te the system - b y i njec t ing a known am - aunt of modulation into the test

c hannel and observ ing  the cor respond ing - eter readin g on the wave anal yzer.

During calibration , the phase shifter in refe rence channel A is set for a

m ’ a x i r - cit reading on the wave anal yzer . For At - I noise mmmea surem rments the phase

of the c a l i b r a t i o n  channel D is set so as to produce AM sidebands in the

test channel B. This is checked b y switching the si gnal in the test channel

to a crystal detector and spectru rim ana l yzer . and adjusting the phase of

the calibration si gnal for m - ia x im ’ i ml mmi output from the crystal detector.
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Fi gure 24 shows the results for the additive AM noise m -eas urem ~nts

for the dri ’er a - - p l i f i e r  at 9.4 6Hz . The l owe r curve shows the -measu rement

threshold , i .e.. the syste m sensi tivity. This curve was u n ta m ed without

the test a m p l i f i e r  in channel 8. The system sen s itivity i s basicall y li m i ted

by the noise contribution fromu the m ixer diodes , the noise present in the

Gunn source , and the noise fi g u re of t he i .f . a plifier . The middle curve

shows the results with the driver am’:p l i f i e r  i nserted n the test channel B.

As seen from - the curve, the At,, no i se power (in a 1 tz ba ndwidth ) to carrier

power ratio at 1 kHz awa y f roi m th e carrier is — 1 3 6 dB . A l 200 kdz away fr or

the ca rrier it is down -149 dB. The top cur--c - is the additive noise desi gn

goal for the 5 W am p l i f i e r .

E. 3 dB d~ - r i d  a m p l er

ri e of the essential cam po ri ents for a balanced a m p l i f i e r  is a low l o s s

3 dB ti - ,-t, r j d , which is u-a d for power con b i n i r - m j  as well as for providin g a low

ri - -turn loss f i r  the powe r am p l i f i e r  st - up- . Two desiq ns we re investi ga ted , the

tand e-- --CO hy brid and the interdi g i t a l 90 hyb r id , to determine which exhibited

the best c’ ’ era ll pr operties a i t h  r.- ’jard t - - insertion loss , re tur n loss , di r ectiv —

ity. a i d a ~- l i t u iie ,,rmd phase tr ek m y t the direct and coup l ed  ports over the

f requency r~ pu of interest .

The tar ide - hyb r i d  i s  cam poSt-it of t wo 8.3 dB ed ge-coup l ed  h yb r i d s
abr i c- c - il On a pol z -hi - - i 0.25 mm a I nm i na subst rate (see F i -pure 25 ’i

A 3 dB h ybrid wi th C sing le ed ge—cou p le d confi guration is d i f f i c u l t  to

p roduce be’ - j ‘-c of the e~~t r r- -el y ti gh t spacing toleran ce between the

co up led li nes, so tH- ar iD- i-  approach was undertaken. Usi ng OSM coax to

m m i c r o s t  r ip  rar S i t  ionS on al l to u r ports of the test fixture, the measured
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outp - -t t r , )’- th e direct ard coup l e d  ports revealed nearl y a I dB insertion

loss ( 0 — c - I and di Ll - - c  the not’ i m a l  3 - i q powe r sp l it) in the 9 to  10 6Hz

f requency r- ’-ge . A l t hough it is advjr tageous to have ¶he hyb r i d  f a b r i c a ted
on 0.25 ruin alum - -i rma so it  w i l l  be i - i - -  p a t i b i r -  w i t h  t im e subst r m t e  hei gh t of the

F[T na t c h i - m m j  c i r c u i t s , the i nsert ion loss ‘‘l ,scr ,-ed W i t i the tanden m approach

was I ar qc- r than am ’ticipated . An n t~- r d i u :a - h yu rid desi gn was therefore

nderta ker,.

The co up li ng region of Jme i n t e r d i q i t a l  hybrid consis ts of several

parallel mi icrostri p li nes with a l r , ’ r n , i t r -  l :nes tied together (See Fi gure 25).

Due to ti g ht toleran ces on the spacimm q s ‘,etween lines, the i nterdi g i t al

hybrid was fa :ricated on poIi ~~lmL- d 0.63 mm iii a lunmina instead of 0.25 mm alum- - m a .

As Set-i- - in Fi gure 25. the insertion loss observed at the coup led  a n d d i r e c t

por ts was 0.14 dB i n thi - - freq’- emc~ rarig c- of 9 to 12 6Hz . Figure 26 illustrates

th e direc t i v i t y  ( > 13 dB from- 7 to 12 6hz) and the return loss ( > 15 dB

from- 7 to 12 6Hz) for the interdi g i t a l  h yb r i d . On the basis of these results.

th~ i nterdi g ita l  approach ‘.- i , j S  chosen to be implem ented in the balanced

a-- p l i f i ’ - r .  due t , its s m mp €-r ~ or i nsertion loss characteristics .

Futur e ~i rm r~ on the 3 dB h-1 b r i d  w i l l  involve adaptation to the final

Sys te- . The isolated port could be altered to incorporate an internal

term- ination on the alumina sub strate . The inser tion loss and overall

d; c-us ion s can Ut- reduced by shortening the input and ou tput lines . Minor

“odi I ic -u ions w i l l  be per form ed as necessary for optimal performance .
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I nterd i q i t i l  Coupled and Isolated t’i , m r s  f-O-’~pon’u-

Ve r t i a l :  10 dB /div
Ho riz o n t a l :  500 ~‘ i -  /div

t~~)

R~~tu ,;, Loss

.

4.

I n t t - i d i ç j i t a l  km -turn Loss

Vet tic a l - 10 dfi /div
Hor i z o n t , l  : 500 MIi :/djv

(h )

Fi gu re 26 Measured D i r c - c t i v i t y  and Return Lan-s C or 3 dB I n t e r d i g it a l  Coupler .
(a) 0 i ret t i v i ty ; (h) return loss
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SECTION V

SUMMARY AND PLANS

Durinq the fi r s t  six months of this pro granm , GaAs FET5 we re fabricated

that meet the performance requirement s of the three-stage driver a m p l i f i e r .

Op t im i z a t i o n at
5 
6400 ~m gate w idth devic es for the powe r amp l if ic r has begun.

Two breadboa rd driver amplifiers were developed. The first was a four-

stage amp li f i e r  that delivered 1 .58 W wi th 20 dB gain with 1 dB bandwidth of

1 GHz (9 to 10 6Hz). The amp l i f i e r  efficiency, includin g c i r c u i t  losses , was

14 .5  . A three-stage driver was b u i l t  using more nearl y optimu m devices. This

anmp l i f  ier delivered 1 .3 W w i t h 19 dB gain and 20.’ e f f i c i e ncy ove r the requ i red
t requency band . The first two stages of this a m p l i f i e r  showed excellent per-

formance , del ivering 423 rm W w i t h  14 .3 dB gai n at 36’ efficiency over the 8.4

to 10.2 6Hz f requency band. Different devices w i l l  be used in the fina l

driver amp l i f i e r  stage in order to meet the 1.58 W powe r outpu t , 20 dB gain

pe rformance goals.

The major ef to ’ t p lanned durin g the next six-month per i od w i l l  be to

develop the 5 W , 5 dB gain FET and Read diode power amplifiers. Work on the

FET powe r amp l if ier w i l l  beg in f irst because more effort is expected to be

requ i red to ful l  i l l  this task . Thi s is to be a balanced amp l i f i er combi n ir g

two 3 w , 6 dB ga i n i r - m p l i t  iers .~-th a hyb r i d  c o u p l e r . Both the driver amplifier

and the powe r ar’ p I i t  i - s w i l l  be test -d ‘inde r pulsed conditions.
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Table A2

GaAs Read Diodes Delivered to NRL, January 1977

Operating Outpu t
Diode Voltage Power Efficiency Frequency
Number (v) (/ ) (GHz )

C27B—6001 51.0 3.0 25.0 9.2

C27B-6002 57.8 3. 1 24 .1 8.9

C27B—6003 59.0 3.2 22.3 9.1

C27B—6004 57.4 3.4 23 .2 9.0

C27B-6005 56.4 3.2 24,4 9.0

C27B-6006 57 .6 3.9 24 .8 9.0

C27B—6007 56.9 3.4 25.3 9.0

C27B-6008 57.9 3.3 24.5 9.0

C27B-6009 57.6 3.2 24.1 9.0

C27B-60l0 55.0 3.2 27.4 9.1 
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Tabl e A4

GaAs Read Diodes Delivered to NRL, March 1977

Operating Outpu t
Diode Vo l tage Power Efficiency Frequency
Number ~v) (w) ~/ )  (GHz)

C27B— 6011 ,1 .O 3.2 22 .5 8.7
C27B-6OI 2 58.3 3.3 23.4 9.0

C278—6 0I3 59. 1 3.4 21.8 9. 1

C27B-60l4 59.5 3.7 23.0 8.9

C278—6O18 55,5 3.2 26.5 9.3

C62B—6O20 44.7 3.4 17 . 0 10 .3

C87B-602l 53.5 4.0 19.6 8.9
c87B-6023 45.3 4.1 19.9 8.5

C5 1B— 6031 51 .9 4.1 16.3 9.5

C5IB— 6 033 52.0 4.2 20.2 9.4

C5 1B-6O34 55.9 3.8 16.3 9.4
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