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I

Ibulk limiters and forty low-level clean-up limiters were assembled and

tested to amended specification number P0001, dated 28 April 1978. Forty

complete units were shipped to ERADGOM, Fort Monmouth, NJ, upon

satisfactory completion of testing. Fourteen units were subjected to

various environmental tests. The test results are given in Tables VIII

and IX.
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IIi. COMPLETE PROCESS SPECIFICATIONS.

This section contains the Inspection Plan, Life Test Procedures,

Qualification Procedures, and Acceptance Test Procedure.

The Qualification Procedures describe the tests, equipment,

conditions and methods of performing qualification approval. The

Qualification Procedure is contained in Appendix II.

The Acceptance Test Procedure describes, in ti, the methods

and conditions of performing acceptance testing of a limiter. The

Acceptance Test Procedure is contained in Appendix III.
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I III. QUALITY CONTROL ENVIRONMENTAL TEST METHODS

This section contains the Quality Control written especially for

this Production Engineering Program. The Manual is contained in

Appendix II
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IV. CONCLUSIONS AND RECOMMENDATIONS

On this program, the following achievements were made:

(1) High Power, X-Band, Complete Solid State Receiver

Protectors were fabricated in Production quantities.

(2) A low cost, narrow-band unit was also developed for

marine radar applications.

(3) Fabrication and delivery of fifteen (15) Engineering

Samples; twenty (20) Preproduction Limiters, and forty (40)

Pilot Line Limiter Assemblies. Complete life and environ-

mental tests have been conducted on the preproduction and

pilot run limiter assemblies.

(4) This work should be pursued at millimeter frequencies,

especially at Ka-Band frequencies.

I
I
I
I
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I V. PUBLICATIONS

1 (1) G. Morris, V. Higgins, G. Hall, Y. Anand, R. Billota,

and F. Jellison, "Silf-Activated, 20 kW, X-Band Bulk

gEffect Semiconductor Limiter", 1978 GOMAC Conference

j (2) G. Morris, V. Higgins, G. Hall, Y. Anand, R. Billota,

and F. Jellison, '"-Band, High Power Solid State Receiv6:.

IProtector Employing a Bulk Semiconductor Limiter", 1979

IEEE, MTT-S- INTERNATIONAL, Orlando, Florida
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I VI. IDENTIFICATION OF TECHNICAL PERSONNEL

The following key technical personnel contributed to this

program:

I
Y. Anand - Project Manager

P. Schaffer - Silicon Manager

I W. Sobie - Metallization Manager

G. Allendorf - Material Scientist

R. Billota - Limiter Manager

S. Ellis - Engineer
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I _1

,I Etectionic Command " SCS-486

"'.I Technical Requirement.s 28 March 1975

High Power Bulk Semconductor Lmiter
Id 1. SCOPE: Ylhls' specificfitilon describes a passive, solid state, receiver

-protector using a bulk semiconductor limiter in combination with a semiconductor

diode lir7ter. Limiter operation will provide isolation from x-Band pulses up
to 30 kw over a variety of test conditions.

2. APPLICABLE DOCUMENTS

2.1 Documents. - The following documents, of issue in effect on the date of
invtation for bids, form a part of this specification to the extent specified herein.

SPECIFICATIONS

MILITARY

MIL-E-1 General Specification for Electron Tube
StMIL-P-11268 Parts, Maoterials, and Processes Used in

Electronic Equipment

STAN DAR DS #

MILITARY

MIL-STD-105 Sampling Procedures cnd Tables for Inspection
by Attributes

MIL-STD-202 Test Methods for Electronic and Electricai
Components Parts

S-MIL-STD-1311A Microwave Os cillotor Test Methods

(Copies of specifications, standards and publications required by contractors ';r
".1connection with specific procurement functions should be obtained from the procuring
'octivity or as d~rected by the contracting officer. Both the tt!e and nurr.- r ;F

Isymbol should be stipulated when requesting copies.)

FSC 5961

.44

1 •



[a QjipEMZNTS:

3.1 Function Dcscriotion. - The high power, solid state, limiter specified

herein will operale in ihe frequency band 9.0 - 9.65 GHZ. A multi-stage

Sconfiguration s acceptable with the first stage incorporating the principle of
avalanche breakdown of ncor-intrinsic silicon to achieve isolation. This device
will be mounted in a fixed turned resonant waveguide cavity designed to provide

the necessary avalanche field conditions. The second stage shall be either a bulk
effect device or a semiconductor diode limiter. Both limiter devices will be
mounted in a common structure and no external bias or drive will be necessary for

its operation. The receiver protector is required to operate in unpressurized conditions.

3.*2 hechanical Characteristics. - The bulk semiconductor limiter structure will
conform to the following requirements:

(a) Weight 0 oz max

(b) input flange motes with UG-40B/U
choke flange

(c) Output flange motes with UG-135/U
cover flange

(d) Mounting position any

(o) Cooling conduction

3.2.1 Physical Dimensions. - The bulk semiconductor -limiter shall conform to

Figure 1.

3.2.2 Construction. - Parts and materials will be in accordance with ,IL-P-11268.

* 3.3 Electrical chcrccteristics. - The bulk semiconductor limiter will conform .o

the following requirements:

(a) Peak Rf Input power, : 30 kw, Du= .001
ljtsec pulses continuous 10 kw, Du .01

(b) Insertion Loss s 0.7dB (max)

(c) Low Level VSWR : 1.4: (max)

(d) Recovery Time : 0.8.A se (max)

(o) Flat Leakage : 50 mw (max), for 30 kw, .001 duty cycle, 1.sec
pulse

(I) Spike Leakage. : 750 mw (max), for 30 kw, .001 duty cycle, 1 Ausec

pulse

(.) external bias none

I2



I ;3.4 Ab*olute Ratings -

Poram er .C Symbol Min Max Unit

• Frequency F 9.0 9.65 GHZ

Peak Power P 30 kw

Average Power Pa I00 w

Ambnt Temp. TA'-55 +85 Oc

Altitude - 50,000 ft

3.5 Marking. - Each bulk semiconductor limiter shall be marked with the
following information:

(a) tMnuracturer's modol number

(b) Manufacturer's serial number, individually for each limiter,

(c) rf inpt.': port. ..-

(d) rf output port.

4. QUALITY ASSURANCE PROVISINS'

4.1 Inspection.

4.1.1 Responsibility for inspection. -The contractor is responsible for de pe.',..,;
of all inspection requirements as specified herein. The conIrcctor may ut*".. ; ,

-facilities or any commercial laboratory acceptcble to the government. The -
reserves the right to perform any if the inspections set forth in the specification where
such inspecti'ons are deemed necessary to assure supplies and services conform to Prescribed
requirements. Inspection records of the examinations and tests shall be kept compie:e
and available to the gavernment.

3
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-i: os I I L, o Suficicent iccwcc;, g,oty, cn quantity to e per formance
,.,f j he required inspection. The supplier shall establish calibration of inspection
equip-m ent to the satisfaoction of the government.

- 4-.2 Classification of inspect;on.'- The examination and testing of limiters shall

be classified cs follows: .I|

a. First article in-pection (see 4.3).

6 6. Quolity conformance inspection (see 4.4.).

4. First article insoection. - First article insectilon sho!! be perfo-med oy the
si supplier, after award of contract and prior to producticn at a location occ:!r tcIe t:
the government. It shall be performed on sample units which have been prc..rce "
equipment and procedures which will be used in production. This ;nspectlon ,

'1 consist of QCI-l, QCI12 and QCI-3 inspection in accordance with 4.4.1, 4.4.2
I and 4.4.3.

4.3.1 Scmrole. - Twenty (20) limiters shall be subm;tted For first article
inspection.

4.4 Ouality Conformance Insoection.

4.4.1 Quoltv ccnftrobce ins.ect)on - Port I (,(CI-P. - Every imiter
- shall be tested oil positions G: :ne Q~ulity Coniormcnce ins.ection - Par;

/ (QCI-1). No failures sholl be permitted.

4.4.2 Quatrtv conformance insecticn - Port 2 (OCI-2) - The Quality Ccnrtrrrnce
Insiection - Pcrt 2 (QCI-2) shall -e performed in cc- :rdonce with MII-STD-105,
Ins ection Level S1 with an AQL of 6.5%. In the event of ct re ec:' -
i.lspaclcrn procecures shell be invoed. Normal inspect-in sraH be resuc.ed ,,,n
two (2) consecutive lots nave conformed with QCI-2 test.s. ii thne ot s'Z, , ess

-aio .30 iimiers, ihe sc-ple size shall be one (1) wirh n . .

-Cro (,' . For purposes at inspection, the iot size sn,', cie one mm rnnr'r ,

4.4.3 Quality ccnformonce insoection - Port 3 (OCI-3). - Three limiters shall
undergo continuous iiie testing for a min. of 2500 Irs. No :

4.5 Detniled listin s of aujl'tv c..nfcrr-cnce inspect'on tests. - Quo ity c., .........
lnsp:ctien tests t.ali 6e concuctec in accoroonce with i,,o~e ,"Zi-a, Tocie it i'-, .

-d ".,e l (00.-3).

F ,9 4
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,.- CSC-486II •

ES:

I maximum flnt leakage shall not exceed the specified Ilmits for test
irequencics 9 000, 9.375, .9.650GHZ. The incident Rf pulse will have a
gisatime 50 nanoseconds maximum. Test configuration reference figure 4.52 - lb.
The peak power measurement will'be accomplished by calibrating the deflection
of a sampling oscilloscope as described in section 2.2 paragraphs 3.2.1 and
3.2.2 of Mil-Std-1311A.

The maximum spike leckoge shall not exceed the specified limits for test
frecuencies 9.000, 9.375, 9.650 GHZ. Oscilloscope calibration technique
as described in'section 3.2 paragraphs 3.2.1 and 3.2.2 of-Mi-Std-1311A is
applicoble. Amplitude variation shall be recorded by observing the distribution
of spike amplitudes for 1 minute time through open shutter of scope camera.

)uality conformance test to be made using multi-stage limiter. For example
using the high power bulk stage followed by the limiter diode.

A swept frequency may be used.

Match Termination used in this test circuit shall have a VS'v'R of 1.05 or less.

The firming power shall be defined as a SC increase of limiter insertion loss
^.>mpared to the "cold" insertion loss.

Quality conformance test to be made using bulk semiconductor stage only.

For Ihis specification the following abbreviations and symbols in addition to
MIL-E-I abbreviations and symbols shall apply; "= time (recovery),AR =
variation of phase on recovery (total deviation at a fired time),%Ra = 'Variation
of. amplitude on recovery (total deviation at a fixed time), PFR = firing power.

The maximum variation in phase and amplitude as measured by dynamic phase
and amplitude test facility shall not vary more than the specified limits over
a 1 minute integration time period. Measurement to be made at a point 5isec
from the cessation of lsszec input pulse.

•Measurement of parameters cited will follow the procedures outlined in OCI -1.!B

The bulk semiconductor limiter shall opercte over the enttre duration of the
life test. The spike leakage (Ps),will be periodically monitored. Life test

I will be interrupted each 720 * 20 hours interuals to permit testing of end of
life test end points.

io~
I '



S-486 '

J. PREPARATION FMR DELIVERY

P Pockocing, Poc!:;no and Mcrkinq. - Packaging, packing and package
rking shall be specified in the contract.

I.I
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Mod±f.caticn Jo. P2-'COQ
Su-=]pmental Agree-ent tc
Contract No. DAAB7-76- ,C-C39

?Y~: F :escriticn. SreciLftcations is =nended as fo1z-ows-

2ellae Suibsecticn iz$2 its entiret7 and substitxme therefcr:

"Test for Cpztoalife:

Th-'e expec-ted ozcersating 1-4fe for the !:rduction 3LLLAszembZes
sa-7' be ie-zzz.ined by ua±nusi.ng the ovrerazing -,em-peravte =nd .3ilz
2.evice 1"e-versus-tem;erature experience cur"ve. Mhe mean L~ife er-ectaicy
shall be no less than 2500 hous and this sh-all be ccnfILed by direct :h±i
RF power =easurment or 'by calctulaticn lising direct 'high . -.cer neas==ne
of the burnout =.oint aIlong with establi4shed darazig procedures for m--rwave
s-4conductors. (See pararaph A.)

:elate Subsectt±on .'-.4 --- it is enti~rety and su!;s-.ttte theref'or:

"The contractor wilsuz ec the sa~mles to the tests smecified
"z aragr-h of 0? ti oovsicn. 7The cc'racysanples anid associated

I: ~zs g = enort must s,.~ tha.: a-~ att:jcabla recuirenents of these soec±Lf-
czticns have been net before the zc=. acr will be aixthorized to -=Cceed with
.he njilot .r.n. This athcrizaic -j=il be granted by the contracting officer.

*1 la Zas. 2.5 zalandnzr d-Y3 trior to the szart. zof oc-nfJ&rtor7 salstes-tizg,
"- z heontr-actcr shaA tih w4ritten notcifioation to C-re,-'SA -r
'or-. Moouth, 3i 07"e03, --f the ti-e and .ocaticn of~ the testing So that t'h'e
ove~enm may -witness stach tsigi tso elec-zs. A -Ct7 zf =="s n cMc-

tizsh-! al fe nrizhed siult1-anecusIy to therojevt eng zeer addressed as
...z~ows: U~ner S Ar-y ZMAAC'M, A=T: ~~SDPFort Mcth. :U
Z7703,* and zhe Proaar .ng Z-oner2cting Cfflzer, an-der, US .Army iais

ad Mecor..ics '-arie-I Readiness C-1ad, =C'34, A=T: R-C.-S230

For-t Mc~noith, Jew 7Jersey 07703."

-elete in its entiresty Subsection T.Li.9.6 and subsz 1tuze therefor-

?arngrmph T.41s9.6 change to read.:

"a. FRadmL~ nuber 'I =~:s with serial numbers I to 2C.

b. Su~et the =!:t to tests in accordance -wit:h the folow-4.ng

schedulIe.

MST SCMtJLZ

?FT-'SICAL Mer Fi gUr-e 1 20 each
SeriaL -Fi to 20



Modification 'No. ?O0COZ.
i S umpemental Agreement to

Cont act No. DAABO7-76-C-C039

=ST SC==T (Cont.)

EJZC" :CAL
Iro= A 20 Units

All units wll, be tested and shall meet the Seri-l : "o 20
folIzwig RY sec .4cations.

-71- ---Rz (mesed at 9.3 0.3 g7')

?ek mower 20 k-!1 att
-a.le Length 0.25 m!a'oseconds

Duty Cycle 0. 002
Recovery t~ie

to "a!tbmd= 20 dB of low level loss .! mc=oseco-d
to ain 6 dB of low level loss 2 nic osecond
to - 3 dB of low level loss 3 n=icsecond

Ma Fat -.Leakage 50 =w
:d Spike Leakage 750 =r

Low Powez (=easu.ed. t!=ougou the 9.0 - 9.65
I GRZ range)

i a.d=- _nseztion Loss 1.3 dB
Ma-e=-, VS'W 1.7

G-roup -ez7re Cyc.LJng (n=-cperzing ) 3 each
-Sez-a±. #1, 2, 3

Units be cycled :!r= 250°C to- 1000o -o
-35 0 C to 250 C for one complete cycle. There-
alter they s'aT eet the GrvuW A sec~ifcacions
above -wth degradac-ons!- -..er-fr-ance of no mre
than:

RecoverI tie increase 1 microsecond
Insertion Loss Increase 0.3 dB

MX - VSWR 2.0
Spike ower 7=crease 200 mw
Flat ?Cwer lhcreuase 25 mW

7 1T :Cx (non o-erating)
Group C 3 each

Seria l, 5, 6
The units shall be sec-e.ly =o=mted to a vlbrcatio
table and subjected to simple sine ribration as
follows:

(a) 0.C6 inch double .zglit.ude from 20 to
26 iz, and 2 G m fr= 26 to 2,2C0 -C .

"1



Modification No. .OCCI
Sulemermal. Areaet-a
Con 'ac :o. :AAB7-76-C-0039

'rou, c (cont.)

(b) Logar t±ic sweep -:ft- 20 to 2,ZCO Hz
for 15 mdnutes ;er sweep.

(a) or2.5 GW- 4 =at N * 5 z.
(d) 15 mdn-utes per az-.s, tZd- axes.

Thereaf ter they -sbal. =eet the ellaactrdca2. zec!__ia-,oLz
as elained i= Group 3, above.

SHCE (Mnopeaig
-rot= D 3 eachSeria-. -', 8, 9

Te aL'ts sha.l be sublected to three shocks in each
of the t ,o directions along each of the three =xtualy
_erpendLcular axis (a total of .8 shocks). The shock
level shm1 b e 25 G with adnraticn of U2 - 1 -
seconds. Thereafter they sha-1l =me the elact~rici:
specelcatisc as eil1 "ed in Group 3 above.

-. TY (non-operating) 3 each

Groum " Ser±al #.,,12

The units shaml be subjected to an atmos3here of 80
to 98 ;ercent relatire huti 4 4dty at a temperattre of
-100 C to +650C for a oeriod of one cycle. There-
after they shall meet the electrical s=ect-0_caticns
as wqUliZed in Group 3 above.

G:roux. T

a) 'Rand=1: select. tour samles -- cm Serial #13 thr. 20.

b) Set the pulse width at I mi=csecnd and a d 7 cy cle
of 0.001.

e) Set the pulse power ampltIade at 5 peak and appI7 it
to the 1 -1ter =der test for at least one (1) inute
to reach thermal equilbr±' m.

d) Zarwee the _ul3e power to l, V steps, ra-n ng at
each level for at least one minute to reach equilbri
before cntinmuin to the next level.

e) Record. the highest :eask :wer level PM that is sust-ained
for at least one minute by each sample.

I
I



Mdiication'.'o 20I

I Coract 'Jo. DAAB07-76-C-0039

f) Verily that the =-;t failure occued as a result. of the
gold-s±2±oo eumectic (3700C) by either:

I 2.) r:movi the bu.lk si! 4 com elan--+ fr the
resonant i: -s and cc- n.fiming the -;resence
of a law DC resistance (less the 1.00 obms)
th= the sample.

2)or 2.ocatina the all~oy faul1t tbzru a "lap andI stal.! evaluation.

g) The level cbtained in step e) sball be at least 5.5 'V ;eak.I
C cET'H, :leliv-eries or Perforance is amended as follows:

ST-ZT fOCIAB, Co _.--matozr Sa=am!es, del.ete "23 Dec 77' an d substitute
the followig therefor: "17 July 197T8"

SL=" OOAC, ?!-.ot Rum, delete "25 7=e 78" ad substi te the folvrW._:
therefor. ,f9 Januazy 3.979"

I
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T-. -AT.'',7! -S . 3. y.*

.1.0 P';r- -

i Th is p rce.2ure Quc I r,s 1- e t t 't-c's to e -in e~~ (7-~t

20 the 3 V 1L r at or s itc.±, ct, 'e A.i-s 'r a I 'cr .IK

2.1 iM unt specified coctrol accelerc:---ter on test j iq in ";)e P!,-

v ibrati!on and c:ctto ext rnal co ; ol 1 icp .

2.2 Check 3-p!Sase pc.-er Iig3hts to insure they are Ci.

2.3 Push green 'STA'-RT' button ( -[) and pos it onl Plate Adj--tst twith
(!#2) to the Up ()pos it ion cn E :DEV.CO p.-er su~ply, .----,c
--2r3, Switch p.ersu::ply on.

2.4 S~ithred cc irol (:-3) on auto c ic S Iu ne 7c-ra-r t the

~'TiN2.5 Tur-n C r a , i on S:i ic s~ to The'SC-7rnin9 pc' ~it icnl&:

To: ~ Me-ter Switch y)to '.,i '-:..r Fron.-

2.6 P-S it ion the Pcry 'neo-rl(K)on -'e '5 1 0',
p -s it ion. PlIace cc 7 r!'-or c~pcd cc n' rol (-F) 2,:1r~id'

F, Bce ou :uLt F.- ch r"K Cs- '-c 'L~r'~~i . .~e
V.J:iy rr-rr--s cc- :roI Cj; ni~

2.7 PlIA-e 5r-,cncy S's--r-r ( -10) on 0 crC' ' A 'C-- ye
-'on of virt i on r z 1 e ea-d a§~ -u, < t'y -1ae

ad~~ 'ant (12) --iT ttr re-d.-l is .3 'Lo eit s

s C 2 s t .z,c I-~

2.8 P- ve M{~ter 5".i tch t-) o :.e "Vi*brat-icn cL~l pi'' S-:r

I2.9 Sut Funct ion S>lect or (-:13) to the 'E *. rc c rl-

If -uto 0-A is used the r-r', -,er .,nt is a- yr ~c
£controlI (1--:) . Set Fruc:rcny Scv-=r (.:10) for J cic- ~-r
1requzen:y and ad iust center control (-I ) Lrti I azcel erat ,n I i,- t

(u)''ju'st turr; en". Vary fr,'-uency scar-ncr to in 5L rc ccr -t-c t

eperation at crcssover.

2.10 Sut ~i~ae~-eoiyRance cfnnzrol (-4for 'c-n'

f2. 11 Stacc- eera tion t,:noe ccnt rol (:7) f ur a g c- 1 ~ tr

than or tqualI to the rz-x ir-u.,nt i c~d for p! ogrpm us inq ce

~n s ide of t he cc-, rcl

J V ~~~~2. 12 1 nK> *> E -__

2.13 Se t r~rcy Ccrr ) to 0 rt fr.. ny.



T- 2

2.0 ratn Pr&ir n cc n t ir.ue d

2. 13
2.13. 1 if ar is of a frEquenrcy c3r a raturoe, ni. t

zx imr.um and rini-um fre-quEncy i t 1! 1D-.'o!itLh the .,o
sfldng knc~s on ' re c c sce7.r r(.l) . Cc: \'-r t
'ra rU.*, and .i in i. Lim Fr, L-: n .7cS to 7 s us
outside scale and ficure traverse of prc am in

degrees/min irnum.

2. 13.2 Set Scanning S,-ce-d (i)ard Sccannr. ,>g SeI6ccc:rI (~zo)for dtsired !:can.

2. )4 Turn Output Voltage Control (-'-21) clockwise unt ial a "cl ick''

is hleard and the ''Dancer Co N2ot Switch'' 1-(:) C-1scr.

C,AUTI J: This red Ilight 'jesns no ''Red' ccntrols m.ay be
turned or reaijusted -. i thout c--usi~q stri-us

___dariage to thle :quipr.-nt

2. 15 Check irater ccntrol (2)to insure t>-.3t it is in the .3

p c s i t i o: n .

2. 16 V:;ve ^Cu put Vclta- e Cor,:rcl (--21) s~c.-.ly co isc unt I 1a
.'icra: n level as 'c-n inc4ic3--ed D-i zrs(i) (-)

f>:e or cc-prtEs or SL-press ion until In~ is ', I y c 1cL.V.

2. 17 SEz Acceleratlor level 'ccntrol (2 r') to Taat: da 12-a n

cs oaa on ~'tr (w, -14

2. 17. 1 For C-A !,oran-r Se t frecue;ncy fcanner to f:, L.;y
just be Fore ci c--5oer to cconstant acce'at- -icon q2

sired acc-.leration level with i e-tY~
Contrcl (j>25).

2. 17.2 Set 0 neration Switch to ''Scan!-ninq Cn' '.-- a-~d
m-onitor program on Meter (-24).

NOTE: IF ANY DIFFICULTY Ar 'SES DL;ING 1 '!H-ATICN

T&: N OUT-PUT VOL--AZE CCN-TRCL (21) T : rF

P'S ITI,2 4 (FULLYCO'cL*:.E)

3.0 -L::--Cf f r-5 t rt r-s

3.1 -urn -c.h 2 ~.nt L.v~ C.n'; ,K ni

3.2 Turn CL,-Ut "ct CLI-n'rnl (-.21) fUl 1)ly n: i.; -i
SL'CIL'SI it 1>12)is 0of.



-ET 3C F 11h1 4

r 

-_ __-Y

13.3 Trn CQ.eratlcn 4ci(4)to th.e "S':ni.1ng Off" Fc'sitlon.13./4 Turn Aipfltu~e conitrol (:-Z) to ''0"1.

3.5 ?ush red "S7C.'' Lutton.

777.
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1.. LE~lC-~r1-

r St. S- C K (T D.. P E C YC LH ) /->'.

~ / I1.0 P RPCSE

* ~~~1.1 T:-. i1 z-;,~ S~:~ i~. Src.~ s-~

1c12 c- &trr Ce ru ;1:nc C f C~ 0 < f ~ ' -310 '

12.0 S P
21Th.is ins truc-,icn s al I :py to pr'z'du-.ts 'es ted in ".0~
21 .- Ct ro I Ervir-).:t~ Lab.

3.0 M~t. I E I AL A:)D EQU I 1,EN

3.1 Dual C1,6'7er Th i-:-al T-?st C a'- t. :l t .ie P*S-i :~--3

3.2 Heat Rsist~nt Pa~a4/1evts

- 3.-3 10 inchl Cres4cent Wrench

- 3.4 'ijd~ ren(2 u t.T u5ri '-,r

3.5 T est S 1 :7 -s

3.6 Te s t T rzy s

4.0 PC E R E

~4.1 C cr-- ect 2 -1u I 4 1:3 zu* ft* . c0 5ze 5 ~:: .

Ports only.

4.1.1 0 en Liq~jd Wi ..31~ 7est VaII~eF.

4+.2 Open bo'-h '-aezbury .-. nd val.'es.

4.3 Place dicdes in test tr,:ys as required.

4.4~ Place lcaded test trays on s ielves ins ice aer

L 4 . I Al oiO air to fc.* c.er and ue

4.5 Record in , orm--ation of lot on Esterl ire Arc-s :L23 . v<--
as noted on card on front of c-.a- er.

L5~O! S~tP75 cc-trcl t3 :,-".

4 .7 
-.n - r - r - . -, h tr



*. . . . . . .... .. ... .. .. - .. . ... / -, - , I*

3. Set t'he prtecocl e:danJfr t r a 1 .s

.. ' c D: IL- t

- -'.*va.3 r -:' s .. r. T' --

vjustb e frvi. 2 7o 55 "- t s.

L e e te , J e, e r h be , I 0 .

~~~~2 5 . . . . . .

20 - ! . . .

I -

I .-O 75- 1c C 5 I. o 1: 5 "
u,-'_aRt CI-. .c . , t 'E , EC r.C)

........... a::., :" ¢c ns ruez as f 1:-,a .I = '-- i ;L ' .. s i l c f -

rcu the fr2 2 :o 5 ti - 1 : c. ; -, .> r !o •z:

fL ~ ~ ~ ~ i- 7 *:~ &; ?

e t -" :-_; ad and a 1 i -
"3 C 25 1 on

C0 1 -- 5 1 n

- F L3. T'-e 7:r : : - r e -' -n a t'. ; _: . :,' - :.;' ..-

2/3 of :he :1,e ',: e el . : r i -'e_.-r .- -"

0:E c e : I .h~tn eo as z- _ rol r s ,-r ; H, :':-_.:t

for r're t'-:in 20 ' . -

The precoz1 t .-er is 1r'-A -. c et.

The ti-2 setting is deter:T .ed by r . g
e ..,een t-, e tio ar-s carried by t e 7 -r's r

To set the ti: ing, p-ll the tA) t-" c' .-.r "I tk, ~~e -12.4 S t. n .  p n rc]- ~ : ' : ", a -' [ i:

Tr:'sf,?r Ti -r .. . . r es t'-e pOs-tS ca 7 ., C.I T ~ ~e. ...., . a 's fc~H,.s:To sat C-c :i ?r, _ ,.....

SS-et t ,-' ;" Hr (ri :) fozr : -L: . .-" .' A : . - r .or

n t ' .:r , US . , : t, I r , U S L"

S,.,t F " r ( , ;' ) ;,r ', t! " 2 , , .. 1. . .,t .

'.' :: "r .r -- r, l'.JS :-.2 ., ./ .' ,:' :. i; : : : r .



L----.--.--- 3 _

~~. - -~sMt'L S Y2CK (T'ETFECYCLI !,) _ -

EXe',*?LE:

-rr-_ pr--' re-uires: (a) 1hr. in~:.~ c'-. ',rII hr. in I,.--.r c ('c.c)g-.- in, 1e5r

Set Flzxo,-,u! se ,4"' ar- rfor one (1) h.2r a~ij 15 e5
SaE I,'F'' _nri for 4,c~~u~s
S,- pr .:,DA -Lh r for 1c, min-utes.

UNIT WILL ' ,d OE '' .TE as per 6csired prosrarm.

h; Tv.ER ICTC POth.TER

4,3.5.) oe h ti -er ind.icator p trtoieri.-*t
-- Zi 1it r-,=,es ccntact w/i thn the ''on'' t.7or ar-.

4 t5.I Due to th'-e tim-er 's i'rnal locking
zvice, it ray lbe 7-,-:oessary *''
Lhe pok-'er to the et-.olef ti Te

skirq conta~ct uith th!e "'of"' t i-r
ar-i and then i-:ving it to teex t ce-e

4 .65.2 C ar 2 !7A 1v r :,,e _- e t i, rr 1- i~tr rn 7::r a
pcint ;'tST LEFT7 OF CEJ ER. The e1t'.' tcr "4i
noD4 be in -he L.,er Oi'r.

4.9 Set the ~:-c -ter to -e eirc '.orof cycl;es pl'.'S 'cs
i e C\y'clIe C)u -. te r c y les 1

LL.9. R-Clease lo:k hn9eto set cv,'le c7o-ter 1-d to
ret i oh'e

4. 9. 2 The y -_1e counter wi Inut the czr o ff . -t er 'L: e 1.:s t
oir. a -ot cy,.clIe a . --e e 1ca tor t. 11I r e, -=in i n th"e ho t

4.9.3 CyclIe coun ter does not need to "a r es4et f rom, zero pcs it 1 c

Lij0 Turn the rmain curcuit break-'er on.

4.11 T ur n t",e c3:1 ant s,- tc~h on.

4.111 Th is s- -tc, 7 us t be ''on"' in o- er z,- -er o-rm r-,

4.12.1 Tr-,nsfer T7 !r S .zch .... sed "'or iinitial prco1H r

-- 77



4 0

., OTE: Tr IS ;L' 1T SDE2C s< Y>

h3 ?r.ss in r.2 'l t::o'--r s.; i -,h.

li.13 c-,& e ) br wIl I ct.rt I 'Il F-rC-rmc- ., Sit-d
P.u.- r of cyclIa-s, a nd at u atic I y i -t u ff.

14.11 Ve rs a t rcnk (1ooy13 -.CI M ti1 CL Ica> r7 -rc I

4.14.1 Set t ie control to the cesired cold te-r~rture by
d.apressin.q and turning t~a knc~b c,,- "h ront of t.-e

J.r s. a . ' i- 'K (H s r 1z1.Ce,7L r,- Ive .z

L 2 hcrZr .r 14. 3

of 3C...r o r

%\.ne2n O~e -<ctr 7ce =-7its a --d 1" :s
e: e. r~- zc re I S a ,: -'- e t1 Ce

.. l:t C!. is 5' t

A r'~ cloc- incicz-.rs an c~

T',e -1 : 17.-1e r is 5 r l -

L~ 0f ;11t r z .r e I S ^T F-- 7-

L*3A;7ter rczlis co-plet-d and e a a r 1I f I,, Sa
te L o t Loi- s azzi cn, t P::'- 75 c: 1 ,r -e ': r-L r

Lil. IQverte -- erature Pr-tection(OTP) . ? r,;vices rtaio

for thle &-.aFiber *k.-Lcad. In everit or an above ts pcint

c~a;'ber off. To operate t,-e OTP, -t it a--ry
5 0 C (50F.) 'r hntes c

75 (co cs~rzntrol . Vion, l pr - s -,z
rae-t button.
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• .L . -I! f. .. . n;- ' . ut,r t s: / -7 -7 to r..

U. . . . . . .. . . . . . . .. . . . ...

. . . . . . . . .. .. . . . . . . . . . . . . ..7 _ _ _

t rS: cha e c.trcIs t rc /c r t

' .1~7 As no-ted in 4.13.1, c'c:- ril cp e u-;i z: a r -- [ ,-

"- - -. '--. - -- - - ,.- -!_ -~c = - 7 -- t ,

n ," r Cf Cyc '¢ et a re i- ; n ....

4,13 At c-pletlcn of tec ,kst i Eterls, R- ,:.u s , ccr_.c'r to
dat 'mine hat the r c'f-',er of cy l ]es :d -2;': re . 2s

'.jere correct.

h. o Re-o,'e test trays fr:- che-Ser.

4.1?. 1 Use .d/j;lc'.,s if tr.-s are til ot.

4.22 Return ?3-75 to +2 oC.

4 1 S t Transfer Ti: ?r s'itch to oTf pcsit70n.

L. *2 Clse o-f liquid nitrocen -est .- ves.

;,-.vLid ry , i e .- c ",.an- ng i G n'.i L!.-- .3 no njt , ,.I icuid n itr L tO c. C 5 to. Ic.

S.3 '-se .. .t d : , : -' n r -- . ; 4 ;- : -- s f .: " . . .,.
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F,% T- ''* -Lj ~ . , I~ -- .----
VES .'C. 117U ;r , '.-.S

P2. SLcL :;

__ __('-S

3.4 sloioc te t s, ces--- n .'-M i-:-

3.5 11 z.i? oscill S o -2 2oe .1 13. i !. -.- to

3.7 n 41. rz~ s~~ e, sc!e , etc. i 2 '- __.1

4.0 E

4.11.1 Cher-cthen ap:Dlic et al s pec-11icts ,te in c te':

3.4 o n the khz s ~

3. '-4 -coac± eleromee n ty:~n1 P.i1Crcn2.

3.8Cratsmnrorq (Clen wih tricel or eliivlen)

4.0 P -'-C7- -

4.1 Set-U



4. T 2 o r 3r

'isnr I, -- -s* .:: - -c! r r ~

4.15 lr ofa7_:2 around 5-L. h c n

4 .2. Shut t ~ n

A.2.6 Vunoa tc-iet snecmecsi '.*,-ezz tet fyu

4.2.2 Y-z,_t t,i-st f4.2.1ur s-7z:cuh ! t.2. 1- '

5.ONUIN

4.22 S-Curetha te tSt r~r: 'Z"-~sntst:-
nhc -,i m are t0a zf : sz OC% =,'_ --S.

4.2.

4.2. Unoad *-atas f::n t _s



I. :~;E 3>3

~..4&~~

- .. 1.. --

-C- ~

'K I -

/ .%'(~.K'~'-~--..- - -

- ~

I' 
L~)

N

K

N S.-.

'a
-I

-a
'I

N-
N I

'5,

/I - ,,%---------------'-' Si __ - / 2.

K
I N

K
"S

NK

z:.

-I A.
5-,

2'5tE:S ~~-:F~ ~---x-. ~ .~X - -~ "% -

.- ( '-.1 "- _

- ~ -

AL -\21'-~-~ -

______- 
I '.~'-~.1~ 

i~~i

e



-I NOR JE -ITE ,1,CEt -- 0N, %

ml I
U~~~~~~~~~j T~1 *'OAEA5'I\Erc~3~t.~C

s2 n' -1 t ns

-he F': sture re~i-_anCa i -st in
Z'-IL-ST-750 Y'eth'od 1021 ;and MT ~ O 0 r.

in thie e;ent of conflict~ng r . . '

-2.0 SCC?:E

2.1 This instruction a-Piis to all -~t t~ 2  y
Cuality Control.

.C3.0

4.1 21 - '-,

4I.. Us onl ditiN oreuvet

r2 3.2 7;l.2 s-erCJ:-I hr ' ideir (:ncodiion-. fv .

3.3R~c _rachartsc (US Ga:e1=12-7) c

413 Cs.r to tteik ~yi

amis a-q~e

4.1.3 -'ns>iiy atha the sb..I :n t, r



5/

I F ~LE 2 2_

*~ ~ C T'~ S________

j I ~~4.1 S-' (zi-e)

4.1.5 Thuethat te ~ cfi;

4.1.6 Place test Ini~; ".-tt r-.

4.1.7 Pl±ace '-.ain" sw-Jtc. to "Cn n4 cn< ,:re that!
in,:icatzDr lhtis cn.

4.1.8 Set HihLwswjtch to hich.

4.1.9 -En-.-e that the s% 'itclnes --, wet ~:b zr>
a-.3dr~y bullb z::,e in the "Oni" -- cition.

- I g 4.1.10 S ct te "-10, + 250 C" S,,:jt'ch to w c' , er

~ is r u4- ,th z-t 5
cycles of t-~e t--t a-:n;,r t:-ie D-o tion
.for tl-e 13--t 5 c,.cles.

4.1.11 -c ni t r c ~ation cf~:i t a ~:Ig
10 ~yCycle.
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rI
STIA MANUFACTURING SPECIFICATION N.5817B!F4583/

1 /UE

S-, MICROWAVE ASSOCIATES, INC.. BURLINGTON, MASS.
WmSmEETr 1 c 4

TITLE

iCR SPC. N BULK LIMITER - ST ? CNN. CATE

mr- USE CNLY I ,STRCt.n 713a: 1 .- 1;-
APPROVALS PRODUCT APPROv.D A7E'

* BULK LIMITER , -

- 33A26433-01 thru -19 Rev. .1 and General Spec 63AZ4952 Rev. X-

33AZ6433-01YA.:hru 36A26433-19FA are Unscreened Types

MYA45817TA thru MA43832FA.

33A26433-O1BA :hru 36A'6433-19BA are screened types (Pre JAN TX)
MA45817BA thru MvA45832BA.

MAT-RLAL/PVD -
ASS MLY/PVA - Gold Ribbon. with Mmin. cross section 1.25 sq. mils.

OUTLINE: OD-S-31 except flange DIA. - .124" Max and over all height -
.095" Xiax. Cathode heat sink.

o, /
-'STRIBUTION DXODE Y.ARKINGY "26433-Dash No. olarit-r Symbol

oie r. IN; CONTAINR M4ARKING: "33A26433-Dash No."; Date Lot Code;

, /96341--m.A Ty-e No.; Serial No.

-RACEBLITY - Recuired for a 2 ,rear period.

CERTIFICATE OF CC2L.ANCE RZQUI, ZACH

NOTE 1: SCR.EENING DATA

The manufacturer shall provide a copy of the screening variables
data. Data shall be correlatable to the device part number, lot
date code, and individual device serial number. The ni-imum data
provided shall be:

a. A copy of the lot histor-' showing compliance with or an entry.
on the certification of compliance to this effect.

b. A copy of the delta calculations

c. A copy of the final electrical measurements.

r1



1-17 MANUFACTURING SPECIFICATION MA458173/F-M458,2B F

I .. .'= /MICROWAVE ASSOCIATES, INC.. BURLINGTON, MASS.

X ITITLE______________

FOR SPEC. BULK LIMITER - TEST PROCEDUR C.°-
!-"PT. USE ONLY I_________________

APPROVALS PRODUCT BULK LIMITER

?OR TYPE !M43817_ THRU MA458323 ONLY

TABLE I

100: SCREENING

(PER JAN TZ REQ'Nr.S)

TEST CONDITIONS I/ SYM M.N MAX U1IT

Hi Temp Life: Method 1032 t: 24 H rs.
TA - 175°C

A Temp. Cycle: Method 1051
L Cond. C 10 cycles

Max Temp 175C
t - 135 Min.

Constant Acceleration: Method 2006
-'TRIBUTION Y1 Axis, 10,000G's

Fine Leak: Method 1051 LR: - 5.UO - 7  c/sec
Cond.. H

Gross Leak: Method 1051
Cond. C

REAND AND RECORD CT4, V AND I PER TABLE 11.

T (BR) L E AL 1

Burn-In: Method 1038 t: 96 -- Hrs.
Cond. A
V_- 36 + 2 Vdc

READ AND RECORD C,4, V.. NA I PER TABLE 11.
WITHIN 24 HOURS AID THZ iILLOWG DELTAS APPLY:

'&CT 4 - +1.0%

A(BR) -:l/i i AI R =_50uA

T FINA ELECTRICAL ..ASRE'MMTS TESTS #1-6 AND #4 @ 25*C ONLY PER TABLE i.

READ AND RECORD DATA

j

-- [ .__I



'PNO. 'ISSUE'-, MANUFACTURING SPECIFICATION MA45817B/F-45832B/F /
MICROWAVE ASSOCIATES, INC., BURLINGTON. MASS.

TITLE-SHEET 3 OF

PT SE ONLY ' BULK LIMITER - TEST PROCEDURE A. .ATE

APPROVALS PRODUCT BULK LIMITER A' 7
" LIIE

TABLE 11

(TA - 25*C UNLESS OTEWISE SPECIIED)

TEST CONDITIONS I/ SY2{ MIN Y-47 t'N IT

I Total Capacity: Method 4102 CT4: SEE TABLE ill pF
- 1 Hz

V_ - -4V

2. Capacitance Ratio: Method 4102 CTO/CT S: SEE TABLE 111

V - V
- -45V

3. Quality Factor: Method 4036 Q: SEE TABLE ill
f - 50 MfHz

-STRIBUTION 7p - -40V

~... . 4. Reverse Leakage .ethod 4016 --M i r

current: v -

'h-C 4TA<1235C

5. Reverse Breakdown Method 4021 V(BR): 45 -- Volts

Voclage: k - 10 4A

6. Parallel Resistance: Method 4036 R.0 : 10 -- Mohms
V - 0
2 test voltage
u75mV (RMS)

7. Temp. Coefficient Method 4102 TC c: -- 300 ppm/*C
of Capacity: f - i MHz

VE  -4V
-5 "C<T 125C

8 Thermal Resistance, Method 4081 - RO"4" .- ±C/W
Junction to Case: "tnfinite"

s.C NO Ie heat sini Ok -4. ta'4-k /1

AI t Io et r.,t, E

7A e tA /0 Kt 4 , ,Ak -J -. r do / ""

C •rre /, '... i/.

r0
q~r /0 6



MANUFACTURING SPECIFICATIONNO
___T____._ .MIA4817B/F-453323/7. /

MICROWAVE ASSOCIATES, INC., 8URLINGTON. MASS,
[..~rIA T ~ TITLE A

F FOR SPEC. CULK N 0 '%-,
:PT. use ONLY I _ __BULK LIMITER TEST PROCEDURE
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j Using relation (from Reference 11 )

IL + 0~1

Z 1
0

Y g + jb

y g -

T T 2

ji+ +zf + (2 =11 + + (2

+ 1 g + g2  + b 2

at resonance, i.e., at f 0 Jb =0
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At low RF power and f0 , considering IL = 0.25 dB =

I
1.0593 = 1 + T

1.0292 = 1 + T

= 0.0292
2

= 0.058401

r = 17.12g

RT= r Z = r (1 ohm) = 17.12 ohms (for low power)

I2
IL (= ISOL) = 24.9 dB = 309.03 = 1 + 2

17.579 = 1 + 22

g = 33.158

RT = 0.03 ohm (for high power)
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If now Zo  0.5 ohm (not 1.0 ohm), then:

112
IL I

I+ 0.058401 x1 2

0. 1259 dB

= 1 + 1 x I2

= 87.11 = 19.4 dB

Pd

(arc loss) P 2
S+ 2

16. 667
16.667 21 + -- --

= 16.667 0. 19133
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ABSTRACT

This report describes the Production Engineering of higI Power

bulk semiconductor limiters for X-band frequencies. A high power bulk

semiconductor limiter assembly, consisting of a high resistivity silicon

bulk limiter and followed by a two-stage junction diode limiter was

developed for the frequency band of 9 - 9.65 GHz. This receiver pro-

tector handles 20 kW of peak power at a 0.25 IJLsec pulse width and

4000 Hz pulse repetition frequency. High volume semiconductor batch

processes and fabrication techniques were implemented to obtain this

low cost and reliable receiver protector.

A pilot line was established to fabricate the bulk limiters in

production quantities for reliability testing and to supply the U.S. Army

with eighty-five (85) units.
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PURPOSE

The objective of this program is to establish a production capability

to manufacture High Power Bulk Semiconductor Limiters per U. S. Army

Electronics Command Technical requirements SCS-486.

The specification covers X-band high power bulk semiconductor

limiter and low power multistage clean up limiter. Four fundamenta ...

ments are detailed in the specifications. They are, (1) recover, ,k-

(2) high power capability, (3) insertion loss and (4) VSWR.

A total of fifteen (15) engineering sample limiters, twenty (20)

confirmatory sample limiters and fifty (50) pilot run production limiters .i.

be supplied. A pilot line capable of producing 100 bulk semiconductor

limiters per month will be demonstrated. Reports and documentaticn as

required in Sections E, F, G, and H of DAAB07-76-Q-0040 and as iet.ci

in Section 3.5 of ECIPPR No., 15, dated December 1975, will be provided.

The program divides into the following four phases, Phase i -

Engineering Samples (300 days), Phase II - Confirmatory Sample Prcduct'.on

(240 days), Phase III - Pilot Line Production (180 days), and Phase 7- -

Final Documentation (30days). The total program duration is 750 days.

During Phase I of this program, a number of factors in fabricating

bulk semiconductor limiters are being investigated. These include iris

formation, circuit configuration, material characterization an-',

Efforts during Phase I will be directed toward selecting a singie

design capable of meeting the objectives of SCS-486.

The optimum device design will be chosen at the end of Phase

In Phases II, III, and IV a single device design will be produced.

The major effort of this program will be realization of a single bulk

limiter design which meets all the objectives of SCS-486. Individually,

ix



I
I

any of the goals described can be currently obtained. Recognizably, it is

the development of a single component design which ac'.±.eves all of the

Jdesired performance parameters that is the formidable engineering and

manufacturing endeavor.

x
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I NARRATIVE AND DATA

This Final Report, in accordance with ECIPPER, No. 15, is

divided into three sections. These sections are as follows:

I Technical Program Discussions

II Complete Process Specifications

III Quality Control Environmental Test Methods

xi
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I. TECHNICAL PROGRAM DISCUSSIONS

The objective of this Manufacturing Methods and Technology

Engineering program was to establish the producibility of the X-band bulk

semiconductor limiter and the X-band two-stage PIN limiter by mass-

production techniques. The planned production rate was the pilot line

capability of one-hundred (100) bulk limiters per month.

Originally, the bulk semiconductor limiter requirements were

those called for per the Electronics Command Technical requirements

SCS-486 and Amendments to the specification dated 28 March 1975.

Based on performance capability established by the engineering samples

provided on this program, a revised production specification was estab-

lished to be used for the preproduction devices for the confirmatory

samples and pilot line production.

The final specification of the bulk semiconductor - limiter assembly

is given in Appendix I. The pertinent specified characteristics of the

limiter are listed below.

* High Power (measured at 9.3 ± 0.3 GHz)

Peak Power 20 kW

Pulse Length 0.25 4sec

Duty Cycle 0.001

Recovery Time

- to within 10 dB of low level loss 1 4sec
- to within 6 dB of low level loss 2 4sec
- to within 3 dB of low level loss 3 4sec

Maximum Flat Leakage 50 mW

Maximum Spike Leakage 750 mW



Low Power: (measured throughout the 9.0-9.65 GHz Range)

Maximum Insertion Loss :1.3 dB

Maximum VSWR :1. 7

External Bias NONE

0 Absolute Rating Objectives:

PARAMETER SYMBOL MINIMUM MAXIMUM UNIT

Frequency F 9.0 9.65 GHz

Peak Power P 20 kW

About half-way through the program, a contract modification was

made, also increasing the number of confirmatory samples (from limiter

assemblies) from 'Lour (4) to twenty (20) units.

The overall program schedule, as was actually carried out, is

given on the following page.

2



OVERALL PROGRAM SCHEDULE

PHASE I :ENGINEERING

* Design Spebr17

* Shipment of First Lot of Engineering October 1976
Samples (five limiters, one clean-up
limiter)

* Design Improvement I January 1977
Shipment of Second Lot of Engineering
Samples

* Design Improvement II April 1977
Shipment of Third Lot of Engineering
Samples

PHASE II : PREPRODUCTION

0 Manufacture of Preproduction Samples February 1978

* Approval of Test Facilities March 1978

* Confirmatory Sample Testing April 1978

* Delivery of Confirmatory Samples July 1978
(twenty bulk limiters, 20 clean-up
limiters)

* Acceptance of Preproduction Samples November 1978
and Authorization to Proceed with
Pilot Line

PHASE III: PILOT LINE

* Preparation of Inspection and Quality February 1979
Control Plan

* Approval of Above Plan March 1979

* Manufacture of Bulk Limiters for Pilot April 1979
Run Qualification Testing and Shipment
of Pilot Run (forty bulk limiters, 40
clean-up limiters)

3



I OVERALL PROGRAM SCHEDULE (Cont'd)

COMPLETION DATE

PHASE III: PILOT LINE (Continued)

* Preparation of the FINAL Report July 1979

* Preparation of the General Report July 1979
on Step II

* Preparation of the Bill of Materials July 1979

4I
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I A. Engineering Phase

I The object of this program was to establish the produci-

bility of the X-band bulk semiconductor limiter and the X-band lower power

diode multi-stage limiter by mass-production techniques. The two

important goals of this Engineering Phase were:

1 1. Optimize the circuit design of the composite

limiter to meet SCS-446 objectives.

2. Incorporate changes into the basic design

developed by RRC which facilitate the

manufacture and improve the production yield

of production limiter components.

The complete circuit analysis, diode improvements, and

final design are discussed in the next two sections.
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B. Theory of Bulk Limiter Operation

1. Basic Operation

The bulk semiconductor limiter in its early stages was a -. Ce

of high resistivity silicon with two sintered or diffused ohmic conac t..

contacts were connected to a high impedance microwave transmlssion.>-
1-3

circuit. The device has since been developed with improved pass~vat-:
4-7

circuit and thermal designs. A major change in the contact surfaces of An
4

device, checkerboard contacts, has been developed which improves the

isolation state performance by permitting microwave fields to cause "ce

and electrons to be injected into the high resistivity silicon. The . :.-..

structure also accelerates recombination of holes and electrons after a rl.rz-

wave pulse has terminated; thus, it reduces the recovery time of the device

to the order of one microsecond from previous values of apprcx:.tate1.. ten

microseconds.

In operation at low microwave field intensities the bulk li:-.iter

element with checkerboard contacts behaves as a high Q capac::cr.

it is incorporated into a parallel resonant circuit shunting a waveguide, r icrc-

wave signals will pass with minimal attenuation at the resonant frea ...

At higher power levels the microwave electric field across the - .:

both electrons and holes to be injected into the high resistivity bulk region

of the device. These carriers reduce the resistivity of the bulk eIer-*

changes its characteristics from a high Q capacitor to a capacitor with sni.:

conductance. The table below shows conductivity values calculated from

microwave limiting data of bulk limiters at 9.3 GHz as a function of rms
7

microwave field intensity.
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E (V/cm) 9 (mho/cm) D (ohm/cm)

100 3.33 x 10- 4  3000

1,000 1.12 x 10- 3  891

10,000 1.48 x i0 - 2 67.7

20,000 4.76 x 102 21
- 1

40,000 3.0 x 10 3.3

The isolation state with increased conductance is a non-equih ,-iri,- s-e

much like a PIN diode under forward bias. The major difference ze.wee2

the bulk limiter and a thick based PIN diode is the contacts. The chec er-

board limiter can be self-biased into conduction by a microwave field '!e

a PIN can not. For this reason a thick based PIP, NIN, or PIN structule

would all be expected to pertorm similarly with no limiting until an avalanche

field intensity is reached somewhere within the device.

2. Microwave Field Conductivitv Modulation

Figure I shows an exploded view of a section of a checker-

board contact limiter element. Checkerboard P-N dcped contacts are prese--

on each side of the limiter element. The central region is high resisut:vi:,

silicon which is typically about 3 mils thick.

Figure 2 shows the effect of applying a high level n,:crwevj-'.

field across the device. Only the top contact is shown, but it will be under-

stood that the bottom contact functions in the same manner. In Figure -a - e

excess mobile carrier distribution is shown before bias is appize r.e~ e 3-+

no excess carriers. In Figure 2b the carrier distribution as a result o: ue

first positive half cycle is shown. Mobile carriers, holes, buald up a 3:7

charge within the intrinsic material. During the negative half =ycle, mo : z:

the holes are removed by the electric field. The holes near the snorted P-N

junction of the contact surface are not removed, however, as their space

charge is neutralized by extra electrons injected by the N doped region. This

7
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INTRINSIC Si

a) NO BIAS

METAL LI ZATI ON

IN P

b) POSITIVE HALF CYCLE

METALLIZATION

N P

dI NEGATIVE HALF CYCLE

METALLIZATION

N P

d) AFTER ONE COM~PLETE CYCLE

FIGURE 2 EXCESS MOBILE CHARGE DISTRIBUTION

CAUSED BY HIGH LEVEL MICROWAVE
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effect is shown schematically in Figure 2(c). At the end of a complete cycle

the excess mobile carrier distribution is as shown in Figure 2(d).

The net effect of the checkerboard contact stru'cture is to permit

a neutral hole-electron plasma of excess carriers to be injected at the shcrec

surface P-N junctions in response to an applied microwave electric field.

This plasma has the effect of modulating the bulk ccnductivity of the :r:-s~ c

region so the increase in shunt conductivity across the device terminr.a:

be used to produce a limiting phenomenon. After a short turn-on (spike .e& ::_L

period, the plasma is distributed substantially uniformly throughout the

region of the limiter element.

3. Recovery from the Plasma Limitinc State

The hole-electron plasma which causes the lirmiter :c ex.-. z

isolation performance is present at the end of the high power microwaave pul'Se.

After the pulse is over, the plasma must recombine or othervise be removed

from the intrinsic region before the device can return to its low level trans-

mission state. In a PIN diode the built in electric field at the P-1 interac2

prevents electrons from entering the degenerate P region and recombining.

Also a similar field at the N-I junction prevents holes from entering "Ihe

degenerate N region and recombining there.

Figure 3 shows the electric field distribution that is alwa--s

present at the interface between intrinsic silicon and a checkerboard c :-.

Far from the shorted surface junction the fields are as they would be 'n a

normal N-I or P-I junction; hence, little recombination occurs there. -

the shorted junction, however, a large electric field exists which drifts

excess holes into the P doped contact region and excess electrons into the

n doped region. This carrier flow causes an equal current to flow in the

metallization layer which shorts the Nand P region. The contact surface

behaves very much like a shorted silicon photo cell junction. Thus, the

checkerboard contact has a matrix of shorted P-N junctions whose built-in

10
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potential recombines holes and electrons when no microwave field is present.

I It is this high rate of surface carrier recombination caused by

the checkerboard's shorted junctions that is responsible for the rapid recovery

of the bulk limiter to the dielectric transmission state from the cor.ch.c::y

modulated isolation state.

1 12
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C. Bulk Semiconductor Limiter Design Consideration

1. Introduction

The bulk semiconductor limiter is a small, lightweight, solia

state device. It has good peak power capability but is limited somewhat in

average power ability. It turns on very rapidly (less than I nsec ,

j an attenuated leakage spike which is only 3 to 7 dB above the ultimate -

depending upon the construction and operating conditions.

2. Choice of Circuit Structure

From basic avalanche phenomenon considerations, it is evident

that to achieve appreciable nonlinearity for an applied signal, a field intens+-.

corresponding to the threshold voltage of several tens of kilovolts/cm,

would have to be obtained for a silicon limiter. Thus, a microwave structure

in a waveguide which would provide a concentration of electric field across

a gap of typically 10 mils is needed. Further, the circuit structure employed

with the bulk limiter element should yield negligible insertion loss for low

signal levels. One of the simplest structures to meet these requirements

is the resonant iris.

Thus, for the purpose of evaluating basic limiting proper-ueb

as well as determining the physical changes occurring in the bulk element,

a horizontal slot (typically 25 x 450 mils) is used to form X-bad irns.

(See Figure 4). This iris in turn is simply sandwiched in between- 0

waveguide flanges (sections) to insert the limiting component into a

microwave system. The empty iris is designed to appear inductive at

operat.ng frequency (resonant at a much higher frequency) such that the

capacitive loading produced by the relatively lossless (Qp - 500) silicon

element placed across the center of the iris slot would yield a resonant

structure. As a result, shunt losses representative of the high resistivity

13
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- RESONANT IRIS

LIMITER ELEMENT

a) LIMITER STRUCTURE

[=

L I_ r \

" SEMICONDUCTOR ELEMENT
b) LIMITER EQUIVALENT CIRCUIT

FIGURE 4 LIMITER STRUCTURE AND EQUIVALENT CIRCUIT
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silicon element (at low signal levels) and the metallic diaphragm determine

the equivalent shunt conductance appearing across the waveguide and thus the

insertion loss. When this circuit structure is exposed to high microwave field

intensities, the bulk element becomes progressively more conductive. The

transmission of power through the iris slot is thus limited, and the circuit

acts primarily as a reflective termination to the incidence power.

In addition to providing the desired low and high power tran:m,-,

and reflective states, this simple structure also provides moderate 3 dB c-,

bandwidth (typically 10%) in the low level transmission state while yieldi:!c-

the high field concentration at the sllicon element. Further, the structure

provides good thermal conductance from the element to the heat sink prcvci&-e

by the waveguide walls. This fact insures high power dissipation capabl'

for long pulses and moderate repetition rates.

3. Bulk Semiconductor Limiter Design Characteristics

The derivation and basis for the equations and relationships

pertaining to the electrical operation of bulk semiconductor limiters are discussed

In references I to 8, and will not be repeated in detail here. The ob'ect , - -

the present section is to develop a set of limiter operating characteristics using

in a simple manner the expressions developed in the previous reports.

4. Low Level Loss and Bandwidth

The limiter chip positioned in its resonant microwave iris

appears as a transformer coupled shunt loading (Y) to the waveguide transm;- ..

line (Zo). Figure 4 shows the physical limiter structure and its equivalent

electrical circuit. The insertion loss (IL), which is defined as the incident

power (Pin) divided by the transmitted power (Pt) is given by the following

expression:

15



I

Pin /Z 0j IL = (1 +
Pt 2 /
t

Inserting the circuit elements yields the expression below.

2 \2 22

IL = n 1 + n (2 T df C (2)

2

where f fo + df = operating frequency in hertz
fo = circuit resonant frequency 1/2
n = transformer turns ratio in (ohms)

Transmission line impedance is normalized to unity.
G = limiter element conductance in mhos

This assumes that the dominant loss is in the silicon.
C = limiter element capacitance in farads

Note that at resonance the last term in Equation (2) is zero. The remaining

expression relates the mid band insertion loss to the element conductance,

which can in turn be related to the silicon conductivity.

G = OC/E

where a = limiter element conductivity in mho/cm

= dielectric constant of silicon element in farads/cm

16
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The relation for the turns ratio (n) is the most controversial of

those used in this development. The turns ratio basically represents the

coupling between the resonant iris circuit and the transmission line. It

is therefore dependent upon the dimensions of the iris openings. It is

also dependent upon the limiter element mounting structure and its associatee

parasitic reactances.

If an iris of fixed height and thickness is loaded with

capacitances of different values, a linear relationship is experimentally

found between the square of the turns ratio andthe element capacitance.
' n2

Further, if all dimensions are scaled, n will remain constant. Thus, the

following empirical relationship results:

2n = k C(pF) f(GHz) (4)

where k is a constant for a given iris type. The factor k is evaluated using

experimental capacitance and bandwidth data in conjunction with Equation (2).

Using the relations presented so far, graphs can be generated

relating the insertion loss and bandwidth to the element capacitance and

operating frequency.

The data provided in this report is generated using the circu.z

shown in Figure 5. The series inductance element (LW) is addea tc re ..

the inductance of the current mounting structures which employ relativeL.

thin wire bonded to the dot contact on the limiter element. The resistive

element (R) provides for metallic losses, but these are usually small compare,

to those in G. The inductance (L) is transformed to the other side of the

transformer in Figure 5 simply for convenience. This causes no change in the

analysis.

17
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In using the circuit of Figure 5 to calculate the turns ratio (n),

the equivalent capacitance of the R-LW-G-C combination must be used in

Equation (4). The low level conductance (G) and capacitance can be obtained

directly from the element bulk properties and geometry. Assuming R to be neg!igqb),L

LW and n can be obtained from experimental data of the 3 dB bandwidth and

maximum achievable (saturation) isolation. The inductance parameter

is adjusted to provide resonance at the frequency of operation.

At 8.25 GHz, a limiter with an element capacitance of 0.08 pF

is measured to provide a 1.0 GHz bandwidth and 28 dB isolation at satur. t'r>n

For these conditions, LW is calculated to be 1. 18 nH and n 2 is specified

by Equation (4) and LW is adjusted to provide a constant impedance. Effects

due to the variation of transmission line impedence with frequency are cons1c-:- .

of secondary importance in relation to the purposes here and are neglectez.

Having thus specified all the component values of the circuit in

Figure 5, the low level insertion loss is computed and presented in Figure e

as a function of capacitance for several frequencies. As expected, higher

capacitance and higher frequencies exhibit higher loss. In comparison

with previous calculations, the effect of adding the LW term is to narrow the

tolerable range of capacitance for a given loss range. Typical capacita-U

values for about 0.4 dB loss are listed below for several frequencies.

CAPACITANCE (pF) FREQUENCY (GHz)

0.150 3.5

0.075 9.5

0.050 16.5

0.030 35.0

18
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FIGURE 5 EQUIVALENT CIRCUIT WITH SERIES INDUCTANCE

0 0

______0 oh -c-t

CAPACITANCE (pF)

FIGURE 6 MID-BAND INSERTION LOSS vs
CAPACITANCE AND FREQUENCY
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The 3 dB bandwidth resulting from the circuit in Figure 5 is

presented in Figure 7 as a function of capacitance and frequency. The midband

insertion loss can be estimated from the dashed lines provided on the graph

corresponding to 0.1, 0.4, and 1.0 dB loss.

5. High- Power Limiting

The limiting characteristic is defined by the graph of transmitted

power (Pt) versus incident power (P in). As discussed previously, the inseiI-L:.

loss (IL) is given by P, /P and is dependent upon the limiter element cond_-,: ,
(7). At low levels a is essentially constant having a value dependent upon

the impurities in the semiconductor. At higher levels, the value of Cr increases

due to the impact ionization and the creation of electron-hole pairs which nccur

in the semiconductor at high electric fields. Both theoretical and empirical

expressions relating z and the average electrical field (E) were described in

reference 1. An empirical relation is used in the present design work and is

given below:

In (a + 0.00775) - in (0.008)
E(a> 0. 03) = 1.035 x 10- 4

(5)

na - In (0.00754)
E(a< 0.03) 9.21 x 10 - 5

This relation was obtained using data from X-band components.
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The transmitted power (P t) is the transmission line voltage

squared at the output port divided by the line impedence (Z ). The transmitted

voltage is conveniently obtained by transforming the limiter element voitcge

which is the limiter element thickness (WA) times the average electric field (L),

back to the transmission line by means of the circuit in Figure E. Thus,

by choosing values for a, it is possible to calculate corresponding values

for the insertion loss, and the input and output power levels. This dat=

is presented in the limiting characteristics of Figures 8 and 9.

Before discussing these limiter design curves further, consicer

briefly the temperature within the limiter element. As the peak incident

power is increased, the peak element temperature will increase. The

temperature distribution and time factors were considered in detail in

reference 2. It was indicated there that for the purpose of comparing

element geometries a simple thermal capacitance model could be used

for pulse lengths of around 1 4sec or less and low duty cycles. Peak

temperatures are calculated for this model by means of Equation 6.

TEMP 25+ in \IL - t E)

1.77 Cs W 2

where

Temp = peak temperature at end of RF pulse (0C)
tp RF pulse length 1 pLsec

Cs = silicon capacitance (farads)

W = element thickness (cm)

22
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S The limiter curves in Figures 8 and 9 are terminated at the power level where

the peak temperature reaches 250 0 C. The large dot on the curves indicates

a peak temperature of 125 0 C. Temperatures resulting from operation with

pulse lengths other than 1 sec will be different and can be calculated using

Equation 6.

The design curves in Figure 8 portray the limiting performance

to be expected at 9. 5 GI~z O-band) by limiters using elements of two

different thicknesses (3 and 6 mils) . As expected, higher capacitance

units provide higher isolation and power capability. For a given capacitance,

elements twice as thick give approximately 3 dB less isolation and have

about 4 times the power capability.

Notice also from the curves of Figure 8, the rather strong

dependence of limiter performance on the element capacitance. Most of the

X-band units built during the program have capacitance values in the 0. 07

to 0. 12 pF range and gave performance as indicated by the 9. 5 GHz design

curve of Figure 9 which is for 0.075 pF.

Double slit units with an element in each slit are electrically

similar to a single slit, single element unit where the capacitance value

is equivalent to the series combination of the two element capacitances

and the one extra wire inductance (LW). The double slit experimental

limiter provided performance in accordance with the 0. 05 pF, 6 mil curve

of Figure 8.

Notice in Figure 9 that useful limiting performance is Droj ectcI

for all of the frequencies presented. Although the low level loss is the same

for these curves, the bandwidth is not (reference Figure 7).

In summary, this section has provided data and curves relating

the physical element parameters to the limiting performance expected. This

information is useful both in assessing operation in new applications and also

in providing the actual fabrication design data.
25



D. Circuit Analysis of the Bulk Limiter

1. Introduction

The bulk semiconductor limiter element is a high

impedance microwave device which has an electrical conductivity which

is a function of the microwave voltage across the device. The circuit with

which the element is used must meet certain requirements to yield optimum

low and high power microwave performance. For example, incident low

level microwave power absorbed by the device contributes to insertion

loss. The percentage of low level power absorbed by the device can be

easily reduced by lowering the circuit impedance at the limiter element

terminals. Note that for any given limiter element that lowering circuit

impedance would also widen the bandwidth substantially as the capacitive

susceptance of the limiter element would have a smaller effect in the
M*

lower impedance circuit. Thus, lowering the circuit impedance presented

across the limiter element terminals improves the low level characteristics

of the completed component.

An examination of the high power isolation state of

the limiter device shows the lowering the circuit impedance at the element

terminals reduces the isolation which results from a given element con-

ductance. The reduction in isolation results in an increase in dissipated

power within the device and consequently reduced power handling capa-

bility and increased return loss. Thus, lowering the impedance at the

element terminals degrades all high power performance characteristics.

As a consequence, it is necessary to select the

transmission line impedance presented to the limiter element terminals at

a compromise value which provides both optimum high level and low level

performance. Further, in designing tuning circuits to provide for broadband

NOTE* ECOM-0292F -Bulk Semiconductor limiter DAAB7-72-C-0292
PP 23 - 36.
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1.145 pHy 254.6pF

INPUT 1.0 ohms OUTPUT 1.0 ohms

z 1.0 a RT=17.12 ohms ( 0.25 dB)

(a) NORMALIZED TO 1.0 OHM

1.145 pHy 254.6pF

INPUT 0.5 ohms OUTPUT 0.5 ohms

z =0. 5Q RT and Ras above

I (b) IN REDUCED IMPEDANCE LINE

I FIGURE 10 BULK LIMITER EQUIVALENT CIRCUIT
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l.ow level characteristics, it must be remembered that high power per-

formance will be affected by the choice of that design. For optimum per-

formance over the band of operation, a frequency independent impedance

at the element terminals is desired.

2. Example

To illustrate the effects of the impedance at the

plane of the limiter element, consider the case of the bulk limiter design

shown in Figure 10(a). The design has been simplified by eliminating the

turns ratio and transforming the reactance values to a normalized 1 ohm

transmission line.

Let us consider the following experimental parameters

under low and high power conditions of the circuit in Figure 10 (a).

0 C ircu it [,10a]I Low Power

f = 9.32 GHz

BW (3 dB) = 1. 25 GHz

IL = 0.25 dB

* Circuit [110a ]High Power

Isolation = 24.9 dB

Fractional Power Dissipated -=0.107
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The relationships: (for details see Reference 11)

2

Pt2

and

Pd Z G

are used to calculate RT parameters.

RT (Low-Power) =17.12 0 and RT (high-power) = 0.03 ohm*
Now, assume that the transmission line has a

lower impedance in the plane of the limiter element caused by the matching

circuitry used. The impedance of the circuit shown in Figure 10(b) is

reduced by a factor of two to a value of 0.5 ohm. Again, calculating the

low and high power performance of the limiter circuit yields:

Circuit [10b] Low Power (RT = 17.12 ohms)

f 9.32 GHz
0

BW (3 dB) = 2.5 GHz

Calculated Insertion Loss = 0.13 dB*

Circuit [ lb I High Power (RI = 0.03 ohm

Calculated Isolation = 19.4 dB*
Pd

Calculated Fractional Power Dissipated Pd 0.191*
Pi

* For details see Appendix IV.
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Thus, while the c ircuit of Figure 1(b) improved low

power performance greatly by minimizing the insertion loss and broadening

* the bandwidth of the device, it did so only at the expense of high power

performance. The isolation was reduced from 24.9 dB to 19.4 dB and the

power absorbed by the device from the incident microwave pulse increased

by a factor of 1. 79. Thus, the power handling capability of the device was

reduced by a similar factor.

The above example was given to illustrate that the

impedance presented by the circuit to the limiter element terminals is

extremely important in its effects on device operation and power handling

capability. A bulk limiter element will be capable of dissipating a fixed

amount of energy during a high power microwave pulse. Therefore, in order

to maintain both good high and low power performance characteristics, the

matching circuitry used to couple the bulk semiconductor state to the

lower power stages must be well understood.

3. Capacitive Tuning

Now examine the effect of using symmetrical capaci-

tive tuning arrangement on either side of the bulk limiter. Figure 11 (a) shows

the geometrical arrangement of tuning screws which will successfully match

present bulk limiters to the low level PIN stages at low power levels.

Figure l11(b)is an equivalent circuit of the above structure with the wcaveq

impedance and limiter element values normalized to 1 ohm. C T represeivL,

the capacitance of the tuning screws in the transmission line.

The object is to match the power from the one ohm

input port to the load resistor over the frequency band of interest. For the

sake of simplicity, we can analyze the transmission state with R = ,the

lossless case. From the transmission line theory, it is known that if one

30
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A.9 x*
(a) PHYSICAL CIRCUIT
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v 1OH 4 T1.145 pHy 2.54.6 pF { T 1ON

(b) EQUIVALENT CIRCUIT

FIGURE 11 CAPACITIVE TUNED BULK LIMITER
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5 divides the transmission line at any point, the impedance of the portion

looking toward the source must equal the complex conjugate of the im-

pedance of the portion looking toward the load for maximum power transfer

to occur. Thus, if a matched transmission line circuit were cut and the

impedance of the load portion were measured at

ZL = 0.7 + j 0.5 ohm

then it follows that the impedance of the source portion would be

ZS = 0.7 - J 0.5 ohm

Similarly, if a symmetric circuit were divided at

the center, it follows that for a matched condition to exist the impedance

of both halves would necessarily be real and equal.

This leads to the analysis of the circuit of Figure 11(b)

at 9.32 GHz. The Smith chart of Figure 12shows the impedance of the circuit

calculated from the load end. Assume a susceptance value of +j 0.7 has

been used for C . Point A is the impedance of the 1 ohm load and trans-

mission line. Point B includes the susceptance of the load side capacitor

C T . At Point B, the impedance of the cirt looking toward the load is

ZB = 0.67 - j 0.47 ohm. As we move back toward the generator by

approximately 1/10 wavelength, Point C, we find the impedance to be

entirely real with a value of 0.5 ohm. At resonance, 9.32 GHz, the limite:

circuit appears as an open circuit (lossless case) and the impedance at

Point D is the same as that at Point C. Moving back another 1/10 wave-

length yields a load impedance from Point E ofZ = 0.67 + j 0.47. This
E

Inductive component is cancelled out by the generator side susceptance
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of C = 0. 7 mhos yielding a load side impedance of 1.0 ohms at

Point F. Analysis of the same circuit at the band edges of 9.0 and

9.65 GHz yields the following results:

Without Tuning:

f S IL
o 11

9.0 GHz 0.46 <) -63 0 1.04 dB

9.32 GHz 0 <) 00 0.0 dB

9.65 GHz 0.46 <) +63 0 1.04 dB

With Tuning Capacitors spaced 0.098 Xat 9.32 GHz, B = 0.7 mhos @ 9.32 Giz

f S IL0 - 11

9.06 GHz 0.24 <) 1790 0.26 dB

9.32 GHz 0 <) 0 0.0 dB

9.65 GHz 0.22 <) -38 0.21 dB

In performing the analyses, the following impedances

were noted as a function of frequency at the iris plane [Point C in Ficurc

11a)]:

Frequency Admittance Impedance

9.0 GHz 1.91 + j 0.06 0.523 - j 0.016

9.32 GHz 1.98 + j 0 0.505 + 1 0

9.65 GHz 2.03 - j 0.1 0.491 + j 0.012
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Thus, it is seen that the effect of the two tuning

capacitors of Figure 11 (a) is primarily to lower the circuit impedance at

the plane of the resonant limiter iris. Very little reactive tuning occurs

because the capacitors do not present a rapidly'varying susceptance at

the window plane.

4. Circuits for Consideration

It has been shown that waveguide tuning circuits

which do not present rapidly varying reactance at the limiter element plane

can only improve low level performance by reducing the resistive impedance

component at the limiter element plane. This deteriorates the high level

performance severely. Hence, only circuits with long spacial dimensions

or rapidly varying reactance versus frequency characteristics will be

capable of providing the desired performance (see Figure 13).

Circuits capable of providing the desired performance

are shown in Figure 14. Both circuits will show a mid-band frequency shift

either upward (for spacings of approximately 0.17 X) or downward (for

spacings of approximately 0.33 X). One of these two circuits or a variation

thereof will have to be used for achieving broadband performance from the

bulk limiter in a short length of waveguide.
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.17 X

or
.33 XI

o Z1.0 ohm

LIMITER TUNING CIRCUIT

(a) SINGLE TUNING CIRCUIT DESIGN

E D C B A

1.0 ohm

TUNING CIRCUIT LIMITER TUNING CIRCUIT

(b) DOUBLE TUNING CIRCUIT DESIGN

FIGURE 14 RESONANT CIRCUIT BROADBAND TUNING OF BULK SEMICONDUCTOR LIMITERS

0. 15467
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Analysis of the two circuits shown in Figure 14

produces the conclusion that circuit 14(b), the double tuning circuit, will

provide the best limiting performance. Figure 15shows a complete analysis

of circuit 14(b)using the following circuit parameters:

0 Limiter Iris Parameters

f = 9.15 GHz
0

BW (3 dB) = 1.25 GHz

R = CO (lossless case)

C = 254.6 pF

L = 1.88 pHy

0 Tuning Iris Parameters

f = 9.15 GHz
0

BW (3 dB) = 2.50 GHz

C = 127.3 pF

L = 2. 376 pHy

* Tuning Iris to Limiter Spacing

Spacing 0. 191 X at 9. 15 GHz

The analysis was carried out at five frequencies within the operating band-

width 9.0, 9.15, 9.35, 9.5, and 9.65 GHz. The curves on the admittan-,

plane plot (Figure 15)represent the various lettered points on the circuit

diagram [Figure 14(bE as a function of frequency. All curves are labeled

at their low frequency end and the 9.15 GHz point on all curves is coincident

with the origin. The input admittance to the circuit (Plane E admittance) is

shown by points labeled X on the Smith chart.
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It is important to note two factors in this analysis,

First, very good matching was obtained over the 9. 0 GHz to 9.65 GHz

frequency range of interest. The magnitude of S 11is less than 0.14 for

all frequencies. This corresponds to a return loss of greater than 17 dB

which more than meets the VSWR specification of 1. 4: i. Second, the

impedance at the limiter element plane does not vary too much with

frequency. This can be seen by reading the conductance value off of

either curve B or C as a function of frequency. Minimum conductance is

0. 78 mhos; maximum is about 1. 13 mnhos . Thus, the impedance variation

is 1.45 to 1. Careful examination of the Smith chart shows that this can

be reduced still further by a slightly wider spacing of the tuning elements.

5. Recommended Circuit Configuration for a
Multf- Stage Limiter

It is recommended that the left portion of the

circuit, Figure 14(b) ,be the tuning design for the multi-stage limiter

component, thus, the circuit should consist of:

(a) An input pressure window resonant
at 9. 1 - 9. 15 GI-z, with a band-
width of twice the limiter bandwidth.

(b) A section of waveguide transmission
line approximately 0. 19 wavelengths
long at the iris f

0

(c) Th6 bulk limiter stage (minimum
bandwidth approximately 1.35 GHz).

The remaining reactive tuning, suppl,.ed at Plane A in, Figure 14(H) can be

supplied by the low level limiter stage provided that the spacing between

the bulk limiter and the low level stage has the proper value.

It is very important to note that as long as the

circuit to the left of the bulk limiter contains only those components and
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spacings specified, no tuning element placed on the right of the bulk

limiter will affect power handling capability adversely. Thus, tuning

screws and the like can be used as desired to obtain low frequency per-

formance.

6. Test of Three-Stage Filter Design

A three-stage filter design was analyzed at RRC

for achieving the necessary tuning. The bulk limiter stage was assumes_

to have the following characteristics of frequency and bandwidth:

f = 9.15 GHz
0

BW (3 dB) = 1.25 GHz

These values were based, in part, on the results of the first engineering

samples. The 1.25 GHz bandwidth should be obtainable simultaneously

with a 30 kW power capability if two bulk limiter elements are used in

either a double or single slot iris.

Two passive irises with the same center frequency,

9.15 GHz, and twice the 3 dB bandwidth or 2. 5 GHz, were used in thE.

design. The completed filter structure has a passive tuning iris, th'e

active bulk semiconductor limiter, and a second passive tuning iris all

separated by 0. 19 wavelength spaces. The theoretical analysis indicated

a bandwidth considerably in excess of the needed 650 MIHz. Further, t'e

analysis showed minimal impedance variation of the limiter plane as a

function of frequency. Hence, good performance was anticipated.

Unfortunately, in high power testing the circuit, it

was found that the electric field across the input tuning iris was very high

and arcing occurred during high power testing. Thus, without development

of a tuning resonator capable of withstanding the high power pulses without

arcing, this circuit cannot be used.I
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I In order to evaluate the effectiveness of the three-

stage tuning mechanism, a test was run at RRC to optimize the structure

for input VSWR. The test included a two-stage diode limiter similar to

MA3940X as part of the structure. No tuning screws were used to optimize

the structure, as tuning screws in front of the bulk limier will reduce the

impedance at the limiter. The overall mechanical arrangement is as

shown in Figure 16, as are the parameters of the three resonant irises used

in the experiment. The result of the test was a return loss of 16 dB or

greater over the frequency range of 9.080 to 9.80S GHz or a 1.38:1 VSWR

over a 725 MHz bandwidth. The insertion loss varied from 0.9 dB at the

bottom of the passband to 0. 7 dB over the rest of the operating bandwidth.

Thus, the three-stage filter in front of the diode

limiter is capable of providing the necessary tuning. However, we

cannot implement it without first coming up with a tuning iris that can

withstand the high fields caused by the reflected power under high power

conditions.

7. Alternate Filter Des ign

Thus, it is necessary to examine filter structures

which do not require an input filter element in front of the bulk semi-

conductor limiter. The bulk semiconductor limiter becomes conductive

under high power condiIons. Therefore, it does not arc because the

electric field is greatly reduced by the shunt conductance at the iris

plane. Tuning elements located on the low power side of the bulk limiter

are never exposed to high values of electric field because of the shorting

action of the bulk limiter. Therefore, any design which utilizes the

bulk limiter itself as the input stage will1 not require high power tuning

elements. It should also be noted that no impedance transformation can

occur if the bulk limiter is the input stage of the filter structure. Thus, the
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IRIS PARAMETERS

IRIS f o BW(3,dB) IL

B3 9.28 GHz 1.21 GHz 0.25 dB
B B5 9.30 2.44 0.05

B6 9.30 2.37 0.05

.330"_ .328" 19
cm cm h icm

DIODE LIMITER

INPUT OUTPUT

(MA3940XM)

85 83 B6
BULK

LIMITER
STAGE

FIGURE 16 THREE STAGE FILTER TEST

D-15469

43



power handling, insertion loss and recovery characteristics of the bulk

limiter should be essentially independent of frequency.

An analysis of a simple two element filter using

identical resonant irises spaced apart by a section of wavegulde was

performed. Based on geometrical Smith chart observations, two spacings

were examined, 0. 25 wavelengths and 0. 186 wavelengths. The con-

clusion was reached that using lossless resonant irises with resonant

frequencies of 9. 15 GHz and 3 dB bandwidths of 1. 25 GHz, the maximum

1. 4:1 VSWR bandwidth occurs at a spacing of 0. 186 wavelength and is

approximately 445 MHz. This result did not include possible tuning

effects of the diode limiter stage which were difficult to incorporate in

the analysis. It was, therefore, decided to conduct a set of experimental

tests to evaluate the performance to be expected.

8. Limiter Input Filter Results

Considerable experimentation was performed with

the bulk limiter state (a dummy iris with known center frequency, band-

width, and insertion loss) as the input stage of the filter. The best result

was obtained with the tuning structure including the MA394OXM diode

limiter stage shown in Figure 8. The diode limiter was adjusted to

provide the maximum 1. 4:1 VSWR bandwidth as was the tuning screw shown

in the Figure. The best result obtained was a passband from 9. 045 Ghiz

to 9.634 GHz or a 589 MHz bandwidth. This is slightly less than the

650 MHz desired, but indicates that the circuit is nonetheless usable.

It is anticipated that adequate performance could be relaized if the band-

widths of irises B4 and B3 were greater by 15 to 20%.

It is, therefore, concluded from the experimental

results of the low power filter testing that a limiter input filter as shown
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IRIS PARAMETERS

IRIS f0 (GHz) BW (3 d8) (GHz) I E W13)

B4 9.29 1.15 0.20

B3 9.28 1.21 0.25

TUNING .30

SCREWDIODE LIMITER

INPUT OUTPUT

(MA3904XM)

84 B3
BULK

LIMITER
STAGE

FIGURE 17 TWO STAGE FILTER EXPERIMENTAL TEST

D01570
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in Figurel7 will yield the desired 650 MHz passband provided that the

3 dB bandwidth of the high power limiter stage is 1. 32 GHz or greater.

It should be understood that any tuning mechanism used on the low power

side of the bulk limiter will neither be required to withstand high levels

of mmicrowave power nor reduce the impedance at the limiter plane at

any frequency. Hence, the power capability of the bulk stage will not

be affected by the tuning or low level stage.

It is also worth noting that the diode clean-up

limiter does not have the optimum reactive tuning characteristics to

broadband the two-stage bulk semiconductor limiter. It is a wide band-

width structure designed to have a flat passband. Therefore, it cannot

present a matching reactance to the bulk limiter tuning iris circuit in the

middle of the operating bandwidth.

Observations of the tuning interaction between the

bulk limiter tuning iris stage and the diode limier stage indicate that

the reactance of the diode limiter stage interacts with "iat of the bulk

limiter stage at one of the two-band edges. The spacing of the bulk

limiter and tuning iris must be such that the VSWR does not exceed

the 1.4:1 specification at the filter's center frequency when tested

along. The parameters of the diode limiter can then be adjusted in the

assembled package to broaden the passband on either the low or high

frequency end. The return loss characteristic observed for the tuned

structure of Figure 17is shown in Figure 18. There are three mimima in

the return loss characteristic within the 589 MHz bandwidth defined by

the 1.4:1 return loss specification.
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E. Design Improvements and Final Design of the Bulk
Semiconductor Limiter

During the engineering phase, significant improvements

in the fabrication procedures of bulk limiters were accomplished. A batch

fabrication scheme was introduced to improve the manufacturabilityL oi

bulk limiters. The delicate diffusion bonding of the bulk limiter chip

10 mil gold wire was replaced by ball bonding the gold wire to a 3 mil
[9]

etched gold post defining the active area. A high eutectic temperature

metallization scheme, consisting of titanium-tungsten (10% Ti and 90% W)

and gold was introduced to improve the power handling of bulk limiters.

F. Fabrication of Bulk Limiters

1. High Resistivity Silicon Material

The quality of high resistivity uncompensated

silicon material is probably the most important requirement for manu-

facturing high power and low insertion loss semiconductor bulk limiters.

Very high resistivity uncompensated silicon cannot be grown by epitaxial

processes. Thus, the use of epitaxial wafers in bulk limiter fabrication

is ruled out and all processing must be accomplished using very thin float-

zone refines silicon wafers. The important parameters that one must

control are low crystalline defect density, controllable doping density,

and precisely controllable wafer processing steps. [

2. Wafer Dicing and Polishing

High resistivity silicon ingot was used to fabri-

cate the bulk limiters. The ingot was grown by the float-zone method

by Wacker Chemical Company, Munich, West Germany. It is ingot

numberW30736-6, resistivity 10.4 - 15.0 x 103 ohm/cm, (111)

orientation, p-type, uncompensated with lifetime of 2 x 103 microseconds.
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The ingot was mounted on a graphite block with

epoxy resin. The wafers were then saw cut 10 mils thick on the ( I11)~

orientation on an STC (Silicon Technology Corporation, Oakland, New

Jersey) inside diameter slicing machine. At this point in the as-sawn

condition, maximum linear thickness variation was less than 0.4 mil and

maximum bow was appr, ximately less than 0.2 mils.

The wafers were then chemically etched to remove

at least one mil of silicon from each side. An etching solution of modi-

fied 6:1:1 (HNO 3P:F:HAc) mixture was used, resulting wafers varying in

thickness from 7.8 to 8.4 mils.

These wafers were separated in 0. 1 mil thickness

increments and mounted on stain less steel polishing blocks. One side

was chemically-mechanically polished; the wafers were dismounted and

solvent cleaned, then remounted for opposite side polishing. Optimum

process conditions of slurry pH, hydraulic pressure, slurry temperature,

and polishing time were utilized. A final double-sided wafer polishing

thickness for two separate processing runs of 3 .5 - 3. 6 mils and 3. .8 -

4.2 mils respectively, were obtained. Linear thickness variation of

0.2 mil maximum was obtained.

It appears that appropriate processing conditions

for slicing, etching, cleaning, mounting, and polishing have been

developed to obtain damage-free, very high resistivity, very thin silicon

wafers. Further, efforts were made to establish the reproducibility of

these processing parameters. This method produced a flatter wafer,

without sharp edges which permitted fabrication processes to proceed

with lower breakage and consequently, improved yield.
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3. Wafer Processing

First, silicon wafers were thinned down to 3. 0 mil

thickness by polishing and etching techniques. Then, the wafers were

phosphorous diffused at 1000 0 C for 30 minutes(see Table III) using POC13 diffusion

system. After the completion of phosphorous diffusion, the phosphorous
0

doped glass on the wafer was etched in hydrofluoric acid and 1000 A of

a silicon diozide (SiO 2 ) glass was thermally grown at 100000. [9]

Both surfaces of the wafer were then photoprocessed

in sequential operations which transfer the 0.75 mil checkerboard pattern

of the photoresist mask to the silicon wafer. The checkerboard pattern

windows were then etched through the SiO2 and phosphorous doped silicon

layers by using buffered hydrofluoric acid and 12:1:1 (HNO 3 : HF:CH 3:COOH)

respectively. The wafer was then diffused with boron at 9500C for 20

minutes using a boron nitride source. The boron diffused wafer was etched

in hydrofluoric acid to remove all glass from the wafer surfaces.

Both surfaces of a wafer were then metallized with
0 0

500 A layer of titanium-tungsten alloy (10% Ti, 90% W) and a 2000 - 3000 A[9]
layer of gold and then electroplated with pure gold. One surface was

plated to a thickness of 0. 1 mil while the other was plated to a thickness

of 4.0 mils. Then bulk limiter wafers were saw-cut into 40 mil squares

and were separated into individual chips. (See Tables I & II).

After diffusion bonding with 8 mil diameter gold

wire, the chips were mesa etched in silicon etch and passivated with silicon[al
nitride and Dow Corning DC-643 junction coating. -The bulk limiter chips

were mounted in copper X-band irises and were tested for both low and high

level RF performance.
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4. Bulk Limiter Tuning

The bulk diode limiter assembly consists of the

bulk limiter followed by a two-stage diode clean-up limiter. In combining

the bulk limiter with the diode limiter, as shown In Figure 10, it was

necessary to use tuning screws in front and back of the bulk limiter to

achieve optimal bandwidth performance. But this had an adverse effect

on the peak power handling capability of the bulk diode limiter assembly.

The peak power handling capability was reduced approximately by a

factor of two. A matching structure was introduced in which all the

tuning was accomplished with elements between the bulk limiter and

clean-up limiter. A typical single-slot bulk limiter and its low level

RF performance is shown in Figure 19 and Figure 20.

A dual-slot bulk limiter was also introduce~~1 s

shown in Figure 21 and Figure 22. A dual-slot bulk limiter exhibits wider

bandwidth (see Figure 22) as predicted by the circuit analysis; but a dual-

slot bulk limiter approach was found to be very expensive and time

consuming. Besides selecting two bulk limiter chips, completely matched,

the failure mechanism of dual-slot bulk limiters cannot easily be

predicted. A problem was encountered in predicting burnout of (one or

two bulk limiters) dual-slot bulk limiters from recovery time measurements.

Typically, single-slot units do not burnout until recovery time exceeds

2 microseconds. No pre-burnout indication was found with dual-slot

units.

G. Fabrication of the Bulk-Diode Limiter Assembly

The bulk-diode limiter assembly consists of the bulk

limiter follow~gj by a two-stage diode clean-up limiter (as shown in Figures

23 through 2.In addition, tuning screws are used to achieve broadband

performance. (See Table II).
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FIGURE 19 SINGLE SLOT BULK LIMITER
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The input stage is a high power PIN diode which does

the main limiting job. The output stage is a low power varactor used for

additional clean-up isolation. A detector diode is used to provide DC

bias to the limiter diodes.

Figure 27 shows a schematic of the biasing arrange-

ment. The resistor is used to provide the diodes with a discharge path
to ground. This Is necessary to shorten the recovery time. This type of

limiter design is a highly reliable one. It will withstand environmental

extremes of temperature, shock, vibration, humidity, etc. , without

degradation. Its insertion loss is only 0.4 dB, while it provides a mimi-

mum of 40 dB isolation across the band.

1. Bulk-Diode Limiter Package

The bulk-diode limiter package which comprises

the first engineering samples is shown in Figure 28. In combining the

bulk limiter with the diode limiter, it was necessary to use tuning screws

to achieve optimal broadband performance. The bulk limiter is a very

narrow band deivce. The effect of the tuning screws is to transform into

and out of the bulk limiter stage. Thus, it becomes better matched

across the band.

The relative spacings of the screws, the bulk

limiter and the clean-up limiter are also critical. Much time was spent

in experimentally determining the spacings which would give optimal

broadband performance.

One of the goals of this program is to be able to

replace bulk limiters without the need for retuning the package. Some

experimentation has been done along these lines. It has been found

that, in order to achieve this goal, the bulk limiters must be very con-

sistent and uniform.
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The technique used to obtain replaceable bulk

limiters to to tune each bulk limiter in a standard, fixed package. Un-

fortunately, once the bulk limiter has been constructed, the only

tuneable parameter is its center frequency. Thus, care must be taken

in the manufacture of the bulk limiters to ensure a consistent and uniform

quality in such untuneable parameters as insertion loss and bandwidth.

ii. Microwave Measurement Facilities and Test Results

1. Low Power Test Facility

The low power microwave test is shown in Figure

29. It consists mainly of an X-band Alfred sweep oscillator (Model

No. 8000/7051) and an Alfred network analyzer (Model No. 650). This

test set up is used to tune the device for center frequency, low VSWR

and insertion loss (see Figure 29).

The sweep oscillator generated an output which

covers the 9.0 - 9.65 GHz band. It also provides a horizontal sweep for

the network analyzer. The precision attenuator is set so that the power

incident upon the device under test is generally below 1 mW.

The two 10 dB directional couplers measure the

incident and reflected power of the device under test. The network analyzer

compares these two signals to measure return loss. Then VSWR is czii-

culated from the return loss measurement.

The 10 dB coupler behind the device under test

samples the power transmitted through it. The network analyzer then

compares this signal with the incident power to measure insertion loss.

2. High Power Test Facility

The high power test facility is shown in Figure 30.

It consists of a high power X-band magnetron, Model No. 2J51 and a
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modulator (Model No. MA12330); this system is capable of generating

40 kW with 0.001 duty cycle. The magnetron generates the microwave

power, while the modulator controls the pulse and duty cycle conditions.

The circulator serves two functions. First, it

protects the magnetron from the power reflected by the device under test.

Second, it provides a way of injecting the echo source (Varian Klystron

Model No. X-13) signal into the main line. The echo signal permits

recovery time measurements to be made. The echo signal enters the

circulator and is reflected from the magnetron out to the device under

test.

The amount of power in the main RF line is sampled

by means of the crossguide coupler. The power meter measures average

power. The peak power in the main line is calculated by dividing the

average power by the duty cycle. The frequency meter is used to

measure the RF frequency in the main line.

3. Flat and Spike Leakage Measurement

Following the device under test are a precision

attenuator and a detector. The detector is calibrated so as to give an

arbitrary deflection on the oscilloscope for a 10 mW input. The spike

and flat leakage through the device under test are determined bv diuS,

the precision attenuator such that the oscilloscope presentation is returi,: :

to the previously determined reference level. The amount of leakage power

being measured is then equal to the precision attenuator setting (dB) alove

10 MW.

4. Recovery Time Measurement

Recovery time is defined as the time between the

end of the RF pulse and the point at which the device under test has
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returned to w ithin 3 dB o f its insertion loss state. For this measurement,

echo signal is introduced along with the magnetron power. The oscillo-

scope presentation for the recovery measurement is shown in Figure 3 1.

The precision attenuator is varied so as to determine a point which is

3 dB below the steady-state level of the echo signal. The recovery time

is measured using the calibrated oscilloscope.

I. Engineering Samples

1. Approval Tests

Succes sful engineering samples were fabricated

and sent to the ERADOOM, Fort Monmouth, NJ for their evaluation.

Electrical test results on various engineering sample diodes are given

in Table I to Table VI.

2. Preproduction Units and Design Improvements

During this phase of the program, work was con-

centrated to make bulk limiters reproducible and with high yield. Exper-

iments were also conducted to reduce the insertion loss and to improve

the power handling capability of the bulk limiters. 9

X-band stamped irises (commercially from 0.0%- in'<-

thick, oxygen-free, high conductivity copper) were introduced to rec'jce
10

the price from a $15 machined iris to 20 cents (stamped iris). The con-

firmatory units results are given in Table VII.

3. Discussion of the Pilot Production Run

Low cost stamped irises and "batch processing" for

bulk limiter chips were introduced to manufacture bulk limiters at a low

cost. Forty (40) pilot production bulk limiter assemblies consisting of forty

bulk limiters and forty clean up limiters were assembled and test results are given

in Table VIII. 67
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I

I SILICON MATERIAL MEASUREMENT

Type - p-type

Orientation - (111)

Resistivity - 8000 - 15000 ohm-cm

I Phosphor Diffusion (resistivity) - 6 - 7 ohm/cm- 2

-2
Boron Diffusion (resistivity) - 20 ohm/cm

Checkerboard Diameter - 0.75 mil

Contact Area Diameter - 10 mils in diameter

Capacitance on Chip - 0.15 pF

V at 50 mA - 2 - 3 Volts
F

TABLE III DC CHARACTERISTICS OF BULK LIMITER CHIPS
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