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bulk 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 ERADCOM, 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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II. 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 detail, the methods
and conditions of performing acceptance testing of a limiter. The

Acceptance Test Procedure is contained in Appendix IIJ.
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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 .,

B e T e
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CONCLUSIONS AND RECOMMENDATIONS

On this program, the following achievements were made:

(1)

(2)

3)

(4)

High Power, X-Band, Complete Solid State Receiver

Protectors were fabricated in Production quantities.

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

marine radar applications.

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 -un limiter assemblies.

This work should be pursued at millimeter frequencies,

especially at Ka-Band frequencies.
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(1) G. Morris, V. Higgins, G. Hall, Y. Anand, R. Billota,
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(2) G. Morris, V. Higgins, G. Hall, Y. Anand, R. Billota,
and F. Jellison, "X-Band, High Power Solid State Receive:
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APPENDIX I (a)

ORIGINAL SPECIFICATIONS (SCS-486)




|
|

q Electionic Command i N 8CS5-486
'; Tachnical Requirements ‘ + 28 Morch 1975
; N 3 | - \
' O . . High Power Bulk Semiconductor Limiter \
' 4 -1, SCOPE: This ';ﬁecificétibn describes o passive, solid state, receiver

l { ‘protector using a bulk semiconductor limiter in combination with a semiconductor
1 diode liriter. Limiter operation will provide isolation from x-Bend pulses up
vy to 30 kw over o variety of test conditions,
-3 .
9

2. APPLICABLE DOCUMENTS -

g 2.1 Documents. - The following documents, of issue in effect on the dote of .
=Y invitation for bids, form o part of this specification to the extent specified herein,
- .

3 SPECIFICATIONS

£ MILITARY .

” MIL-E-) General Specification for Electron Tube
= . MIL-P-11268 Parts, Materiols, cnd Processes Used in
= , Electronic Equipment

~‘] 0

(:) . STANDARDS )

)  MILITARY

= MIL-STD-105 Sompling Procedures cnd Tables for Inspection
> by Attributes

N MIL-STD-202 " Test Methods for Electronic ond Electricai
i N Components Parts :

<3 : MlL-éTD~13HA Microwave Oscillstor Test Meathods

"“{Copies of specifications, standards and publicotions required by controctors ir

% lconnection with specific procurement functions should be cbtoined from the procuring
'activity or aos directed by. the contrecting officer. Both the title ond aum:.r =f

~ tsymbol should be stipuloted when requesting copies.)

-, d
oy :

“1FSC 5941 ; t
'-,. )

v

3
]

&




-

REQUIREMINTS:

3.1 Function Deserintion,

= The high power, solid stote, limiter specified
hercin will cperate in the frequency bond 9.0 - 9.65 GHZ,

A multi-stcge

) conliguration is occeptable with the first stoge incorporating the principle of

avalonche brcoxdown of ncor=-intrinsic silicon to achieve isolation,

This device

will be mounted in ‘o fixed tusned resonont waoveguide covity designed to provide

the necessary avolonche field conditions,
" effect device or a semiconductor diode limiter.

The second stoge shall be either o bulk
Both limiter devices will be

. mounted in a common structure ond no external bios or drive will be necessary for

its operation,

The receiver protector is required to operate in unpressunzed conditions,

3.2 Mechanical Chcrac:enshcs. -The bulk semiconductor lurmtcr structure will
conform to the followmg requirements: .

(o)
()

Wenghf
: lnput flange

(c)

Output flonge

(@)
(e)

Mounting position

Cooling

Figure 1,

3,3 Electrice! cherocteristies.
the following requirements:

(a)

1 sec pulses continuous

Y P SO S R et

Insertion Loss

Low Level VSWR

Reco:ery Time

20 oz max

mates with UG -408/U
choke flonge

mates with UG=135/U
cover flonge

any

conduction

3.2.1 Phwsical Dimensions, = The bulk semicondgcfor limiter shall conform to

3.2.2 g_g_n:truc%icn. - Ports and materials will be in accordance with MIL-P~112648.

= The bulk semiconductor limiter will conform ‘o

Peck Rf Input power, :

]

(o) Flat Leckoge :
(N Spike Leckoge :
(g) external bios :

2 kw, Dy = .00}
10 kw, Du = ,01 .

0.7d8 (mox)
1.4:1 (max)
O.'8/4 sec (max)

50 mw (mox), for 30 kw, .001 duty eycls, 1usec .
pulse

750 mw (mox), for 30 kw, ,001 duty cycle, 1 usec
pulse

none

2




P

. 3.4 Absolute Ratings «¢ N/

Porometer . Symbol Min Max Unit
Frequency ' F | ' - . 9.0 " 9.65 . GHZ
Pock Power P 30 ' kw 1
" Averoge Power Pa ' | 100 w

Ambient Temp. o Ta . =55 . 485 *C

Altitude ) 50,000 . ft

)
’

3.5“Mcr!<ing. - Eoch bulk semiconductor limiter shall be marked with the
{ollowing information:

(o) Manufacturer's modal number

(b) Monufacturer's seriol number, individually for each limiter,

(c) of input port.

L

(d) rf output port,

4, QUALITY ASSURANCE PRCVISICNS

4.1 lnsEecﬁon.

4,1.1 Responsibility for inspection, = The contractor is responsible for the peifermcroe
of all inspection requirements os speciiied herein. The coniroctcr moy utilize his .

-facilities or ony commercial loboratory acceptcbie to the government, The goverame-.

reserves the right to perform ony of the inspections set forth in the specification where
such inspections are deemed necessary to assure supplies ond services conform to prescribed
requirements, Inspection records of the examinctions ond tests sholl be kept compiets
and avcilable to the government .

L4
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guciity, and quantity 1o pcrrnu performcncc
of the required inspection.  The supplier shall establish calibration of inspection
cquipment 10 the satisioction of the government,

cilities shall be of suflicient cceurac,,

L}
4.2 Classification of inspection. - The examination ond testing of limiters shall

o. First orticle inspection (see 4.3),

b. OQuolity conformance inspection (see 4.4.),

.
.-

873 First article insoection. = First article insoection sho!l be performed oy the
supplier, after aword of controct and prier to producticn at
the government,

a location occectchie ta
It shall be performed on somple units which hove becn prezured wis-
cquipment and procedures which will be used in production. This inspection “hei’

consist of QCl-1, QCI-2 ond QCI-3 inspection in occordance with 4.4.1, 4.4.2
Und 4.4.30 l

4.3.1 Semole, = Twcnry [20) limiters sholl be submitted for first article
inspection,

Pzt

4.4 Quality Conformence lnsoection.,

4.4.1 Quality zenfermeace insvection = Port | ( Cl=1). = Every limiter

shall be tested i~ ail positions i ine Guclity Conformence Inspection = Pori |
(QCI-1). No faiiures sha!l be permitted,

4,4.2 Quolity conformence insnecticn = Pert 2 (GCI-7) ~ The Quality Cealorimance
Inssection = Pert 2 (QCI-2) shail te periormed in cca irdance with MIL-STD-103
Ins, ection Level S1 with on AQL of 6.5%. In the event of lot rejeciion - o=::--
i1spection proceaures sncll be invoxed., Normal inspection thail be resumed wren
two (2) consecutive lots have confermed with QCI-2 tests. i the iof siz~ 15 .ess
than 3Q iimiters, the scmple size shall be one (1) with un ccrentnr-a - =
~cro (). For purposes ot inctpection, the iot size sh~ii De one (1) moarr ¢

‘
[

4,4.3 Quclrrv cenformonce inssection = Port 3 (OCI-3),

- Three limiters shcll
undergs continuous lile testing for & min, of 2500 hes, No ‘=

mtleres w0 -

4.5 Detniled listines of auality cenformence inspection tests. = Guality co

[Py IR
Atprction tests tncli be concuctec in occoroonce with Troie | (~Cli-1), Teoie i1 (S
. - v ’ e -~

d»"ad iooe o“ \Q\_}"J)-

i
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‘),. maximum flat [eckage shall not exceed the specified limits for test
|requcncncs 9 000, 9.375, .9.650GHZ. The incident Rf pulse will hove a
risctime 50 ncnoscconds maximum. Test configuration reference figure 4i52 = 1b.
The peck power meosurement will ‘be occomplishcd by colibrating the deflection
of o sampling oscilloscope os deseribed in section 2.2 parogrephs 3.2.1 and

' 3.2,2 of Mil-Std-1311A,

o @
m

The meximum spike leckoge shall not exceed the specified limits for test

( frequencies 9.000,- 9.375, 9.650 GHZ. Oscilloscope calioration technique
as described in section 3.2 perographs 3.2.1 and 3.2.2 of  Mil=Std-1311A is
opplicoble. Amplitude veriation shall be recorded by observing-the distribution
of spike amplitudes for 1 minute time through open shutter of scope camera.

duality conformance test to be made using multi=tage limiter. For example
using the high power bulk stege followed by the limiter dicde.

A ngpf frequency moy be used,

Match Termination used in this test circuil shall have a VSWR of 1.05 or less,
The firming pewer sholl be defined s @ & increase of limiter insertion loss
Smpared to the "cold" insertion loss. .

Quality conformengce test to be mode using bulk semiconductor stoge only.

For this specification the following cbbrevictions and symbols in odditicn to
MIL-E~1 cbbreviaticns and symbols shall cpply; U = time (recovery), AR =
voriation of phase cn reccvery (totol deviction ot o fired time), 4R, = 'voriation
of omplitude on recovery (total deviation ct a fixed time), Pep = fxrmg power,

The moximum variotion in phase ond amplitude es mecsured by dynemic phase

~ ond amplitude test focility shall not vary more than the specified limits over *
a 1 minute integration time pericd. Measurement to be made ot a pomt SMsec

from the cessation of 1usec input pulse.

-Meosurement of pcrcmefers cited will fol! ow the procedures outlined in QCI -1,

The bulk semiconductor limiter shall opercte over the entire duration of the
life test, The spike leckoge (P) \will be periodically monitored, Life test
will be interrupted eoch 720 20 hours interuais to permit testing of end of
life test end points, '

o




$-486

. PREPARATION FCR DELIVERY

5.1 Pockoging, Packing ond Mcrkmq. - Pockcgmg, pcckmg ond pcckcge
tkmg shall be spocified in the contract.
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APPENDIX I (b)

SPECIFICATION (Meodification No. P00001)




ModiPtcaticre Jo. FCCOCL
3urplamental Jgreement *C
Contract Jo. DAABOT-TE-C-0C39

JZCTICN T, Zescrintion. Stecifications is amended as Zollows:

Delaste Subsecticn T.43.2 iz its entirety and substitute therercr:
"Tast Jor Cperaticnal Life:

The expected overating liZe Jocr the Trocduction 3L-L7L iszemzlias
spal’l Se determined Ty calcuwlation using “he sperating temperature 2pd siliccn
device life-varsus-temperature experiences curve. The zean lifa exrvectancy
shall te 20 less than 25C0 hours and this shall ve ccnfirmed by direct 24
3F power zeasurement or by calcwlaticn using divect high PF Tcwer zessurement
of the burnout point alcng with established derating procedures Zor niorcwave
semiconductors. (See paragraph T.49.3)"

\

Telate Subsection T.45.4 in its entirety and substitute therersr:

"The comtractor will subject the samples <0 the tests speciliaed

in paragrath € of <his orovisicn. The condismatcry samples and associated
tast rezort zust demcpstrate that all applicapla requirements of <hese stecili-

caticns have teen et Jefore the contractor will De authorized %o sroceed wizth
tke pilot . This autherizaticn will e granted Ly the contracting officer,
2%t lLazst 135 calandar days zricr o the start of condirmatory saxmplas testing,
ke comtractor shall Sormdsh wristten znouificaticn to Cormander, US Army, IRALCIM,
Fers Mermouth, N5 07703, o2 <ke tize zand locaticn of <he testing zo that <k
ToVaerrment zay withess such <testing i it so elagts. A 20Ty o mis zetifica-
<icn shall te Zurmdished simulsanecusiy to the troject enzinesr addrassed as
2cilews: CZompmapder, U3 Army IRADCIM, ATTY: JEZL3T-0-PC, Forw Meommeousth. I
27703, ard tke Procxring Comtracting C2%Mcer, lmender, TS Army Tammmdeaticns
and Tlectronics Materiel Ieadiness Camand, TEIRCM, ATTV: IJRSZL~FC-C-CS-2(3al)
Jor< Mcmmouth, Jew Jersey OJ7.03."

cl
LN X

2%

&,

Telste in its entirety Subsacticn T.1i9.6 and substituta <hersior:
Paragrath 7.46.6 ckange to read:
2. Randemly ouber all wmiss with serdal awmoers I e 20.

b. Subject the unit to tests in accordance wizh the foilowing
schedule.

TEST SCHECULE

[y

SHISICAL Jer Tizure 1L 20 eack




Modification Jo. FOCCCL
Supplemertal Agreement %o
Centract No. CAABOT-TE-C-C039

TEST SCEEDULE (Comt. )

TLICTRICAL
Group A 20 Uni<ss
ALl wndits will be tested and shall meet the Serial 71 <o 20

£21llcwing 3T specilications.

-

Zigs Sower (measuxed at 9.3 - 0.3 GEz)

Pesk Power 20 Kilcwatts
Pulse Length 0.25 microseconds
Duty Cycle 0.C0L

Recovery time
to within 10 dB of low lavel l3ss 1
to within 6 &8 of low level loss 2
to within 3 4B of low level loss 3 ::ic:csecond
Maxdrmon Flat Leskage 50 mw
Maxdomum Spike Leakage 750 =w

Low Sower (measured througzout she 3.0 - $.65
GH, range)

Maxdmmoe Inser+ion Loss 1.3
Masdmm VSWR 1.7

IV RCHMETTTAL
Croup 3 Texperaiture Cycling (2en-operating) 3 e

Undss shall te cyelad rem 2597 %o - 100°C to
-95°C to 25°C 2or one ccmpleta cycle. There-
after they shall meet the Croup A specilications
gbove with degradaticms iz zerformance of 10 =Cre
than:

[ R

Recovery tize Increase ndcrosecond

Inserticn Loss Increase 2.3 8
Maxtmm VSWR 2.0
Spike Power Increase 200 =w
Mat Power Increase 25 =w
TZZRATICN (2on operatiag)
Grovwn C 3 each

\N

Serdal =k,
The wmits shall he securely mountad to a vidbraticn
table and subjected to simple sire wibraticm as
follows:

{(a) 0.C6 iach double =2xplisude Zrom 20 to
26 3z, and 2 G nizioum Srem 26 %o 2,200 ZzZ.
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Modi2dcation Jo. FOOCCL .
Supplementa. Agreement TO
Contract Jo. CAABCT-TE=C-C035

Jroup C (Coant.)

() Logaritimic sweep 2ram 20 “o 2,2C0 =z
for 15 minutes ter sweep,

(¢) or 2.5 G mizmdimum at 30 + 5 Hz.

(4) 15 minutes per axts, two axes.

Thereafter they shall neet the elactrical speciMcations
a3 axplained in Group 3, zbove.

SECCX (non coperating)

o3

Group D

The undts shall be subjected to three shocks in each

c? the two directicns alcng each of the three mutually
The shock

verpendicular axis (2 total o? 18 shocks).
level shall be 25 G with 2 dwraticn of 11 - 1 milli-
seconds, Thereafter they shall zmeet the elactrical
specifications as explained in Group 3 above.

EIMIDITY (zen-operating)

Croud =
e ————
The wnits shall be subjected to a2n attiosthers of &0

o S8 percent relative mtmidity 2t a2 temperature of
-109C to +65°C Zor a period of cne cycle. There-
aftar thay shall meet the electrical srecificaticns

as explained in Group 3 above,

F‘l
ﬁ]

o)
a
g
tag

|

3 each
Serial #7, 8, 9

[7ZQ V)]
®
BB

a) Randamly selact four samples Zram Serial #13 <hru 2C.

0) Set the pulse width at 1 microsecond a2néd a duty cycle

of Q.,00L.

e) Set the pulse power amplitude at SKV peak and apply it
to the limiter under test for at least ore (1) minute

%0 reach thermal aquilibrium,

d) Increase the julse power to 1 IW steps, remainiang at
each level for at least one minuta £o reach equilibriwm

before contiauing to the next level,

e) Reccrd the highest seak jower level dy “hat is sustaized

2or at least one mirute Sy aach sanple.
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Modification No. FOOCOL
Supplemental Agreement tTo
Contract No. DAABOT7-76-C-0039

\

L=
Group T (Ceaut.)
£) Verify that the unit Zailure occured as a resul:s of the
gold~silicon eutectic (370°C) by either:

1) removing the dulk silicon alement from the
resonapnt irds and confirming the presence
of a low DC resistance (less than 1CO okms)
thru the samrple.

2) or locating the alloy fault thru a "lap and
stain" evaluation.

- g) The level cbtained in step e) shall be at least 5.5 X4 pe=sk.

&

v
o
———

CTZCN T, Deliveries or Performance is amended as follows:

SLIY Q0ClAB, Confiymatory Samples, dsleta "23 Dec 77" and substitute
the following therefor: '17 July 1578" :

SLIT C0QLAC, Filot Ium, delete "25 June 78" and subsiitute the followizg
thereZar: 19 Japuary 1579".
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APPENDIX II

QUALITY CONTROL MANUAL




2.3

2,h

2,5

2,6

2.7

2.8

2.9

2,13

creocdure cutlines the test m2tteds to Se we=d Inothe o -retion of
M3 Vitrator cystem, Micrewsve Asso iates Serisl Lo ter 23 18-I5 L7,

Mrunt specified control accelereorzter on test jig in the pl- o o7
vibration and ccnnect to external contiol 1

Check 3--hzse pcower lights to insure they &are cn,

Push green "START" Sutton (#1) and position Flate AJjust switlh
(#2) to the up () position cn ENZEVCO pover cupply, ~oe
e -
52223, Switch power suzply on,
Switch red control (=3) on autcictic Sine Frogrerc-ar to the
i TASSY positicn,
Turn Cperation Soitch (#R) to the “Scirming I77" positicn ard Lo
Mzter Switch () to the “Moacr Frea, Bzst" position.

{
P:siticn the Fruguerzy Pzagce centreol (#8) on tte n'C-2l0g%
position. Place ccrrrecior <peed control {77) an S dard',
Flsze output switch (2) =n -he "Liriar' fositicn, Tlace ‘
Velocity Jenmsrator respirse conorol (7o) an flet s oliticn,

Set Function Selector (-13) tc the dueired crocrzn, ' If:

If zuto D-A is us=d the cressiver onint js ad uvsied uiine *he
control (#14). Set Frecuenty Svanner (+1C) for desired crosoaor
frequsnzy and adjust center control (=1%) until zcceleration 1i,ht
(£15) "just turrs ca'', Vary frecuency scamner to insire ccrioct
cperation at crocsscver, ’

Sct Tisplace-~n-Velocity Bange control (:12) for "'Vel-="un®

Set acceleration Tange ceatrel (- 17) fur a g = levol or ater

than or equal to the raxirmus newded for program using " .cel,

Z=n sicde of the ccoircl.




IR RIS N ._L'r SATWCN

(0, ST LI GT TTAns,

- - -
S
AR 407
' -3
!
1)
I
' { 2.13,1 1f program is of a frecusrcy <cznning rature, 58] ist
raxlwum and mininum frequency positicns with the o
sliding kncSs on frecusncy scarer (F10),  Coavert
; raxirun and aiaium freguencies to J-jroes using
cutside scale and ficure traverse of pregram in !
degrees/minimum, j
2,13.2 Set Scenning S;zed (£19) &and Scenning S,o2d Selector |
(£20) for desired scan.
2.4 Turn Qutput Veltage Control (#21) clockwise untial a "click
is heard and the ''Czngzr To uot Switch' lamp (#22) coes on.
v CAUTION: This red light nmeans no "Red'' ccntrols may be
- l turnad or readjusied without c:using sScricus
o damage to the cquipnent
COLSTE s I i
T 2.15 (Check ieter ccntrol (523) to imsure tiat it is in the ,3
position,
2,16 Fove Cutput Velizce Comtrel (£21) sicnly clozlmise until a
vitraticn level has Eeen indicated cn rlers (~11) "rd (.22,
Continue moving Cuterur Voltege Centrel clacinics =203 c%i:rxfng
meter for cosgrecsor suppressica uatil) tach is Tully clectnise,
2.17 Szt fcceleretion level ceontrol (#26) to desired zozeleration
teval cs indicated on Metar (#725%)
2.17.1 For 5-A rrocrzs - S%t frequency scenner to frogu niy
just before ciesscver to constant acteioralion &nd sct
cresired auc:lcratlon tevel with Tispla e int lLovel f
Cerntrol (29), .
2,17.2 Set Cperation Switch to "Scannirg Ch'' rositiva &and f
monitor program on Meter (:£2L),
NCTE: IF ANY DIFFICULTY ARISES DURING V!=TATICN ‘
U2N QUTPUT VOLTAGE CONTRCL (21) 7¢ <E .rF
FOSITION (FULLY COUNTIACLICWISE),
3.0 Turn-off f-structic-s
g
i 2 Turn bpth Diep! ot L 1 Contind 02 a-d - et o
)
‘ Livel Crntrel fully courterllorniise,
! 2,2 Turn Ceiput Veltaze Tontrel (C21) fully countorelalivice, ~le
! cire red light £.02) is off,
i
1|




B Lot ]

TSI TS
ZIAVENRUT LN
pee £ 100

- centinued

Turn Creraticn Switch (£5) to the "'Scancing Ofi'' sosition,
3.4

Turn Anplitule ceontrol (=8) to ",

Push red METCPY tutton,

3.5

£ l /
TN LIVE ATWICIAa IS, INEL ST L GTON, 10T, T T T T T T T e
. e e —_ JA O e €T oF
e 3. b
" - ST ~
N ey s . JRS— - . - S - RS
CPZIATING [RSTRUTTIONS FOR M3, VIZTATCR MAl6-cLo07 77 ’/f YY)
Y /="
ERNLIUY) S - R e
Loy ] ;-
=== T L e S T T L T T ST IS TT =T i === s - ":
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M _ JLNLVA y cat

| S | B R B
A | TUVAVE MISTCIATUS SN, P URLING IO, SRS,

| e e

TSR Tlee M Cuzl Chater
IR B (TENPERTLRE CYCL{u3)

\ B
. . 4 L N ==
s ) =
‘ i ' '\"
e 1.0 PURPCSE :
e /-
‘ PR 1.1
‘ 2.0 S2OPE
3 2.1 This instruction shall azply 10 products tested in e CLality )
7 Control Environieatal Lab. ;
: i
3.0 MILTERIAL A EXUPMENT
' 3.1 Dual Cha ser Therrmal Tast Cebimet, (Slue M Mo el WS P=105CaT)
' e
[N
N U— e
Zinom s UTiUN
.- ] Ittes o
’ . . Willare, or 1
E N
‘—/ .
1
2.0 Test Troys
il 4.0 PACCESLRE
Lol Commect 2 Full 5120 cu, ft. tazats, o hsse .on
- i
test valvas, Hites ~oet tazanniztad b 2
Ports only,
BT Cren Liquid Withdrs.al Test Valwves,
}
4.2 Open both 'z esbury hand valves.
L.3 Place dicdes in test irzys as requirad. §
!
L.h Place icaded test trays on shelves insice chaber.
L4l Zllow air to fics cuer and u-der czzh 12y,
b.5 Record information of lot on Esterlire Ar-us 5004 2 ¢ ¢ wp
as notad on card on front of cha~ter,
l . e :
i L,5 St PO=735 conirel oy 2:7C. P
! | ;
b7 Torn e trassfor ti er suiich to off Fositinng S
]
!
i
r *.377 ‘
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CUAVE SVSDCIATES (e UF L Geey, s

SLOSEOCK (TENFISATURE CYCLL)
M OoUNL COTER

I~ o~
gt

«

coulse VONY 2pn for

v
ing ]

Flzx

tivar foer 1S mi

UNIT WILL T4 OFERATE as par cesired program,

L, 3,5 TIrER I'CICLATCR POILTER

4.3.5.1

M-ve the tire

arntil

L.8.5. 1.1 Due to the tirer's in:crral locking
Za2vice, it rey be rocessary tc itve
the pointer to the esxtirz-z jeft, ia2,,
~:king contact with the "oifrt't ti-2r
ermn and then rmoving it to the extree
richt,

4.9 Set the cycle corater
ie., Cycle Countser =
L,o,1 Rclease lozk kandle to set

retighzen,

L, a2 The (y:ie counter wiil ehut the che-5er off aiter the last
casir-d ot cycle exd the elevator will re—zin in the hot
chater,

L,9.3

Cycle counter coes not nead

L,j0 Turn the main curcuit Srezker on,

L,11.1 This su

[yl
sheek Last

L 12 Tera the wroas

QN

Varam for 4S niinutes,

v é
nut

~vp -
\—‘-.

to

voer - diczior poictar o2
"TER., The elevaicr will
csition,

custer of cysles plus cna,

e (1) hour and 15 inctes,

es,

tor pointer to me right
t with the "on'' tirzr arm,

e counter z-2 then

D

- .
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L Se0TK (TEn0ISATURE CvelLlr 3)

the control to the cesired cold terperature
dapressing and turning the knco ¢n the {rant of
Versatronik (Hoaeye211) Cermirasd,
LOTL 2 When e +-3h s ralzzsad, the  izsr s=rves &s a
teocaerature indiczior,

L 15,1 Qverterperature Protection(0TP)....Provides prots
for the charber worklicad, In ecvent of an abeve
tzwperature, the OTP, control will trip, shutti
chaiher off, To cperate tre OVP, =2t ;
s°c, (3°F.) Higher thzn the sciiing
75 (hot charber)control, Then, Tir
recat Lation,




=

17 As noted ja 4,12.1, chari::
no her cf cycles earz ¢o

L,i2 Re-cve test trays from chz-bSer,

1

L,o19,1 Use pad/tleves if trays are srill

5.3 Mse  pad feleves wtan roemoving s .5

ot
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1.1 Tiis instruection desc
zerZcrna the shock tes
2016 znd MIL-STD-292
conflicting reguiren
chall gocvzrn,

—

-ddd

s instruction zzlies to all preoiducts tasted
Quality Contxrol Envircnmental Lab.

Shxck test fixture,
{22=8)

per

3.2 Tzst szecinensg
2,3 Shock tests (L3B Serial #£14873) or eguivalent.

3.6 ZInisvoo zccelercmeter type PRI2.
3.7 Zcwar supplies, sceze, ete, i regui-ad,
2,8 Crafisman tcrgue wranch model #$445323 or eguiva
4,0 =ZRDCEDIRE
4,1 Set-Up
4,1.,1 Chreck the zarplicgble specificztion znd
thie raguirad "G" level, nunter cf el.:cX
oulse sizpe 2nd zuas (Figuze 1) 2o le t
4,1.2 Incsure that the tropar shock rfads are in
on the shzcok tastar,
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4,1.7 Plece "Main" switch to "Ca" and ensuare thst
' indicatcr licht is con.

! 4,1.8 Set "Hich-Lew" swiftch to high.

4,1,9 Zaeixe thzt ths swit

s focr wet Tuldb, ¢
‘ zand ézy bulb zre in the "Cn" poc-ition.

T IS 4,1,10 Sct the "-10, + 25°C" zwitch to whichaver
-y tenzerstusre is reguired dSuring the fizst 5
' cycles of tha test and o oversa the positiocn
Zor the lzst 5 cycles,
4.1,11 Mzonitor cozzetion c©f epuiisint daily, duzing
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AT NO. 1SSUC
[ g7 | MANUFACTURING SPECIFICATION 58178/ Fisa1os/e| )
l - 5‘2{, ‘ MICROWAVE ASSOC!ATES, INC., BURLINGTON, MASS. sweeT | _oe 4
TITLE T —
- CN N AT
-SRseee, BULK LIMITER . TEST 2% s 7o
! [MEIT. USE CNLY T PR0CEDURE A”Z;'E?-’ .f-é Sk
. 3 PRODUCT
_APPRzOVAL° ¢ BULK LIMITER A o5 o<t
3
— - 33A26433-01 thru -19 Rev. {1 and General Spec 63424952 Rev. X2 e

33426433-01FA thru 36A26433-19F4A are Unscreemed Types

MA45817FA thru MA45832FA.

33A26433-01BA thru 36A26433-19BA are screened types (Pre JAN TX)
MA45817BA thru MA45832BA.

. MATERIAL/PVD -
‘ ASSEMBLY/PVA - Gold Ribbon with Min. cross sectiom 1.25 sq. mils.

OUTLINE: OD-S-31 except flange DIA. = .124" Max and over all heigh:z =
.095" Max. Cathode heat sizk.

) Gz es jodd,, oA

i
i :
[™SSTRIBUTION DIODE MARRINGY "26u33-Das& Vo and °olar1*v Svmbol

f Capies ro: MIN CONTAINER MARKING: "33426433-Dash No.'; Date Lot Code;
\‘ S/ 96341-MA Type No.; Serial Yo.
<y TRACEABLITY ~ Required for a 2 vear period.
A A

‘“ CERTIFICATE OF CCMPLIANCE REQUIRED WITE EACH SHIPMENT.

NOTE 1i: SCREENING DATA

The manufacturer shall provide a copy of the screeniag variables
data. Data shall be correlatable to the device part number, lot
date code, and individual device serial aumber. The ainimum data
l provided shall be:

a. A copy of the lot history showing compliances with or an antrv
l“ on the certification of compliance to this effecc.

b. A copy of the delta caiculations

€. A copy of the final electrical measurements.
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- = NO. BIVE
hoilATED | MANUFACTURING SPECIFICATION MA438173/F-}A458323)F /
' IR o MICROWAVE ASSOCIATES, INC., BURLINGTON, MASS. seET or 4
LY 7 TG 2,
F s ' TN NG, DATE
}|oofOR SPEC | BULK LIMITER - TEST PROCZDURE 5305 | 757t
b T TeTe ¥ 7ok 4 PPACYED |OATE
APPROVALS ||PROOUCT = ” - -
4 BULK LIMITER Zﬁﬁ l T2
e

RE v

FOR TYPE MA45817B THRU MA458323 ONLY

— TABLE 1
100% SCREENING
(PER JAN TX REQ'MTS)

TEST CONDITIONS i/ SYM MIN MAX UN1T
i ELi Temp Life: Method 1032 t: 24 — Brs.
- TA = 175°C |
1\ Temp. Cycle: Method 1051
| / Cond. C 10 cycles
; Max Temp 175°C
( t = >15 Min.
. Coustant Acceleration: Method 2006
STRIBUTION Y1 Axis, 10,000G's
.ﬁ-....::nl-m: -7
' Fine Leak: Method 1051 LR: _— 330 ° co/sec
Cond. H
| B Gross Leak: ' . Method 1051
, l Cond. C
REAND AND RECORD C'r“’ V(BR) AND IR PER TABLE 11l. !
j Burn~In: Method 1038 : t: 96 — Hrs. ;
Cond. A {
- i V.= 36 + 2 Vdc |
| = 150°C '

. ‘%IE;)QI:NIZDARECORD C.‘.Q,rgﬁBR& \‘Aw-iﬁ PER ‘L}BLE 11.
l 2 HOURS AND FOLLOWING DELTAS APPLY:

i ACT‘t = +1.0%
AV(BR) = +10%
AL, = #500A

FINAL ELECTRICAL MEASUREMENTS TESTS #1-6 AND #4 @ 25°C ONLY PER TABLE ll.

—_—T

READ AND RECORD DATA
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MANUFACTURING SPECIFICATION NO-

MA45817B/F-4358328/F

MICROWAVE ASSOCIATES, INC., BURLINGTON, MASS.

SHEET 3 . os

] TITLE rc(NNO. DATE
e FOR SPEC. BULK LIMITER -  TEST PROCEDURE CopE | 7 94pTnf
i ) s::é:gsgssw PRODUCT APPROVED ATE
e BULK LIMITER g | 77
B ‘ :
- TABLE 11
‘ - ('I.‘A = 25°C UNLESS OTHERWISE SPECIFIED)
) TEST CONDITIONS 1/ SYM  MIN  MAX UNIT
. Total Capacity: Method 4102 C.ré: SEE TABLE 111 pF
L f a1l MBz
V. = 24V .
R 25
- Capacitance Ratio: Method 4102 C,0/C&#5: SEE TABLE 111 —-
. ! ’)7&—& 2 f=1Mdz
L v, = QV
R =45V
i Qualicy Factor: Method 4036 Q: SEE TABLE 111 —-—
. : £ = 50 MHz
=STRIBUTION 1/ vg = -4ov A
::./._.....Cenl-tu: A eo ;
Reverse Leakage Methad 4016 . LR —— z B 4
- Current: V. = 237 356/ R
J_ Ssec <1, <125°C
b Reverse Breakdown Method 4021 V(BR): 45 -— Volts
l VYotlage: - 10 ua
Parallel Resistance: Method 4036 R?O: 10 -— Mohms
v, =0
I A& test voltage
=75aV (RMS)
I Temp. Coefficient Method 4102 TC* _— 300 ppm/°C
of Capacity: f=]1 MHz
- VR Y
' -35°C<T,<125°C
[ B
Thermal Resistance, Method 4081 R&ﬁf;—‘-——cﬁﬂ— °C/W
Junccion to Case: "Infinice" :
![ Seo /VOZ'G / heat sink A.Q_Q‘t_o./g—ég //’
s rmmer V€ »n
— “/\/’h [ & measured 4y CVSlo Y '
) The ta 100 Kop w. th & fAacrler - y cnel
7 =.25A - 6 medSuremen 3 <Krd ;/_ o <
\ : AN TARY
[ Carfe/ﬂ/ed w,fé Omn/ s(/’?ff”ﬁ'
F‘of ‘rﬂ /0 .

ES " : escd .
A/éeg":?‘e néa‘n::n_o_{ grzia;‘f iée,. W/{S et

o




pa—

';m'lTlATED NG. l SSuE
| MANUFACTURING SPECIFICATION NB43817B/¥-053328/7] /|
' —ﬁf—'v_—_'l MICROWAVE ASSOCIATES, INC., BURLINGTON, MASS. sHEET 4 Cop 4 !
M FITLE - ]
[ FOR sPeC e e
' P use'on'u.v] BULK LIMITER ~  TEST PROCEDURE GFos” >- y-bvz.ﬂ
APPRCVALS PRODUCT APPROVED TATE
' BULK LIMITER AN _2_?_7—21!
‘ — RE vy
B /)(d_'. ‘/75"5 . TABLE 111 ' /O
- CAPACITANCE, CAPACITANCE RATIO AND Q VALUE a
N oC./UJ
- n TOTAL CAPACITANCE CAPACITANCE RATIO
) DASHE o'~ »  MA NO. CT4 oF CTO/CTAS & VALL"E |
F Cl MIN MAX MIN /1A K _MIN |
i g 4/
-01 ,7--&7 uassg1re TS 0.490 2.3¢ RO 30000
- -Y’f '5‘7}
B |-02 .7-7./0 wassg18% 5o L83 23268 50 3500
.53 - ;‘0 26©°
b |-03 /.7)~/-341a45819% Ore- 89— 2T PS5 asec— | |
8 o83 TYE 5’0 e !
- ~04 135717 wa4sazon 890 e e S 3.7 —3<20 |
. ) /)-a09 ’ 312 ;
~05 2-« - i 5801 13— L 3.3 0 7“’/ EAG ;
- i . 1437 s5C
—msoronll-07  ° Y wasssaow 33 S brm YO H5 2100
e | Y MA45823% 1.66 1.98 4.9 2300 |
L ~09 MAL5826% 1.99 2.42 5.1 2200 :
- o I-10 MAL3825% 2.43 2.97 . 22€0
Y
3\0 -11 MA45826% 2.98 3.63/.3 2100 ;
{ 52“3 -13 . MA45827% 3.64 4.29 5.4 2000 ,
l ;
vP § |- MA435828% 4.30 5.17 5.4 © 2000
!
-15 MA45829% 5.18 6.16 5.5 1900
|~ -16 MA4 5830% 6.17 7.48 5.6 1800
) -17 MA45831% 7.49 9.02 5.7 1700
[ -19 MAG5832% 9.03 11.0 5.8 1600
i
[ |* ADD LETTER F FOR UNSCREENED TO PART NUMBERS.
o~ 3 ADD -LETTER B FOR JAN TX SCREENING TO PART NUMBERS.
i,
(-{4-—‘:"{
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Using relation (from Reference 11 ):

Yz, 2
IL = l+-T-
Z =1
o
g jb Z,
l
yA = 1
o
Y = g + jb
Y = 49 ib
7 y
;7 2 2 2
L+ —>|= |1+ % ’(1“%)*"?
2 2
- g b
at resonance, l.e., at fo' jib = 0




-——e Gu R W

t At low RF power and fo' considering IL = 0.25dB =
i
g 2
! 1.0593 = | 1 + 7|
- 9
1.0292 = 1 + ¥
g = 0.0292
2
g = 0.058401
r = L = 17.12
g
RT= r Zo = r (1 ohm) = 17.12 ohms (for low power)
2
IL (=ISOL) = 24.9dB = 309.03 = |1 + %l
17.579 = 1 + g
g= 33.158
R, = 0.03 ohm (for high power)




If now Zo = 0.5 ohm (not 1.0 ohm), then:
2
IL = |1 + %-l
0.058401 1|2
=T *z2
= 0.1259 dB
2
ISOL=1+O—13—§x%x-21-|
= 87.11 = 19.4 dB
P
(arc loss)

;

_ 16.667
| . 16.667 '2
16.567
_ 16.667  _
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DISTRIBUTION LIST

# CY
CDR, DARCOM 1
ATTN: DRCMT (Mr. F. Michel)
5001 Eisenhower Avenue
Alexandria, VA 22333
CDR ERADCOM 1

ATTN: DRDEL-ED (Mr. C. O'Rourke)
2800 Power Hill Road
Adelphi, MD 20783

CDR ERADCOM 1
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Director 1
Industrial Base Engineering Activity
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Director 1
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Research Center
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ATTN: Chief, Document Section
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Director
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Advanced Technology Center
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TE Section
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Navai Research Laboratory
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Washington, DC 20375
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Rome Air Development Center 1
ATTN: Documents Library (TILD)
Griffiss AFB, NY 13441

Director 10
Electronic Components Lab

ATTN: DELET-MH-K (G. Morris)
Fort Monmouth, NJ 07703

Director 1
Electronic Components Lab

ATTN: DELET-MH-K (Mr. V. Higgins)
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Naval Research Laboratory 1
ATTN: Code 5211, Mr. Eliot D. Cohen
4555 Qverlook Ave., S.W,

Washington, DC 20375

CDR, Harry Diamond Laboratories 1
ATTN: DELHD-RAA

(Mr. Horst W.A. Gerlach)
2800 Powder Mill Road
Adelphi, MD 20783

Defense Communications Agency 1
Technical Library Center

Code 205 (P.A. Tolovi)
Washington, DC 20305

Commander 1
Naval Electronics Laboratory Center
ATTN: Library

San Diego, CA 92152

Deputy for Science & Technology 1
Office, Asst Sec Army (R&D)
Washington, DC 20310

HQDA (DAMA-ARZ-D/ 1
Dr. F.D. Verderame)
Washington, DC 20310

Director 1

US Army Material Systems Analysis
Actv

ATTN: DRXSY-T

Aberdeen Proving Ground, MD 210065

Commander, DARCOM 1
ATTN: DRCDE

5001 Eisenhower Avenue
Alexandria, VA 22333

CDR, US Army Signals Warfare Lab 1
ATTN: DELSW-0S

Vint Hill Farms Station

Warrenton, VA 22186

CDR, PM Concept Analysis Centers 1
ATTN: DRCPM-CAC

Arlington Hall Station

Arlington, VA 22212

CDR, Night Vision & Electro-Optics 1
ERADCOM

ATTN: DELNV-D

Fort Belvoir, VA 22060

CDR, Atmospheric Sciences Lab 1
ERADCOM

ATTN: DELAS-SY-S

White Sands Missile Range, NM 88002

CDR, Harry Diamond Laboratories 1
ATTN: DELHD-CO, TD (in turn)

2800 Powder Mill Road

Adelphi, MD 20783

CDR, ERADCOM 1
ATTN: DRDEL-CG, CD, CS (in turn)
2800 Powder Mill Road

Adelphi, MD 20783

CDR, ERADCOM 1
ATTN: DRDEL-CT

2800 Powder Mill Road

Adelphi, MD 20783

Commander 1
Picatinny Arsenal

ATTN: SARPA-FR-S-P

Dover, NJ 07801

Commander 1
US Army Missile Command

ATTN: AMSMI-IEVL (Mr. R. Buckclew)
Building 4500

Redstone Arsenal, AL 35809

Office of Defense Rescarch & Eng'g 1
Communications and Delectronics

Room 3D1027

Washington, DC 20330

CDR CORADCOM 1
ATTN: DRDCO-PPA-TP (Mr. S. Esposito)}
Ft. Monmouth, NJ 07703
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Commander 1
US Army Materiel Readiness &

Development Command
ATTN: DRCDE-D
5001 Eisenhower Ave.
Alexandria, VA 22304
Commander 1

US Naval Air Development Center
ATTN: Library
Johnsville
Warminster, PA 18974

Chief 1
Naval Ship Systems Command

Dept of the Navy

ATTN: Code 681A2b, Mr. L. Gumina
Room 3329

Washington, DC 20330

Commander 1
Dept of the Navy ELEX 05143A
ATTN: A.H. Young

Electronics System Command
Washington, DC 20360

Commander 1
US Naval Research Laboratory
ATTN: G. Abraham 5205
Washington, DC 20390

Reliability Analysis Center 1
ATTN: RADC-RBRAC

Griffiss Air Force Base

New York 13441

Commander 1

Defense Electronics Supply Ctr

Directorate of Engineering &
Standardization

ATTN: (DESC-ECS) Mr. N.A. Hauck

Dayton, OH 45401

Commander 1
Air Research & Development Command
ATTN: RDTCT

Andrews Air Force Base

Washington, DC 20330

Commander 1
Rome Air Development Center

Griffiss Air Force Base

ATTN: (EMERR) Mr. Regis C. Hallow
13440

Rome, NY

Commander

Air Force Materials Lab

ATTN: MATE (Mr. J. Wittebort)
Electronics Branch
Wright-Patterson Air Force Base
Dayton, OH 45433

AFAL (AVTA)

Electron:c Technology Division
ATTN: Mr. Robert D. Larson, Chief
Advanced Electronics Devices Branch
Wright-Patterson Air Force Base
Dayton, OH 45433

Advisory Group on Electron Devices
201 Varick St., 9th Floor
New York, NY 10014

Sperry Rand

ATTN: G.L. Hanley
Gyroscope Division
Great Neck, NY 11020

Watkins-Johnson Co.

ATTN: E.J. Crenscenzi, Jr.
3333 Hillview Avenue
Stanford Industrial Park
Palo Alto, CA 94304

NARDA

ATTN: John Eisenberg
2900 Coranoda Drive
Santa Clara, CA 95051

Varian Associates
ATTN: Director of R&D
611 Hansen Way
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Rockwell International
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ATTN: Dr. Turner E. Hasty, Director 3401 West Broadway
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' Dallas, TX 75222
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School of Electric Engineering ATTN: Semiconductor Library
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ABSTRACT

This report describes the Production Engineering of higl 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 psec 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 fundamental reg.i-=-
ments are detailed in the specifications. They are, (1) reccvery @iri-

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

A total of fifteen (15) engineering sample limiters, twenty (20}
confirmatory sample limiters and fifty (50) pilot run production limiters w.i.
be supplied. A pilot line capable of producing 100 kulk 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 deta.:ed
in Section 3.5 of ECIPPR No., 15, dated December 1375, will be provided.

.

The program divides into the following four phases, Phase I -
Engineering Samples (300 days), Phase II - Confirmatory Sample Preduction
(240 days), Phase III - Pilot Line Production (180 days), and Phase T -

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 ir:s
formation, circuit configuration, material characterization ani c~; -
Efforts during Phase [ will be directed toward selecting a single iimi:-

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
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any of the goals described can be currently obtained. Recognizably, it is
the development of a single component design which ac.i.eves all of the

desired performance parameters that is the formidable engineering and

manufacturing endeavor.




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

II1 Quality Control Environmental Test Methods




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 usec
Duty Cycle : 0.co01

Recovery Time

- to within 10 dB of low level loss 1 psec
- to within 6 dB of low level loss 2 wsec
- to within 3 dB of low level loss 3 pusec
Maximum Flat Leakage : S0 mwW

Maximum Spike Leakage :+ 750 mw




TREpNS

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

Maximum Insertion Loss : 1.3 dB

Maximum VSWR : 1,7
Extermal Bias : NONE
° 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 four (4) to twenty (20) units.

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

given on the following page.




OVERALL PROGRAM SCHEDULE

COMPLETION DATE

PHASE I : ENGINEERING

® Design September 13976

® 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

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

PHASE II : PREPRODUCTION

® Manufacture of Preproduction Samples February 1978
° Approval of Test Facilities March 1978
e 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)




QVERALL PROGRAM SCHEDULE (Cont'd)

PHASE III: PILOT LINE (Continued)

® Preparation of the FINAL Report
° Preparation of the General Report
on Step II

° Preparation of the Bill of Materials

COMPLETION DATE

July 1978
July 1978

July 1979

~ Y



A. Engineering Phase

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. 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 p.2c2
of high resistivity silicon with two sintered or diffused ohmic contactz. The
contacts were connected to 38 high impedance microwave transmission i
l cix‘cui]t'?3 The device has since been developed with improved pass:vaticn
circuit and thermal designs-. A major change in the contact surfaces c¢f 22
device, checkerboard contacts, has been developec?w'nich improves the

isolation state performance by permitting microwave fields to cause hcizs

and electrons to be injected into the high resistivity silicoen. The a&w zonmxos
structure also accelerates recombination of heles and electrons after @ micre-
wave pulse has terminated; thus, it reduces the reccvery time of the device

to the order of one microsecond from previous values of appreximately ten

microseconds.

In operation at low microwave field intensities the bulk limiter
element with checkerboard contacts behaves as a high Q capac:cr., Tius 1

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

wave signals will pass with minimal attenuation at the rescnant frag:--~

At higher power leveis the microwave electric field acrcss the <o .0+

!
' both electrons and holes *to be injected into the high resistivity bulk region
of the device. These carriers reduce the resistivity of the bulx elemen, Lo
| changes its characteristics from a high Q capacitor to & capacitor with soui.l
E conductance. The table below shows conductivity values calculated from

5 microwave limiting data o7f bulk limiters at 9.3 GHz as a function of rms

microwave field intensity.




E (V/cm) 8 (mho/cm) p (ohm/cm)
100 3.33 x 1074 3000
1,000 1.12 x 1073 891
10,000 1.48 x 1072 67.7
20,000 4.76 x 107° 21
40,000 3.0 x 107} 3.3 "

The isolation state with increased conductance is a non-equiliorium s.ate
much like a PIN diode under forward bias. The major difference cetwee:

the bulk limiter and a thick based PIN diode is the contacts. The checxer-
board limiter can be self-biased into conduction by a microwave field -vhile
a PIN can not. For this reason a thick based PIP, NIN, or PIN structwe
would all be expected to perform similarly with no limiting until an avalanche

field intensity is reached somewhere within the device.

2. Microwave Field Conductivity Modulaticn

Figure 1 shows an exploded view of a secticn of a checker-
board contact limiter element. Checkerktoard P-N dcped contacts are crese--
on each side of the limiter element. The c2nural region is high resistivity

silicon which is typically about 3 mils thick.

Figure 2 shows the effect of applying @ hign level microwa+s
field across the device. Only the top contact is shown, but it will ke uncder- 1
stocd that the bottom contact functions in the same manner. [n Figure la e h
excess mobile carrier distributicn is shown before bias is appliec; there 2z~
no excess carriers. In Figure 2b the carrier distribution as a result ol we
first positive half cycle is shown. Mobile carriers, holes, build up a 02~
charge within the intrinsic material. During the negative half cycle, mos: z:
the holes are removed by the electric field. The holes near the shcrted P-N 1

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

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




Pt

INTEIT BILINET QUVOIUIND3IHD ¥ 3¢ NOWLL S

NOILYZINTIVL3IW

IS podop N | IS padop d

NOJITS JISNIYLNI

15 padop 4 _ 1S padop N

NOILYZINIVLIIN

JYO0N4




D-~18311

METALLIZATION
N [ p
INTRINSIC Si

al NO BlAS

METALLIZATION

METALLIZATION

¢/ NEGATIVE HALF CYCLE

METALLIZATION

H+l

d) AFTER ONE COMPLETE CYCLE

FIGURE 2 EXCESS MOBILE CHARGE DISTRIBUTION
CAUSED B8Y HIGH LEVEL MICROWAVE

N o e e . - v ae e gwg o P = =Depey s

m

- —

[£d



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 structure is to permit
a neutral hole-electron plasma of excess carriers to be injected at the shoriec
surface P-N junctions in response to an applied microwave electric field.
This plasma has the eifect of moculating the bulk ccnductivity of the :ntrinsic
region so the increase in shunt conductivity across the device terminaiz -=-
be used to produce a limiting phenomenon. After a short turn-cn (spike .ez: -
period, the plasma is distributed substantially uniformly throughoutr *he .-,

region of the limiter element.

3, Recoverv from the Plasma Limitinc State

The hole-electron plasma which causes the limiter :c 2x-~:::
isolation performance is present at the end of the hich power microwawe gulse.
After the pulse is over, the plasma must recombine or otherwise be remcves
from the intrinsic region before the device can return to its low level wans-
mission state. In a PIN dicde the built in electric field at the P-1 interfaca
prevents electrons from entering the degenerate P regicn and recombining.
Also a similar field at the N-I junction prevents holes from entering the

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 checkerbtcard coni-r
Far from the shorted surface junction the fields are as they would ke in a
normal N-I or P-I junction; hence, little recombination occurs there. Y :zr
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 regicn. 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.

It is this high rate of surface carrier recombination caused ov
the checkerboard's shorted junctions that is respeonsible for the rapid recovery

of the bulk limiter to the dielectric transmission state from the conducivity

modulated isolation state.




C. Bulk Semiconductor Limiter Design Consideration
1. Introduction

The bulk semiconductor limiter is a small, lightweight, sclic
state device. It has good peak power capability but is limited somewhat in
average power ability. It turns on very rapidly {less than 1 nsec;, ;:ro..c.n

an attenuated leakage spike which is only 3 to 7 dB above the ultimates fz-

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:i*,
cerresponding to the threshold voltage of several tens of kilovolts/cm,

would have to be obtained for a silicon limiter. Thus, a r;xicrowave 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 emrcloyes
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 properties
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-tand iris.

(See Figure 4). This iris in turn is simply sandwiched in between "wo
waveguide flanges (sections) to insert the limiting component into a
microwave system. The empty iris is designed to appear inductive at %ie
operating 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




RESONANT IRIS

LIMITER ELEMENT

O

a) LIMITER STRUCTURE

33

r
YN

/
r
|
| ¢ N .
\

7

~ -

FIGURE 4

5) LIMITER EQUIVALENT C

‘SEMICONDUCTOR ELEMENT
IRCUIT

LIMITER STRUCTURE AND EQUIVALENT CIRCUIT

14




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 fieic
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:mis-:
and reflective states, this simple structure also provides moderate 3 ¢B dcw-
bandwidth (typically 10%) in the low level transmission state while yielding
the high field concentration at the silicon element. Further, the structure
provides good thermal conductance from the element to the heat sink prov:idec
by the waveguide walls. This fact insures high power dissipation capabi' {7

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 1 to 8, and will not be repeated in detail here. The objec+ = ¢’
the present section is to develop a set of limiter operating characteristics usiny

in a simple manner the expressions developed in the previous rerorts,

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 transaiis-: -
line (Zo) . Figure 4 shows the physical limiter structure and its equivaient
electrical circuit., The insertion loss (IL), which is defined as the incident
power (Pm) divided by the transmitted power (Pt) , i1s given by the following

expression:11

15
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! ' L = <= = ( 1+ o ) (1)
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rl nz G 2 2

1L = '\1 + + (2 wdf Cn") 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.
Cc = 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 = g C/e
where o = limiter element conductivity in mho/cm
€ = dielectric constant of silicon element in farads/cm

16




The relation for the tums ratio (n) is the most controversial cf
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 associated

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 and the element capacitance.
Further, if all dimensions are scaled, n2 will remain constant, Thus, the

following empirical relationship results:

n® = x CpF) 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:t
shown in Figure 5. The series inductance element (LW) is addea tc rer: ;s
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 (1) is transformed to the other side of the
transformer in Figure 5 simply for convenience. This causes no change in the

analysis.
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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 cbtained
directly from the element bulk properties and geometry. Assuming R to be negligible
LW and n can be obtained from experimental data of the 3 dB bandwidth and
maximum achievable (saturation) isolation. The inductance narameter (L}

is adjusted to provide resonance at the frequency of operation.

At 8.25 GHz, a limiter with an element capacitance of 0.08 ¢r
is measured to provide a 1.0 GHz bandwidth and 28 dB isolation at saturation.
For these conditions, LW is calculated to be 1.18 nH and nz 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 consid. .t

of secondary importance in relation to the purposes here and are neglected,

Having thus specified all the component values of the circuit in
Figure 5, the low level insertion loss is computed and presented in Figure b
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 capacitaice

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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The 3 dB bandwidth resulting from the circuit in Pigure 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.

S. High-Power Limiting

The limiting characteristic is defined by the graph of transmitted
power (Pt) versus incident power (Pin) . As discussed previously, the inserr:on
loss (IL) is given by Pm/Pt and is dependent upon the limiter element conduc:i® .:.
(o). At low levels ¢ is essentially constant having a value dependent upon
the impurities in the semiconductor. At higher levels, the value of ¢ increases

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

in the semiconductor at high electric fields. Both theoretical and empirical
expressions relating ¢ 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 (c +0.00775) - 1n (0.008)
4

E(@> 0.03 -
1.035 x 10

Ino - 1n (0.00754)
E(lc< 0.03)

9.21 x 107°

This relation was obtained using data from X-band components.
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The transmitted power (Pt) is the transmission line voltage
squared at the output port divided by the line impedence (Zo) . The transmitted
voltage is conveniently obtained by transforming the limiter element voitaje
which is the limiter element thickness (W) times the average electric field (E},
back to the transmission line by means of the circuit in Figure 5. Thug,
by choosing values for g, it is possible to calculate corresponding vaiues
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 psec or less and low duty cycles. Peak

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

2 1 1

Pin \WIT "Iil':')wE (6

TEMP = 25+ (6)
1.77 Cs W2
where

Temp =  peak temperature at end of RF pulse (OC)
tp = RF pulse length = 1 usec
Cs = silicon capacitance (farads)
w =  element thickness {(cm)

22
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The limiter curves in Figures 8 and 9 are terminated at the power level where
the peak temperature reaches 250°C. The large dot on the curves indicates
a peak temperature of IZSOC. Temperatures resulting from operation with
pulse lengths other than 1 usec will be different and can be calculated using

Equation 6.

The design curves in Figure 8 portray the limiting performancé
to be expected at 9.5 GHz (X-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 isclation 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 projectsd
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 {s useful both in assessing operation in new applications and also

in providing the actual fabrication design data.
25
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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
lower impedance circuit(jlr ) 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 DAABO7~72-C-0292
PP 23 - 36.
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1.145 pHy| F_j‘254.6pF
INPUT 1.0 ohms ? OUTPUT 1.0 ohms

]

° Ry = 0.03 ohms (24.9 dB}
(a) NORMALIZED TO 1.0 OHM
1.145 pHy 264.6pF
INPUT 0.5 ohms 5 ;: QUTPUT 0.5 ohms
Z =0.5Q Ry and Ry as above
(o]

(b) IN REDUCED IMP

FIGURE 10 BULK LIMITER

D-15463
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low 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).

° Circuit [10alLow Power
fo = 9,32 GHz
BW (3dB) = 1.25 GHz
IL = 0,25dB

° Circuit [10a ] High Power

Isolation = 24.9 dB

it

’U'Q’U

Fractional Power Dissipated 0.107

27

P sy w0 R - R
+ vy - o AEE e s o e - . pn




The relationships: (for details see Reference 11)

P1 Y Zo 2
-~ = 1 +
Pt 2
and
_}jg ) ZOG ,
Pi Y Zo
1 + 3

are used to calculate RT parameters,

RT (Low-Power) ="17.12Q and Ry (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 = §,32 GHz
o
BW (3dB) = 2.5 GHz
Calculated Insertion Loss = (.13 dB*

° Circuit [ 10b 1 High Power (RI = 0.03 ohm)
Calculated Isolation = 19,4 dB*

P
Calculated Fractional Power Dissipated _4d = 0.191*
Pi
* For details see Appendix IV.
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Thus, while the circuit 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 11l(b)is an equivalent circuit of the above structure with the waveg -

impedance and limiter element values normalized to 1 ochm. C,, represer.i«

T
the capacitance of the tuning screws in the transmission line.
The object is to match the power from the one ochm
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 = o, the

lossless case. From the transmission line theory, it is known that if one
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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
Z = 0.7 - j0.5o0hm.

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 neceséé}ily 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 l12shows the impedance of the circuit
calculated from the load end. Assume @ susceptance value of +j 0.7 has
been used for CT. Point A is the impedance of the 1 ohm load and trans-
mission line. Point B includes the susceptance of the load side capacitor
CT'
Z, = 0.67 - j 0.47 ohm. As we move back toward the generator by

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

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

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 Eof Z_, = 0.67 + j 0.47. This

E
inductive component is cancelled out by the generator side susceptance
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FIGURE 12 IMPEDANCE PLANE ANALYSIS OF CAPACITIVE TUNED BULK LIMITER

D 15465
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of CT = j 0.7 mhos yielding a load side impedance of 1.0 ochms 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:

£ 5, IL
9.0 GHz | 0.46 <) -63 ° 1.04 dB
9.32 GHz 0 <) o0° 0.0 dB

o

9.65 GHz 0.46 <) +63 1.04 dB

With Tuning Capacitors spaced 0.098 A at 9.32 GHz, B=0.7 mhos @ 9.32 Gliz

Cf Sy IL

9.06 GHz 0.24 <) 179° 0.26 dB

9.32 GHz 0 <) 0o° 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 Figure

1¥a)]:

Frequency Admittance Impedance

9.0 GHz 1.91 + § 0.06 0.523 - § 0.016
9.32 GHz 1.98 + j 0 0.505 + O
9.65 GHz 2,03 - §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., (Eirc-t‘xi'.cs 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 A ) or downward (for
spacings of approximately 0.33 A). One of these two circuits or a variation
thereof will have to be used for achieving broadband performance from the

bulk lmiter in a short length of waveguide.
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—— __{_ Z,=1.00hm
LIMITER TUNING CIRCUIT

(a) SINGLE TUNING CIRCUIT DESIGN
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%
—— — ——  1.00hm
TUNING CIRCUIT  LIMITER TUNING CIRCUIT

{b) DOUBLE TUNING CIRCUIT DESIGN

FIGURE 14 RESONANT CIRCUIT BROADBAND TUNING OF BULK SEMICONDUCTOR LIMITERS

D- 15487
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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 l5shows a complete analysis

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

® Limiter Iris Parameters
f = 9.15 GHz
o}
BW (3dB) = 1.25 GHz
R = o (lossless case)
C = 254.6 pF
L = 1.88 pHy
°® Tuning Iris Parameters
f = 9.15 GHz
o
BW (3 dB) = 2.50 GHz
C = 127.3 pF
L = 2,376 pHy
° Tuning Iris to Limiter Spacing
Spacing = 0.191 xat 9.15 GHz

The analysis was carried out at five frequencies within the operating band-
width 9.0, 9.15, 9.35, 9.5, arnd 9.65 GHz. The curves on the admittancs
plane plot (Figure 15)represent the various lettered points on the circuit
diagram [Figure 14(b] 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.

38




TR o el ie

ks
input agmittance ot
complete circuit
terminateg -
matched loac.

FIGURE 15 ADMITTANCE PLANE ANALYSIS OF CIRCUIT 5b

D 15468

39




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 is less than 0,14 for

all frequencies, This corresponds to a return loii 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 mhos. 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
Multi-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:

(@) An input pressure window resonant

at 9.1 - 9.15 GHz, with a band-
width of twice the limiter bandwidth.

{b) A section of waveguide transmission
line approximately 0.19 wavelengths
long at the iris fo'

(c) The bulk limiter stage (minimum
bandwidth approximately 1.35 GHz).
The remaining reactive tuning, suppl.ed at Plane A ir. Figure 14(t) can “e
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 assumed

to have the following characteristics of frequency and bandwidth:

f
o

8.15 GHz

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, the
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 MHz., 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,
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In order to evaluate the effectiveness of the three-
stage tuning mechanism, a test was run at RRC to optimize the stnucture
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 9.805 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 Design

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 condi ions. 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 will not require high power tuning
elements. It should also be noted that no impedance transformation can

occur if the bulk limiter i{s the input stage of the filter structure. Thus, the
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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 waveguide 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 MA3940XM 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 GHz
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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in Figure]7 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 bp 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 @ 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 liniiter stage indicate that
the reactance of the diode limiter stage interacts with *"i1at 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 retum 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 manufacturability o

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 30% W)

(9]

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 p}'obably 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
number W30736~6, resistivity 10.4 - 15.0 x 103 ohm/cm, (111)

3
orientation, p-type, uncompensated with lifetime of 2 x 10 microseconds,




The ingot was mounted on a graphite block with
epoxy resin, The wafers were then saw cut 10 mils thick on the (111
orientation on an STC (Silicon Technology Corporation, QOakland, 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 (HNOszHP: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 stainless 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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l 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°C for 30 minutes(see Table III) using PCCl, diffusion
system. After the completion of phosphorous diffusion, the phosphorous
doped glass on the wafer was etched in hydrofluoric acid and 1000 g of

a silicon diozide (Sioz) glass was thermally grown at 1000°C.

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 8102 and phosphorous doped silicon
layers by using buffered hydrofluoric acid and 12:1:1 (HNO3:HF:CH3:COOH) ]
respectively. The wafer was then diffused with boron at 950°C 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

o) o)
500 A layer of titanium-tungsten alloy {(10% Ti, 90% W) and a 2000 - 3000 A

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 inte 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
nitride and Dow Corning DC-643 junction coating.tglrhe bulk limiter chips
were mounted i{n 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[.S] 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 1S and Figure 20.

A dual-slot bulk limiter was also introduceggls
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-siot

units.

G. Fabrication of the Bulk-Diode Limiter Assembly

The bulk-diode limiter assembly consists of the bulk
limiter follow§ by a two-stage diode clean-up limiter (as shown in Figures

5
23 through 26)." In addition, tuning screws are used to achieve broadband

performance. (See Table II).
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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-

— o= om. . em = W

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.

i
1. Bulk-Diode Limiter Package

The bu»lk—diode lin}iter 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 bu'k 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.

H. 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 analvzer
compares these two signals to measure return loss. Then VSWR is zai-

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, Mode! No. 2J51 and a
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FIGURE 30 MICROWAVE HIGH POWER TEST FACILITY




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 sc 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 adius: ... -
the precision attenuator such that the oscilloscope presentation is retur: 2
to the previously determined reference level. The amount of leakage power
being measured is then equal to the precision attenuator setting (dB) above
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




returned to within 3 dB of 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 31;
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

Successful engineering samples were fabricated
and sent to the ERADCOM, 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

9
the power handling capability of the bulk limiters.

X-band stamped irises (commercially from 0.062 {nr"
thick, oxygen-free, high conductivity copper) were introduced to recduce
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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SILICON MATERIAL MEASUREMENT
Type - p-type
Qrientation - (111)
Resistivity - 8000 - 15000 ohm-cm

6 -7 ohm/cm"2

Phosphor Diffusion (resistivity)

20 ohm/cm-2

! Boron Ciffusion (resistivity)

Checkerboard Diameter 0.75 mil

Contact Area Diameter 10 mils in diameter

Capacitance on Chip

0.15 pF

V_ at S50 mA

F 2 - 3 Volts

TABLE III DC CHARACTERISTICS OF BULK LIMITER CHIPS
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