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The purpose of the present study i3 to present the Comﬁunications
Technology Sate]11te CTS) and 1its 14/12 GHZ frequency translator (mixer)

which is one of -the advanced technology untts of ‘the experimental high -

powererSpacecraft

By present1ng this study on the above subject the author s inten- f
tion is to fulfl] two obJect1ves Name]y, to convey to a person of Iittle

engrneering background in the sate111tehfommun1cat1ogs field the . genera]

concept of the CTS system, and' secondly to provide a reader who has a

deeper sate111te engineering know]edge with a brief of valuab]e 1nfbrma-

tion concerning the’ gerformance of the frethency trans]ator of the CTS

. Jransponder - v.

To fu1f1l the above obJect1ves the subject is treated as fol1owsa

- Chapter I presents a brief h1story of,connnnﬁcation sate111tes and the needs ‘

that led to the deve1opment of the CTS sate1lite system.” The capab111t1es'

of the CTS and 1ts Super High Frequency (SHF) Transponder (radio ‘repeater),

are destribed in Chapter-ll,and 111 respéctively. Chapter IV presents the

- theory'of frequency trans1ation and'd1fferent microwave mixing systems to

X prepare the reader for the subsequent ana1ysis of ‘the CTS TranSponder s fre-

e quency trans]ator This analysis is presented .Jn Chapter V The study ends

with' the,presentatlon of conc1us1ons and recommendatign' of the present sys-

A : _— v ‘
tem's performance relative to possible future attainable performances.

1
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INTRODUCTION.

In the lest‘few years the art of‘teiecommunicatidns has$ made
great gdvances which were previousiy considered impossibie The main
credit rightfuliy beiongs to the advances in the fieid of science and

]
techng]ogyt But if a singie factor couid be seiected as having made the

‘greatest contribution to these advances, it nouid.be~the‘art of satellite

conmunications which is the outgrowth of developments inftWo main. areas:

"space technoiog& and communications technology. .

Communication sateliites are described as radio reiay stations

‘ %n the space. This description is a simpiification and ‘does not give .

- -the major characteristics of sateiiite systems and’ the main differences

' <
between sateiiite and terrestriai systems A_sateiiite system comprises

both a sateiiite and associated earth stations. fThe system design must

- be based upon optimization of the: overall technical and economicai factorstf
Some of the main characteristics of-a satellite communication system are:

. capacity, fiexibiiity and the capabi]ity of providing interconnections over -

very large distances and to cover wide areas of the surface of the earth
Y

' at-a 1ow cost. Through a singie satellite communications system ft is pos-

sible to serVe muitipie routes, in additiOn to point-to-point conmunica-~.

\

tion, and reallocating channel capecity among these routes. This is not .
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-possihle uith\terrestriai.1inks'uhichfinterconnect oniy.twolpoints.

» The satellite systems provide. capacity not only for the simul-

taneous USe of'many'channeis for traditionai services like telephony, teie-

graphy,’ etc., but also can provide broadband services. This has been proven

)
*by overseas. teievision transmissions previously impossibie, because they

. couid not be handied through terrestriai systems.” Nate that one, voice cir-

~jcuit theoreticaiiy requires 4 kc/s of bandwidth, while teievision transmis-

\l\

" sion requires 6 Mc/s of. bandwidth The 1imited operational 1ife-fime of -

sateiiites whichfianges from five to ten years is One of .the disadvantages '

compared with terrestriai systems The, situation will change in the future

if repairs on sateiiites in orbit become possible

. 1.1 Brier HisTory oF COMMUNICATION SATﬁi.'LiTES .

g

v

The history of sateiiite unications starts with the sugges- .
tion, first made by an Engiishman Arthur C Ciarke, that an artificial. sat-
eiiite could be used to iink distant points on ‘the earth's surface, acting

as a reiay station at thousands- of—miies aititude In- 0ctober,,1945 Ciarke

:p01nted out that “radio towers" 1nto a sate]iite orpit wouid make avaii-

abie the use of centimetric waves, which w1th their enormous traffic-hand-

B iing .capacity will lead to the p0551biiity of giobai television serv1ces

He aiso suggested that three such stations, if estabiished 22, 300 miies

;(35,000 km) above the equator with 120° spacing, couid cover about 903

- of- the earth's surface.

2

Starting with the remarkably precise forecast by A. C Ciarke,

'the communications satellite technoiogy .can be acqu1red through the iden-

’

‘,tification-of_three distinct periods,of 'its development. In the f‘$§t

.period, which lasted some twelve jears,'nothing really happened, ekceptn
. . . - 1

M .
.
N o, . . N
§ .
- .
0] . 1 .
. B . . ‘
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that the first attempts at space communication'were made, not with man made
objects but with the moon as a reflector (passive communication sate1]ite)
The historic demonstration took piace on May 15 1959 whem special radio
transmissions were transmitted from England and received c1ear1y at the

- United States about. 2 6 seconds later. Only in the -second period,,fromj

. 1957 to 1964, were man-made satellites$ actual1y'used for communfcation pur- -

”*??\i 'pOSes.'gIbgs period was characterized by many launches of space, vehicles '

among which a variety of communication satel]ites 1ike ECHO [ (August 1960).
TELSTAR' (Juiy 62); RELAY- (December 62), etc.. ECHO I, a 100- foot balloon

of aiuminised my]ar polyester, is a so called passive satellite. 1t was

de51gned to prov1de radio- wave refiectivity of at 1east 98% with frequencies
of up_to 20,000 MHZ. IELSTAR and RELAY are both active repeater’ satejiites,”

for reception, amplification and'retransmission of messages received from -
, A _ L .

~ earth. <Both were used for international wideband communications,inciuding\

television transmissions ' - - ) |
The 1aunches of the INTELSAT T, Ear1y Bird, in 1965, (240 telephone

circuits) and the first MOLNIYA sate]]ites started the third period, which

.can be called the operationai phase of sateliite communications While “

-

the western world used sate]iites for internationai, world-wide communi ca-

"“tions, the U.S.S.R. was first in using them eitensively and effectively

for domestic purposes Between the recent major events are the 1aunchings
of INTELSAT 11 in 1967 (240 circuits). INTELSAT 111 in 1968 (l 200 circuits),
INTELSAI IV IV-A-ip 1971 and-1975 with 3, 000 and 6,000 c1rcuits respect—

T dvely; aiso the launchings of the Canadian ANIK I, II, III(sate]]ites in

Nov. 1972, April 1973 and .1975 respectively and the RCA domestic satellite
. in December(1975.uhich contains 24 channels operating in the 4/6 GHZ band,

each with a bandwidth of 36 MHZ.

~

-




1.2 THE Furure oF SATELLITE COMMUNICATIONS

|

There are at present, two d1fferent~types of systems by which

. satef’ites are so posrt1oned 'Synchronous or stationary or the 24-hour

orb1t' and random orbit‘ A sate]]ite placed in synchronous orbit will
appear to hang motion]ess in the sky. The major ‘characteristic and advan-
"tage of the syndnenoussate111te is that it is reTat?yejy sfmple to keep
the antennas at the sending .and receiving earth stations properly pointed -

at the sate111te Sate]lite’}n random orb1t wi]] be simu]taneously visih]e

to any given pair of earth stations for only a portion of each day and to

provide continuous commun1cat10ns more than one sate111te would be required,
and the earth stations have to be equ1pped with very advanced e1ectronic
and mechanical equ1pment in order to keep the antennas constant1y pointed

in the direction of the satel]ite /

. "N
_Satellites in exfsting systems generate relatively:low effective ‘
power, in part because of payload 11m1tat1ons of -1atnch veh1c1es an in part

because their power 1s not focusing in a s1ng]e direction, * Because of that,

_,.cost1y earth stations are needed and as a result the early satel1ite sys-

tems have been point-to-point communication systems. ‘Another system,

ca]]ed distrihutﬁon satellite system, provides'strenger stgnal to a sma11er

N .
region of the earth than 1n the previous case. Quite a different pattern

of ‘use will be 1ntroduced with the broadcast sate111te systems In this’
\ ! .

' case, radio and especia]Ty_te1ev1s1on programmes transmitted from an
S, - \ DN
,:earth‘stat1on to a powerful satellite would be broadcasted from the sattel-

¢ lite for direct reception by individual modified or ordinary home receivers.

Such broadcasting would require a high on-board satellite power which
. , C ’




”5_poses certain technicai difficuities, and the satellite would be s heavy .

as to require powerfui expensive boosters. better power §Unrces in the

&

-

satei]ite, extended 11fé time, stabilized position control, greater
) ‘ antenna directivity, and greater channei capacity Of course. the direct

broadcasting into home receivers on an operationa1 basis is not foreseen
[

for the next decade.

The 51ngie channe1 per carrier (SCPC) system 15 one of the opti-

o A SN e Ty v i g e g
.

’ : mum sate]iite communication systems between many‘smaii earth stations.

. Its abiiity to provide facsimile. high -speed data and voice circuits of,

PO EATEUTU 5

“‘good quaiity is expected to resu1t in increasing}y rapid growth in the

v number of applications ’

The next most significant change in communication satellites

will occur when they will change from functioning as mere repeaters to k

Eynctionjng as orbital switchboards. On board satellite switching coupled

'A’with time diwision muitipiexing (TDM), and time domain multiple access

(TDMA) , w111 result in further substantia1 increases of sate]]ite capacity

R . by utiiizing the bandwidth‘more efficient]y The’use of- spectral regions

above 10 GHZ the frequency reuse, and advanced moduiation schemes wiii

&'Y . o X 1ead to communication capacities progressively higher than those presentiy .
'avaiiab1e o o - R \ L -
~ Since there is a direct relation Shtueen the satellite and earth

'station the more powerful the'sateiiite,\the simpler, smaiier and less

expensive the earth stations This, in part, led to the, deveiopment of

S\ ~ GHZ frequency band a]iocated for the’ next generation of communication

‘ >" satellites. The CTS is the wOr]d s.most, powerfui technology sateiiite and

it 1s the forerunner of & new serfes of high-powered' arbiting transmitters.

)

A the present experimental high- powered CTS system operating in the new 14/12 :




vt
is,

. o .
It #ill be able to provide medical information to. doctors and nurses in

'
ot s g it %

s " remote areas, 1ong Histance teéching. television and radio signa]s to .

B ;C o ( o smaiT portab]e ground stations and a range of other sophisticated servicegmr Q?%("

‘It will also be used for space communication experiments to be undertaken .,{

|

aJOiﬂt]Y by Canadian and American scientists*'
i _r | - . .', : . 2
- 1.3 The FReQUENCY TRANSLATOR (MI)‘(’ER)‘- Co L .

A

To convey intelligence, the transmit ed eiectromagnetic energy

Cat microwave frequencies mus t be modulated e inteiiigence 1s extracted
.§ '~ "at the receiving end by-a process of demodu1 tion. The mixer or frequency .

transiator is part of the receiver front end for every'communication Sys- o ;

tem.in existence that transmits intel]igence from one point in space to

~
~

another ‘ _
In the early days of microwaves, when no low noise amplifiers

at those frequencies were available, it was necessary to receive signais’

.either by direct detection or by mixing Since direct detection was so

1nsensit1ve, very early in the deveIOpment of the radio communications,
3 het

the superheterodyne concept was ihvented. With this concept we Shift
_ or translate the’ modﬁiati;n, fgom all desired incoming signais to th1S*
~ ////' new, fixed "Intermediate frequency" or IF. - .. ‘ S -l

>

Conventionai microwave mixers operate w1th a local oscillator

¥
. frequency which differs from the sigpa] frequency by approximat:;y 30 ~
. '\ M 4
to 60 MHz. ~ With the  IF frequency in the 30 to 60 MHz region, lo noise

amplification, -by means of‘conventionai methods, is possible. By main-
- \ taining the IF frequency and bandwidth constant," it “is much easier to
\ achieve good seiectiVity oveg\a reiativeJy w1de input frequency range.

1




'.These mixers are characterized by h1gh 1nput return Toss’ (1ow 1nput VSNR).

i
«

T S |

e :‘ B R .‘ ‘.‘ ) o . “.: \.. " -‘ L ‘ l L 7 ‘
In addition to tne’conventio él fou frequency-IF ﬁixers; thére-
are devicef where the signa1 and. ]ocal oscillator frequencies combine to

generate a’ resu1tant frequency 1n the, nﬁcrowave region of the spectrum.

10w overa]l ‘naise figure, and Tow conversion 1055.

The frequency translator of the CTS transponder, which in part
1s the subject of this report, trans1ates the uplink 14GHz signal fre-

quenc1es to the down11nk 12GHz signaI using a 1oca1 osc111ator frequency
of 2 1667 GHz, and 1m has: the above charagter1stics.~

°

Yo




CLL T o CHAPTRR 11 .

commumcmons TECHNOLOGY SATELI:’ITE (CTS) L

~

20 IntRODUCTHON . = i S N

g

\

. The Comnunicattory Techno'logy Sate'lHte (CLS) is an experiment-

~a1 high power sate'lHte The CTS is part of a joint Canada/Unitqd Statqs'
space technoloqy project The prime goal of thé high-power CTS {is the ‘ _ N

"~

- advancement of techno]ogy for futu g\enera"ﬁons o.f high power conmunfca-_
. tion satéllites, ") R o
Efficient utilization of sgateﬂttes for communication systems

l reqmres the generation of high sfgw 1eve1s in the sate'lHte in order *" . ] -

| ‘that ground te :Inals can be made as sha nd simp'le as possib]e _y B | ‘
‘makfng ‘the ea h termma]s small and simple the cost s Tow and this 1s |

.a ver‘y 1mportant factor when 2 1arge number of earth term als access or‘ e )

use a given sat_e]hte. Output power of the present generation of commun- .
~ication s'ate'lH'tes ‘.is in the range of S'to 20 watts per channel.” High

-~ .~y powered satellites, greater than 0.5 kw, require accurate A3-axis stabil- | e e

. ization and station-keeping,.tjse of large depl_oyab'le. solar cell arra){s;
..+ and the develnpment of travelling w/dve tube amplifiers (TW'.I'A'S)\ of s1g-' ‘

S nificantly greater output power'and efficiency than those currently - |

" space proven. \

-— , N . ) [
The deneration of high signal power in the CTS is a'ccompHsheq .

s

. . . : 8 ' . ’ ' r
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» Y .

_ throegh the use ¢ of iarge soiar ce11 arrays as the—source of prime power,..

a2 GHz TNTA having -greater than 50 per’ cent efficiency at a power out- //4?

‘put of 200'watts and narrow, bean\\htennas v

The CTS is expected to produce advances in the field of Space- "

craft communication -sggtems by operating at the newly aiiocated broad-
'cast freQUencies of 1;"§ﬁd 14 GHz, and by significantly increasing’ radiated

powkr ieveis over those provided by existing or project approved space-

~.

"craft The frequency range of {; and 14 GHz was sé]ected because it is
s availab]e The incseaﬁed power capab-' .

- not crowded and 1arge bandwidth

> .iiity of the CTS 1s i11ustrated in Figure 2.1 which shows the historicah

growth of the EffectiVe Isotropic Radiated Power (EIRP) with time.? EIRP

is a term that has been found convenient for use in describing the power

N

‘radiated from a termina1 -and is given by the product of the transmitter - jw\/)/

power output P and the antennacgain Gs. EIfP = Ps " Gg, or in decibe]s

RP - Ps For exampie, a satel]ite transponder with a 20 watt fina]

'amp1ifier and an antenna with a gain oé 10. dB would have an EIRP. of 200 '

‘watts or 23 dBW. ‘For the CTS«transponJEr with 200 watt ampiifier and &n .
"antenna gain of 37 dB has an EIRP of f'000 000 watts or 60 dBN

\ ' e . \ B . . B -
N . .
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The CTS. began its planned two-year mlsslon on danuary 17,

-

1976, when a Deita 2914 launch vehide 1aunched 1t 1nto synchron—‘
ous- arbit at an altitude of 22,000+ ‘status miles The feriod T, which is

the ttme requwred fof a comp]ete revo1ut10n of a sate111te around the earth
in synchronous orblt, is 24 hours and from the earth the satellite 1ooks

stat1onary The launch procedure ‘involves ‘two phases as “shown ‘in Figs,

. , 2.2 and 2.3.2°

After the c15 arrives on stat1on and is three—ax1s stab1lized,
a f1ex1b1e, 11ghtwe1ght solar, array wh1ch is a specia1 feature of the sat-
‘\e111te w111 extend Ihe array consists of two sails, each about 21 feet
. by 4 feet The sails’ are stored upon the body of the spacecraft and then
. dep]oyed c0ncert1na sty]e upon ground command as shown in F1gurec2 4.2
The .array w111 de11Ver a beg1nn1ng of 11fe power of more than 1000 watts
at 67 vo]ts,for the exper1ments, and 220 watts at 29 vo1ts for housekeep-

ing. Sehsors mounted on the sa115 will automat1ca11y control the

" array steering
.Two n1cke1 -ca ’aumubatter1es will prbV1de power during ec]tpse per?ods
‘L v

Two technology experiments, that have genera] app]tcatton to

mechanisms so that the sails will a]ways face the Sun

.
.

- \-possib1e future generat1dns of h1gh -power.3-axis stab111zed commun1cation '

"fsat§}]1tes will be conducted “one concerned with the h1gh -power f1ex1b1e -
solar. array and the other with attitude contro] The so]g: array" experi-
:"ment is des1gned to study the behavxour ‘of the array dUr1ng dep1oyment xzv
: \and to determ1ne 1ts cha#acterlstics when in sun1tght and when entering‘

, and leaving the ec]ipse per1od Thts exper1ment JS aTso concerned with
' the thenna] characterist1cs of ‘the array, its solar ce!l performance. and

the behayibr of the.dep1oyed array under specif1c dynamjc.exc1tat1on.

i
*




. . '%‘”’:
Figo 2‘12 -

\'K .

L I

. Apogee Motor .firing

p— . .

Spacecraft correctly or{ ented

Launch- Procedure of -tl'_xé~CTS
 (Prom CRCbSeriél Dokunent QB-RI & PS-1, May 1973) . .

Lift off from eastern test ange Cape Canavera])
Second stage ignition - C ‘ »
Spin-up to 60 rpm -

- Third stage {gnition

Alihnment of spacecraft for apogee burn

Aanment of spacecraft for positioning maneuvres
Positioning of spacecraft
On station | ’ &
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2. 3 - Attitude Control Procedure of the:

" Despin from 60 rpm
. Stop rotating with sun sensor pofnting to sun I

'"'Spacecraft operationa]

CTS,
(FrOm CRC . Serial Document 06-31 & PS-l, May 1973)

,(.- .. i ) R ".~

Deploy solar arrays to supp]y power

‘Ro11 about spacecraft §un-11ne to lock on earth with non-sp#nn1ng

. earth sensor '

YAW manoeuvre about spacecraft earth-1ine using sun sensor data
to align roll axis with orbited velocity vector
4§i§‘

attitude determined by earth sensar’
and sun sensor: - \

o= . ' DY
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" Protective Covers _
©.  Jettisoned . .
>
Solar panels ' .
extending * #-
A

1

Panels quy 3 v A

. EXTENDIBLE SOLAR:ARRAY “extended. -. -

° A
_ . ARRAY EEEVATION AND
ARRAY TRACKING SUN SENSOR TENSJONING MECHANISM
g ’ * 3 . -
! ATTITUDE CONTROL THRUSTERS
SHF GIMBALLED ANTENNAS — APOGEE MOTOR (NOT SHOWN) o

/o
TRANSFER ORBIT SOLARCELLS e

ATTITUDE CONTROL THRUSTERS

HYDRAZINE JEIS R
(S 16{ CATALYTIC THRUSTERS) -
' @ SUN SENSORS -
T SHF OUTPUT TUBE (S.E. AFT)’
T.T. & C. ANTENNA T '
e "

FORWARD EQUIPMENT PLATFORM .

oo tin'm“ssxsoa (NON-SPIN)’
-+ \SHF BEACO} ANTENNA ARRAY TRACKING SUN SENSQR - ° = * -,
ARRAY EXTENDING BOOM

[

EXTENDIBLE aouik ARRAY
 FOAM PADDING FOR ARRAY STORAGE - REPR '

. . N . L

]
[ :h' . " " . B . : b ) ’
.Fig. 2.4 = Array deployment Necraﬁ details on station. ‘
. (Prom CRC Serial Document 06-RI & PS-1, May 1973). '
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'Seneors, mqunted.on the array, will measure acceleration, deflectiqn, ten-~

-

" sion and temperatdre.’-The attitude control experiment will proVide telet

+ metered uata on spacectaft‘Stabiiiiation and control during the attitude

acquisition and op- -station phases of the miseion This experiment incTudes -
“ o

studieﬁito determine the so]ar-torque‘magnitude and the effects of the .

_ space- craft fiexibiiity on _the operation of the attitude COntrol T

- .
Other experiments where failure is-not detrimenta]«fo the p1anned

mission, are: -a) a 0.4 mib 5-cm mercury.bombardmentionthruster (engine)

for north-eouth stationkeeping and attitude control experiment and b) a 1iquid

© metal slip ring (LMSR): experiment. The LMSR experiment invblves the inves-- .

tigation of the characteristics of Tow frictiOn 1iqui¢ metal siip rings

Wit features that permit the study of both high voitage effects in excess

t

NG
of 2, 000 voits, and high—current effects at greater than 8 amperes per
ring. The 1iquid metal to be uses 1s Gallfum. | |
| “The command signals will be in a PCM/FSK/AM format. The command

Ccode bit rate.will be 700 bits per second and the synchronization {s accomp-
. 1ished by .amplitude modu]ating the subcarrier at the bit rate frequency

,The te]emetry system is specified as PCM/FM/PM in which puise code modula-

tion (PCM) frequency nwduiates an I subcarrier ‘oscillator which, in turn,

phase modulates the transmitter. The PCM bit rate is-1536 bits per secand
L

. sample per second, and one sample per 32 seconds.

23 COMMUNICATIONS CAPABILITY OF THE CTS

-
Two 28 inch diameter antennas with paraboloid refiectors wiil "

be gimbai-mounted on the forward (earth-oriented) deck. The ;—axis stab-:‘
. X .. ”‘ ) .

@ v ittt
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bilization system witl maintain antenna boresight pointing accuracy to
0. 1° in PITCH and’ ROLL, and 1. 1° in YAH on a spacecraft with fiexib1e )
. appendages As shown in Fig. 2.5 each antenna provides a singﬁe 2.5° .
beamwidth of circuTar cross- section for the simu]taneous transmission and
‘reception of orthogonai lineariy po]arized signais. A wave is said to
'be 1inear1y polarized if its electric field vector lies a]ways in-a given
‘ direction. Each antenna can be steered independentiy to cover different-
parts of Canada and United States~(inc1uding Aiaska and Hawaii) to support
. various CTS communication experiments -
' - Figure 2.6 shows the antenna coverage obtainab]e for various
boresight positions of the antenna from .a synchronous drbit position of .
:116 west longitude. The inner contour shows the effect of coverage con-
\ - ‘straints resulting from'positioning and pointing errors; The outer line
‘ot each pattern‘shows the nominal 3 dB-antenna contourl 'With each antenna
capable of being Ep51tioned ‘on ground command with dts boresight anywhere
. ‘;‘ within a 13‘degree cone, an EIRP capab11ity of up to 60 dBw is to be.
. ‘prov1ded as noted in Figure 2.1, '
The CTS: transponder, which is essentia]iy a Radio Repeater,
. | receives a signa] at 14 GHz, amp]ifies and frequency translates it.to 12
“Gquand then broaddasts the processed 1gna1 The conmunication capapdiity
is, of course, bounded by the combinatjon of powers and bandwidths avai]—*
_; 3 .able. In the, primary operating .mode (see Chapter 3 para. 2 for opera-
"tional modes), a mixture of an FM colour TV Signai, an FM 'sound broadcast
signal, and up to ten channeis of duplex voice,signais'canfbe transmitted
simuitaneously from the main terminai to a variety of remote termina]s .
Ay At the same time it is possib]e to transmit a coiour Tv signal from the

N
remote transmission station to the main terminal via the transponder.

L]
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As noted previous'l_y, the CTS will be capable of providing an

EIRP of up to 60 dBw Taking into account the attenuation for the com—-
.bined gffects of down-'link precipitation, tropospheric fading and the
B

path loss, the final received power at the reteiver tenninals of an

8 ft diameter antenna stil'l will becapabie ofpmviding a very good colour

Ottawa main station from the remote. TV transmission terminai will provide

N
“a good network qua'lity video S/N ratio . A

2,4 ~ SupER HieH FreqUENcY (SHF) COMMUNICATION EXPERIMENTS

Once the -CTS is operationai it wiil be -used for experimental

‘ purposes equal'ly by Canada and the United States The major communica-

tion experiment is based on the 200 watts, 12 GHz TWTA, and one of the

principie ob.jectives‘ of the CTS wiii‘ be to demohstrate' up-1ink TV trans-

mission at 14 GHz from transportabie terminais and TV transmission at

. 12 GHz from a sate'liite o 1gw cost ground terminals.

In £anada it is pianned that most transmissions wili take piace
Y.
between the main ground station at Ottawa, via a 30 foot diameter trans-

U .

mitting receivmg antenna, and remote terminais ‘to the north. Terminais

' intended for te]evismn reception will use 8 foot diameter antennas which

|
wiii aiiow for smultaneous reception of television- and sound broadcast
and multichannel vbice transmission using the 200 watts channel of the
transponder. System calculations showed that using all 200 watts for a

singie te]evision broadcast carrier would permit the'rec'eotion of a 'good

" quality picture at a receiving station using .an antenna of only 4 feet

\ . . '
A transportable ground_xrminai. using a 10 foot‘{&,a\meter :

“ ,' R B . * . i

‘ ™V video signa'l to-noise (S/Ni ratio Also the power’ received by the

"ln diameter ‘ AT i _ ¢ o “~

'\

P .




. antenna, wﬂl be capab]e of transm1tting te1evision, of a quality suitag
tio

*for subsequent broadcast use, from a, remote Slte to the main Ottawa st
o

. via the 20 watts (Iow power) transpond'er channe'l This wﬂl leave the o

n

main 200 watts (htgh power) channe1 ava1]ab1e for transmission to remote
' termma]s maktng possible two way television for teleconferencing appHca-

t1ons In add'lt'lon other transportab1e termina]s with 4 foot diameter i

[

antennas 'will be used for prov1ding two—way voice comumcations between ‘
w
remote commun1t1es and other “isolated part1es and the mam Ottawa sta-

tion. In addition\. to the remote terminals already discussed small EM .

sOUnd broadcast (receive only) ‘terminals with Fixed antennas of only 2

feet in diameter wﬂl be used

‘In sunmary, the Canadlan Corrmumcatmns experiments that wﬂ‘l

be carried out with the CTS are: : S '
» : ' ’

a) 001our TV broadcast from Ottawa to remete temina1s to evaluate

! technica] characterlsﬁcsand socio-economjc impect and-

 viability L \

oot

b) cO1our v transmissmn from remote temﬁnals to. Ottawa for .

EEN

"network retransmssion to observe 1mpact of Hve TV from
‘normally 1naccess1ble places or -rare events

‘c\) Two-way voice operation to,evaluate techn.'cca'l characteristics _ ,
_and utilization - - . - o T

+

d) Sound broadcast from Ottawa to 4 foot remote terminals to

© - evaluate terminal costs, reliability, durability and assess user

y . .

acceptance . ) . .
. e) Digital conmumcatwns [T1me Division Multiple Access (TDMA)
| and"mdeband datawtransmissmn] for access synchromzation !

g

" technique and TDMA technology, toeva]uate error rates; ‘inter-

ference effects and advances in digital modulation techni‘q’u’sy. ’




, ,
e o e ,
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Bit raté about 60 to 90 Mbits/Sec are expected v
The United States experiments are primariiy aimed at testing

' the concept of 1ow cost ground stations with Sma'll antennas, trading oi"f

smaH grounﬂ stations for high power on satethe. Most of the experi— -

- ments are reiated to use. rather than technoiogy. For example, the

. .American Red Cross wiﬂ test a small- tranSportabie ground station to set

up emerghcy conmunications in disaster areas " The. Veterans Administra- .

“ tion wi]'l test video transmissions between hospita'ls. ‘ n‘the New York

State Department of Education wiH test -the. transmission of documents to

¥,

."Hbraries throughout the United States. TiYe on]y techno"logicai experiment
. "~will be.run by NASA—Goddard, which will test propagation characteristics
' ,f of the 12 %o 14 Gﬂz signals through rain. | e '
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. . depends on the mode in which the transponger 15 operated Section 3. 2 ‘

' presents those operational modes of the tranSponder. Sectfon 3.3 presents |

A

~of the transponder. S TN A . c ."f. ig
I T s . ' L . o . "

3.1 TRANSPQNDER DESCRIPTIGN R PR

| SHF signa]s The -communications transponder fs. a mu]tiport microwave

' ™
‘:ports have been pamed as: Recelve Port ] (RP]) - C\\/"““\, A\

. wi%ﬁ“TnE'SHF beacon subsystem. “RP] and TP1 are connected to d single

amplification, frequency translation, and re-transmission of received

v\-l . M N
o ’ Lo L

R CHAPTERiII P A

SUPER HIGH FREQUENﬁY (SHF) TRANSPONDER OF THE CTS

AN N

v

This chapter'deals with the transponder (radio repeater),‘ : o ;‘.;
major subsystem of the CTS satellite. “In; section 3.1a genera1 descr1p1
tion of the subsystqm 1s given. The transponder gain, the output power

per channe] and the aﬁtenna port to which each channel 1s connected,

the advanced techno]ogy units and the subsect1ons describe the ma1n un1ts

<

-

~

/The transponder, receiver-transmitter combination, wi11 provide

ubsystem capabte of . perfbrm1ng communication functions The four ‘majer

N

Receive Port 2 (RP2)
Transmit Port 1, (TP1)
Transmit Port 2 (TP2)

+

. »

.

In addition, there is a secondary port, the: beacon~port, which 1nterfaees

2 -




Vo

) .waves. Stmﬂar'l Y RP2 .and TP2 are connected to ah identical antenna, ant-

Jenna No. 2. Orthogonal, Hnearly po1ar12ed waves are used for better

ments in the recei ver and driver stages. o? the tranSponder are redundant

- in, the 11.7 to 12.2 GHz band, ‘and two, for receiving in’ the 14.0 to . 143

‘channels are comb1ned in the 1nput miltiplexer, amplified in a tow noise -

A s1gna'l of the proper frequency. and amp]itude recetved in port RP1 will
+ be translated in frequency without inversion, amplified, and sent out '
-
_in port RPZ Informatton recetved by the transponder wdthin the receive .
band T'(RB1) will be re-transmitted within the transmit band 1 (1/81) wﬁ:h\ ‘

‘ .
 out frequency inver§ion. A similar _process. wﬂ'l occur fon the recea’\;/e \

*version" means that the received band of frequencies is above the local |

\osci Hator frequency, and an increase in the signa'l frequency cauSes ‘an

communication antenna (antenna No. 1) via an orthomode cou'pj\er to allow

s’immtaneous reception and transntssi on of ortnogonal "Hnearly po"lartzed

dtscrtminatton of different signals. S
‘A block schematic diagram of the SHF tranSponder switched to

its d1fferent operattng modes is shown 1n Figure 3 'I a,b,c,d and s des-

crtbed in section 3.2 To improve subsystem re'Hab‘lth, all active ele-g

In addition to th1s redundancy the TWTA s aré "configured so - that faﬂure
of any one will not jeopardtze the transponder operation.. - "

The transponder has . four 85 MHz pass. bands, two for transm1tting

6Hz band as shown in th 3 2. The frequency bands of the two recefve
l . .
amprier and frequency translated to the transmit bands Additional amp-
Hﬁcation is prov1dgd in the dr1ver and output stages of the transponder.

N\

through the port TP2 A similar process wlll occur for signaTs recei ved )

8

band 2 (RBZ)- to transmit band 2 (TBZ) The term “mthout frequency in-

A"

increase 1n the intermedi ate frequency. Lo
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3,2 OPERALIONAL: MODES OF THE CTS_TRANSEONDER

A number qf microwave logic fiqctions are 1nc1uded in the design

of the transponder to enable experiments td.be undertaken with different '

ga1ns and output power. levels. The mode in w\h h the transponder is switched
determ1nes the gain the output power per channi?\‘and\the‘antenna port to

which each channel is connected. The transponder has two -basic operating

odes: - . S

a) The pr1mary, or norma] operat1ng mpde (PM)

b) The secondary, or back-up operating mode (SM)

4,

The PM mode w111 be denoted PM1’ when TWTA-1 is wsed, and PM2 when TWTA-Z

-is-used. Similarly for the SM mode, it is denoted SM1 and sH2. Each one’

of “the four operational modes is described below.?’S

(1) Pr1nar1__peratdona1 Mode 1, Figure 3.1a: This is a bidirection--

— —— - — —

al ‘mode in which the 200 watt TWTA-3 is the output amp}ifier for one chah-

‘nel, and the 20 watt TWTA-] 1s the output amplifer for the second channe]

. In this mode the 20 watt TWTA 1 is also used as a 1ower power driver. amp]i—

fier for the h1gh power channel. The Field-E ffect Transistor Amp11fier
(FETA) is used as, a‘driver for the lower power channel. The saturated gain

for signals converted from band -RB1 to hand T8B1, that is the high power

.channel, is 122-+4 dB. The small s1gna1 ga1n ( 10 dB’ from saturation) fbr

signa1s converted from RBZ to TB2, that is the low powerchanne1 is 11414d8.

— e NEN N 2

mode on]y the 20 watt TWTA-T is repTaced by the 20 watt;ﬁwTA-Z the rest

> is the same as in PM] mode

pdgi oAU LI A= SRR ST AL B,

direct1ona] mode 1n which the 200 watt TNTA 3 1s switched off and the 20

Y - Y




T T AT T e, g -

,.ponder, is provided by microwave switchers and- chanqid selector units.

" as- shown 1n figure 3}1 a,b,c,d.

. .‘ . »A . . . ' i ‘.. . . i . t . ' N ) . . . 30
_ watt TWTA+1 -is used as the output ampTifier. In.this mode the FETA
. acts as a dr1ver amp]ifier for both channels. The Tlebandlis directed

to the antenna normally used by the 200 watt TWTA~§ via the bypass ‘multi-
\plexer The. sma11 signa] gain for signals converﬂaifrom band RB1 to

TBT and from . RB2 to TBZ 1s 114: 4 dB - Nl
‘ (1v) Secondarx__perational Mode 2 Figyre 3. 1d In this opere
ational mode only the 20 watt TWTA-1 is rep]aced by the 20 watt TWTA—Z,

_ the rest is the same-as in SM] mode _ ot f - bt

The microwave logic, necessary to ensure that the individual
v N

_ channels are combined and separated at appropr1ate points within the trans--

.
-

R ¢
3
N . Ve R . . . Vo

3,3 " DescrIpTION OF THE MAIN UNITS OF THE CTS TRANSPONDER

. .. SN
The transpdnder is designed to fu]fil two basic functions:

(1) It will be. used to perform a number of experiments to determine
the feasib111ty of estab1ish1ng economfe! re]1ab1e conmunication 1inks

with very small earth termkna1s

- (if) It w111-serve as a ‘test bench for a number of microwave devices

which represent an advance in technqlog& over already flight proven units.

The potential advantages of theSe‘dnits would increase from theﬂffincld-

N . - . ‘ '
- sion in the next generation of communication shtellites. These: units are -

Tisted in Table 3.1.° : :

a N \ ’ - ' s

AN

a
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CAR ’ TABLE 3 J. | -

“ ADVANCED TECHNOLOGY UNIT DESIGNS L

T

-

wIT o

KEY FEATURES.

-

1 |"200 watt TWTA

>

Direct Current (DC)_ to Radio fr;e-
quency (RF) efficiency 50 percent

2 | 20 watt TWTA

: efficiency

Lightweight, h1gh gain, high g

3 Parametiic'Amp)iffér‘.

"Sol1d state pump, 300% noise -

temperature

.4 éie1d-Eff§ct %%ansistor
AmpYifier (FETA)

Low power consumption, solid state
(Lightweight rep1acement of a TWTA
driver) :

5. High Power Multip]exing

> - network -

o

_L0w insertion']osb; 256 watt con-

tinuous wave (CW) power handling
capabiTity

1

.6 | Wideband Frequency
\ Trans]ator .

3 A’ ¢

Low nbise design with integrated
" low profile input and output
filters -

»

7 .| Graphite Fiber Epoxy Comp—
osite (GFEC) Wareguide
\Filters

» -

-:1nVar

Ultra lightweight (dens1ty = 0.053 |
1bs/cm®) with coefficient of. ‘
thermal expansion equivalent of
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33,1 -INpuT MULTIPLEXER

' The'innUt‘multjoiexeriis a threerort device 1nifhe 1npot micro-

wdve circuitrj of thé traﬁsponder The two receive bands RB1 and RBZ,
which. are defined in Figure 3.2, aﬁé mu1t1p1exed into one port to dr1ve
the front end of the transponder. In addition, the input multiplexer will
a]so attenuate any lg@kage of the transm1tted s1gna1 which is at a much -
h1gher power level than the received signa] Due to the fact that the .
' unit is 1n front of the first.anp11f1er stage of the. receiver, the whol? '
_ unft is constructed with waveguioes to reduce 1nsertion loss.“ .

. " Two bandpas§ (BP) filters and a wavégoide manifold form the ‘
“‘mu1t1p1ex1ng network for the receive bands Schematica11y, thé input

multiplexer is as shown in Figure 3.3. An 1nso1ator is also shown n. the 49”

. schematic in the event it is_necessary to;damp out multiple reflections

" in this combination of units. _— ‘ Y
. RB1 o~ | . ' o , ‘
< Pl‘ % - ‘ ’*_, I o ! ., .
\ PREEN . . ~
: Input 7 " Band Pass 1_ :
"Ports’ . Filter - .
: ' ore 5- Y ,Low Pass
RB2 P d Filter -

Py gt o~ Isokator

—ht ; ‘ o . Outputé Port
R N K ‘ . N _/%\ —————.—0 P3 )

Fig 3.3 - ‘Schematic of the input multiplngxei. - : ”'\\ '

*

[

n

3.3.2 Low N01sé RECEiVER o R

The receiver of .the CTS transponder provides amp]ificat1on and
B freqwency translation of the received sjgna]s. The receiver as 1& is

shown in Figure 3.1, cgnsists of an input 14 GHz Tunnel Diode Amplifier
. ¥ o




|
NI

e 4 ) e ——— i g e

>

mit freQuencies

" of the receiver is 42 dB.

.

- (TDA), a translat1on oscillator, a frequency'transiator and an output

12 GHz TDA. similar redundant receiver is provided which contains, in °

\:addition, a Tow noise 3. 3dB) parametric amplifier.

The trans]ation osciT1ator consists of.a crysta] contro]led

"+ oscillator operating at 108.333 MHz followed by a ‘multiplier chain which mul-

tiplies the frequency by a factor of 20 ‘to yield 2166.7 MHz. ' The long-term

. frequency stab111ty is one part per million over any one month. The wide-

_‘band frequency transletor'wh1ch‘1s an integral part of the low noise

rece1ver will be the subject of Chapter‘B' The high pass wavegujde f11ter
1n front of the receiver chain provides further 1solation for the trans-
A I N S “f )

_ A signa] combiner circuit is 1nc1uded in the receiver to provide
the Beacon reference signa1 of 108,333 MHz and power level of +18 dBm
The s1gna] is avai]ab]e from the translat1on osc11lator of whichever rec-

efver s in operation. The SHF beacon operating-at 11.7 GHz will serve as

‘a tracking aid for propagation studies and will provide a check of trans- .

~ ponder frequency stab1l1ty

o The 1nput s1gna1 to the receiver (14 GHz) is:.-73 dBm and the .
]eveT of the output signal (12 GHz) is -31 dBm, that Yse the overall gain

3,33 CHANNEL SELECTOR No 1

_The-channel selector No. 1 is a passive.microwave device which

takes the output signa1s from the receiver and diplexes the two/transmit

‘bands (TB1 and TB2) 1nto two separate ports. The unit 15 .therefore a .

. three port device with.one 1nput port and two 0utput ports. The two,trans-

mit bands TB1 and TB2 are defined in Figure 3.2. Schematically, the
\ . :




,-, channe]se]ector is shown in Figure 3.4, Three’basic sub-un1ts"of one BP

fitter and two circulators are required ‘to rea]ize .the deyice. ) -

1

| Y ' &

3,50 CHANNEL Seector No 2 .
. ' ! /. N
. The two transmit bands TBZ and TB1 are to be' mu]tiplexed together

. to dr1ve two TWTA's 1n the. tranSponder The diplexing of these two trans-
\-

smit frequency bands is accomp]ished in the channel seTector No. 2. Thus,
the channe1-selector No. 2 has two. inputs and two outputs. One BP‘filter
and two c1rcu1ators are requ1red to realize the dev1ce as- shown 1n Figure

e

380 The input port P1 carr1es 181 band only, but the input port P4 may *

receive both TB1 and, TB2 bands The Output port. P can transmit both
bands TBY and TB2 but output port P3 can on]y transmit T81 -band. ‘

a v N r

“3.3.5 OutPuT MULTIPLEXER |

The output mu1t1p1exer or medium power channe] se]ector is a low .

1oss waveguide d1p1exer at thewoutput cfrcuit‘of the transponder The two
transmit bands 1nvo]ved are again TB1 and TB2. Due to the different mode
requirements of the ‘transponder, it is necessary to have two uut ports

(P] and P4) and two output ports (P2 and’P ) assshown in Figure 3.6."

‘ E1ther input port is capab1e of accépting frequencies 1n the two transmit

f bands. Deplexing is achieved within the mu]tiplexerwiththe result that
:TBI and TB2 are separated into the two output ports For reasons of - v,
°ach1ev1ng a Iower insertion loss in one o?\the transmit bands, the doub1e '

filter passes frequencies 1n the TB1: band only.
\iz

2 T D L
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3.'3..6_' HiGH PbWER OUTPUT CIRQUIT :

~two transmit channels to be’ comb1ned in such a manner that the insertion

~loss between ports 3-and 4 1s less than 0 1 dB and between ports 1 and :.

'design constraints used in the deve]opment of the circulator, bypass di- .

"plexer ‘and w1deband output félt@r - -

N L L

) The high power outpu& circult is required to fu1f11 three N

functions' \ |
. : . .

(i)IIt must isolate the outpdt port of the 200 watt TWTA ‘Pf

fron'reflected power resu1t1ng from m1smatqhes within .
. _the output circuit or at the antenna. This function |
is performed by the 3 port waveguide circuIator with ,
' the third port terminated J '
“-.:(ii) It must suppreSS both second harmonic pbwer'ana noise
. power in the transponder receive band (14.0 - 14.3'f
éHz) genefhted‘by the 200 watt TWTA. This function is
. performed by the wide band output filter
(iii) In the event of a 200 watt THTA’ failure it must provide _
. an.alternate Jow loss: path within the operating fre-~
o quency band of the low power TWTA This_function is
| performeé by the bypass. diplexer. .
The bypass diplexer is a- thnfe port device w1th two\input ports and one

output port as shown in Figure 3.7. The bypass diplexer enables the _

4 1s less than«o 7dB. To achieve a lower insert1o$rloss 1n one of the
transmwt bands (TBZ) the double fi]ter passes fréquencies 1n the TB1

band ‘only, The m1n1mization of 1nsertion loss was an-important: criterion
in arriving at the design'conf1guration of Figure 3.7."

Low pass- bgnd loss and high. power capabi]ity are the najor

|-
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Figure 3 7 - Schematic Diagfam of High Power Output Circuit.

st A new 119htwe1ght. non-metal1c materia] 15 used for the fabri-‘ -

cation of the waveguide filters This mater1a1 1s known as Grqphite
a\Flber Epoxy Composite (GFEC). GFEC has about the ‘same thermal expansion
',coeffiq{ent as Invar (usually used in communieation"§etell1tes) Qet the

. density is o.qsé 1bs/cm’lcompared to Invar which.is 0.291 1bs/cm®. Qsing
' eFEg‘to fabricate the filters of almeltichannel transponder, the weight

which'is'a gritical factor is conéiderably reduced.
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: and doub]e diode (ba1anced) frequency franslator respectively

CHAPTER IV

1

THE MICROWAVE 'NONLINEAR . FREQUENCY TRANSLATOR

This chapter provides the reader with background materia] “in the -

field of frequency translation This mater1a1 is necessary for understand-

ing the operation and per, ormance of the CTS frequency translator (mixer)

. which is the subject of/ the next chapter. Section a. 1 presents the basic T

“"theory of frequency tragslation. In- Section 4.2 a justification for the

| given by using a crystal diode as the non linear
iP :

téeory of* Section 4.1
ment. Section’4.3

el als with the characteristics of a mixer crystal,

[ . ,
diode. In Section 4.4 the varigqus diode parameters affecting conversion

?

loss are discussed. The cdnversiqn loss 15 defined™¥s the ratio of the

- available RF signal.power at "the input of the mixer td" the avaiiable inter- -

mediate ﬁrequency output pouer'of th mixer. Section 4.5 presents some

-
IV

of the diode backages which make“the‘didde competible‘with mfcrouave»cir\

: cutts. Finally, 1ncorporat1ng the crysta] diode into®a circuit, it ;e

‘ |
shown that it can operate as a frequency translator This is the subject

of Sect1on 4.6. Sub-sections 4.6.1 and 4.6.2 deal with the single diode

. . \‘ -
‘ . S
4,1 FREQUENQY.TRANSLATION ‘

F—/

Many circumstances arise in whicﬁ it s desired to translate a :

. signal to ancther place in the frequency spectrum without disturbing the

L S S

st air e
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®

' superpOSition. the addition of two frequenciesyin a linear device'neVer

“the originaily appiied signals to create stiii more frequencies, etc., ad - )

1nfinitum as shown . -in Section 4.2.° ., - :, ‘ '\, LT
.'other hand the mixer is noniinear at the high L0 power (usually about
: which also may be important in the mixing process In- practice only the .
',small . . . . - 3 . ‘. ‘: c e " |

‘a very broadb\nd\\ircuit, 2, non]inear resistor. produces the sum (w ) and
. i L
the intermediate frequency (wIF) with almost equal efficiency The wIF is®

e ————— e = n - -

relation of the sidebands tb the carrier.. This frequency translation is . |

accompiished wjth the aid of-a 1oca]1y generated oscillation ' The received

= signal together with the 10ca1 osciiiator {L.0) frequency is app]ied to
a nonlinear eiement for- examp]e, to a mixer diode to derive an intermed- B ‘:

"~ iate freyqency Wpps equal to. the differenCe between the received RF signa] ?. e

and the L.0 frequency This “ﬁF frequency can then be easily amplified -
and detected at a higher’ signdl 1eve1 RN ‘
The nonlinear ,device is essentiai in frequency translation, fre-

quentiy ca]]ed “mixing" process. As,aiready-stated, by the principle of

resuits in additiona] frequencies. If, however, the device is noniinear, P
- - '

it wiH generate the sum and difference frequencies of the appiied input sig-

nals.  These new frequencies will, in turn, beat with .each other and with

Let s consider a frequency translator as'a‘three port-network’
shown in Figure'4;1. .The "input RF signai power level is much Tower than the
L.0 power Tev51‘ and thé‘generation of its harmonics is neg1igib1e‘ On the

/ .

5 mH) and generates harmonics nw, (n =2, 3 ..) of the L.0 frequency

\

effect” of the fundamenﬁpi L. 0 frequency Lo and. the secOnd hanmonic Zw are

usuallygimportant since the power of the’ higher order. harmonics is quite[‘

e . .
The received signa] frequency W is mixed with w and 2w . prod- T o

ucing the first and second order mixing products shown in’ Figure 4.2. For

“
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‘ ‘ ‘ . ) . ) ’ .
S usua]iy chosen to be suffiéientiy high so that the excess 1/f noisekof the -~
. ‘ nnxer diode is negiigibie The image frequency wI is of . speciaiﬁimport-

ance*in the mixing process The power consumed at the image and harmonic

51debands is taken from the RF signai power and the resuit is to increase

thgh%bnversion loss of the Signal to the desired output frequency “IF By

' ‘terminating these frequency components reactively, we can reduce to a mini-
mum their power diSSipationy and additionai output power at wIF s obtained
. by. the indirect path of beating them with the L.0 frequency(u 1ts har-

-~ [

_monics. In this case the conversion 1oss s decreased.

It can be shown°> that the power available at “‘IF through the .

. /
image f‘requencywI and the ‘upper harmonic. sideband Wy is given by G Pg/res-

pectively, where P is. the RF signal power and G s the reciproca1 of the

conVersion ioss If we also do not epnsider the phase of the “IF’ generated

>F=7 indirectiy, we can say that wy and m are of the same impo:tance which -is. '
4 L not true The reason that makes mI more important~is that the phase is conu }
"troiied more effectiveiy at the image frequency and that .the impedance of |

Y]

the mixer at T frequency depends strongiy on the terminatdon of the wy

¢

'but oniy weakiy on that of wy Hence, speciai attention shouid be paid to .
_the image. frequency and 1ts termination in miXer design. . »'. ‘_' \ i
3 ‘\

4, 2 CRYSTAL DIODE AS THE™ LINEAR ELEMENT OF A FREQUENCY
TRANSLATOR

[} ] . ‘

’ - " “In this section we will demonstrate the generation of all the fre-
e 'quencies discussed~in Section 4.1, using~the crystal diodeﬂas°the nonlinear
i " element. “The principal characteristic of a metal-semiconduotgr interface

'of a'crystal diode is that it acts as a nonlinear resistor or varistor. The

:resistance of a varistor 1s a function of the app]ied btas voitage across

.~‘
A



A . ‘ e

T the diode. “The current 1 and.voltage’ U are related by equation (4.1)

below., o AL o ¥

1 I(u) I [exp qu/nkT - 1] 3 Io [ewp du- 1J‘ e ve e 4t1 :

a = a/mkT =35 V" '-at room, temperature
. ’ 1 = dtode saturation current . o | PR |

" 0 \_ . ’
' ‘ q = charge of an electron ‘

o T absolute temoerature Ok

:E ' A ¢ = Bo1tzmann s constant

: n=a constant slightly greater than unity o

V= voltage applied across the junction

““'For a small range about a, DC b1as voltage Uo’ the chrent-vo1tage charac-'
teristic given by.equation (4 1) can be represented by’ Tay]or expansion

] I.(u‘) 1o, )+ 4 = (U“’H 1%5—21 (U"‘o)z

g .
’ S

’ Using equation (4 2) we can examine the bas1c mlxing process using a micro-

‘ -\z ', ' T wave varistor We will.consider the mixing operation whereothe applied

RN ‘ o fsignaT is either a single.or doub1e-side band modu1ated wave of very sma]l
amp]itude that is mixed with a high Tevel L.0 voltage as shown in. Fig. (4 1
'Asing the approximation given by equation (4.2) up to ‘third power of volt--

" age term and for zero DC bias voltage the output current becomes

l' N

i e it pmapn.
-

15 v azuz*'a,u’ e e e e e SOCTU Y O
) ' - 2 ‘ '3 . \
X -Where" o) = a‘—I’- az.'. . %. %’6; , ‘ogS %_ %%_ o | )

-\U
Y

‘eg + & = Escosugt + Ej jcosugt -

7es RF input signal =~ . - L

. ‘eLO -ja0voltage - R : L s o .
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" Finally, rearrangirg!terms we get:

)

» ~

3

Then From equation {4.3) we'dgMe the‘fbwng results: -~

.. 10 L2 diges + eLo) +0,2(‘\e§ + eLo)z +G3(es + eLO)’

= ares + a1€) g + 02éd + azey * 20zesej -+ a8 * asefg +
. ' N - b s -.u . .

b}
]

asdede;y + asdesely
N ‘ ) {‘ .
= mEgcosu T + aliil_ocoswo-t,f azE3cos?

)

v "y e
ZazEsEmcos(nstc':os:not + a,ligcosi;st ;
' B o |
43“’E‘§Eléoq°s!”§t°95“’9,t + 3oy .EgEﬁocosﬁ,o

‘o, ) - v . <\ '

PN

10= (o Ex\+ %— °§3E§ + g—‘a,EsEfo)cosmst T c

02 rre2 2 ‘ K \‘
* _%‘[Esfel_.ol’*': SRR

aBgE oo {ug + uglt +. e o L S

B

‘ . . Q . 2 ' ". . ’ , .
+ 2 + 2 a e e b o s e e & & en»
e _%- gscosZwst E « R

: oy g2 X Lo :
o b T Btostuol. F e e e

I T YT JUUCS . . "
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* e

o+
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L.0 frequency Y
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+ %‘“’E§EL0°9§(2”5 @)t | .

+ %—a,EéELbcos(zmg + motf +, 1, R .

T%GSVESEEOCOS(ZNO +‘ws)t +' ‘o' o ee .". . o'.-. . -' [ AN 0 . e 4‘4 ‘

o _ If more terms were included in the calculation there wou]d be additlonal

%

, T e ,components. Some of these components’ will be-added Y those given by equa-
!' P _ '.tion (4 4) and others w111 contribute new frequency {erms\zp to infinity. .

mcre e
.

\ Hence, the theory of Section 4.1 is. Justified

o i \ . , 8
"

The desired 1ntermediate outpgt frequency component, which is

usual1y'the difference of the RF sfgnal ‘and L.0 frequencies, is given by

‘the fourth term Jgn euuation (4 4) " This intermediate frequency component

Js se1ected by. using a bandpass filter in the output of the frequency trans-
d21
dv -

lator.. Since the factor .= a’I (from equation 4. 1). in the fourth tenn.

"thcreases with forward bias applied across the diode,xthe output current at

L, R NNT VGRS -

the intermediate frequency wil] also 1ncrease. This is one of the main ob-

(Y
e e en S W
. -

3 « \ v o '
o Ject1ves in attaﬁn1ng good mixer perfonnance ‘ L :
AU ‘ o Ly
4,3 CHaracTERISTICS OF A MIXER CRYSTAL Drope
~ ‘$ - ~
¢« R .

In the analysis of the prevfbus section a pure var1§tor behavior )

N o for the crystal diode was assumed In fact, the signa] frequency equivalent

circu1t shown in® Figure 4. 3 represents a practica1 microwave dtode. operat-
ing as ‘a mixer. Low minority—carrier 1n3ection (for no addit1onal storage

capacitance), low junction capacitance (Cj).

1

|
are required for good perfonnance of a m1xer crystal diode Diodes having -

" these characteristics usually make use*of the non11near resistance of metal

- to'semiconductor contact. Such devices are called Schottky-barrier. diodes®.

R series resistance (Rg) -

l

A

»f
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Fig. 4.3 - Equivalefie circuit of a Microwave Mixer Diode.

o Ry E
fRs =
L =

Jjunction resistance, G
0 by

series package inductance ,

3‘junction capacitance

3

séries‘spteading resiskancé. C. = case';qpapitance '

»

- Ideal Exponential
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-

. The cirrent-voltage characteristic of a' Schottky-barrier diode is

qua]1tat1ve1y sim11ar to *hat qf a. p-n junct1on but have a steeper forward

s]ope, 10wer Rsy smal]er forward turn-on voltage-and 1ower breakdown valt-

‘ age. The breakdown voltage must be sufficient]y high to prevent 1arge cur- -

rents during the ‘reverse swing of the L.0 voPtage.

" Since the perfodbance of a mixer diode is described in terms of

~thefparameters Rj» Cj and Rg, we will now relate each of these elements

to.the physical properties.of the semiconductor materials, geomefry< and

bias level for a Schottky-barrier diode, and in Section 4.4 we will discuss

_thefr conitribution to- the conversion loss..

N

() SERIES RESISTANCE (Rs) |
The total resistance across a typical Schottky-barrier diode ‘
decreases rapidly with positive DC bias‘.until the forward-bias series
resistance Rg, dominates aver the effect of the Junction res1stance Rj.: The
series resistance at forward bias V 'is given by equation (4. 5) given

be]ow .

= i =2 - -!'Y.'.‘...'.‘..‘.l..4.,‘
Rs = Rso .+ Tio Lr-0-201. . RN AR B

series'resiétance at zero bias |

=
w
o
[}

(o]
w

permit1v1ty of the semiconductor \ \

aierage resistivity of the semiconductor epitaxial ]ayer

©
a

»

f zero b1as Jjunction capacitance

o
R N
o
I

¢ = berrier voltage . 2

i

forward bias . . \

-
"

-~
"

‘exponent of the C-V (capacitance-voltage) reiatfonship '




W

o

the slope of equation (4\3) which gives

Coor the conductance may be written'as -

" The other parameters are known from equation (4 5)

The Junction barrier vo]tage‘o'has to be tow in order'that'significant

‘ current may flow without the use of fixed forward bias, and to prevent

inJection of minority carriers at high L.0 vo]tage 1evels. Rg includes

ﬁ '

contribut1ons fromYekin effect in the. sem1co ductor and contact wire.

- i
(11) JUNCTION RESISTANCE (RJ)

g The Junction resistance Ry can be obtained from the 1nverse of

P

" 9o av Lolexp av-11"" = (ar)-*‘=‘-g§1 R X S
‘ 9ji'dl‘=‘51 = IQ/ kT for v>>‘EL.':' v L v 8.7
a-v n L . q . v '.' - - -‘ . . -~‘a.- .‘_-‘-o .

Typica] values of n are l 1 for vacuum-evaporated Schottky- barriens and
~1.4 for point contact silicon diodes From equation (4.6) we can obtain

the: forward,¥o1tage V needed to make Rj = Rs. This vo]tage is the one

- required to give'a diode current I= nKT/qRS

- '(ii_i) " JUNCTION CAPACITANCE c o
The junction’capacitance is given by:equation (4.8) below®. ok
= - .o « 8 s e eleert? 4 4 ea s s . 4-8
Cs = A[eﬁ——” Y ’TT"J7WY‘ L e i
where _ . A ' . -
« A= Junction area o - - o )
Ng = donor density

Cyo = Junction capaettance-at kero bias

. In practice, circuit tuning eIements are used to match the c%rcuit

&
‘to thé junction resistance Rj 50 the voTtage across cj and RJ 1s maximized

a

P 4
.« B
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.In this case a high diode cut of f frequency, fc -1/(21rRst) is des1red to .

. . assure a high vo'ltage across Rj at microwave frequencies.

A
* table beTow‘J

»

Other pa.rameters characterizing the mixer. d1ode are: conversion
\

'Ioss, the RF input impedance, the IF output 1mpedance. bumout and noise

figure. _Impedance mismatch of the RF frequency not only results in signal

loss due to reflection, but also affects the IF impedance which is import-

ant in determining .the coupHng circuits between the mixer and IF amplifier“.

Bui‘nout is a irrevefs1b]e change in the rectifying and converttng proper-

ties of the dlode as the resu'lt of electrical overload. Burnout is a volt-' . '

age-related rather than power-re]ated phenomenon””._ The: most 1mportant

‘cr'iterion of m1xer diode perfonnance is the noise figure (F )which is

) ,given by equation (4.9). Germanium or sﬂicon of very Tow resistivi\ty is

used in the fabrication of low noise figure diodes.‘

> deb =‘. 10 ]0910[ (S'i/N‘l)/(So,No) ] © e . ....T:." e e .:. 4.9

here Sy = Jinput’ signal pover .
’ L input noise power = KTgB - o S .
, So = o‘utput signal power - A . "
“No = output noise power =iKT]B— : o N
B = effective bandwidth "
K = Boltzmann's constant (1.38 .x 10 Jou1es/ Ke]vin) ‘ .
TO, = 290°_K! the standard noise\. temperature ' A B
T = noise temperamtput resistence ‘of the netwo.rk." \

Relatwe advantages of po1nt cohtact and Schottky diodes are shown in the
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‘ TABLE 4, 1 - RELATIVE ADVANTAGEs OF P01NT CONTACT AND SCHOTTKY
Co . ‘ Drooes

POINT gomc_r_ DIOES” . |
. a) Higher Burnout capability (C. X, Ku - Band()\
. -b) Higher rectification efficiency at Tow-L.0 power Tevels

N -\ ' c) Excenent as zero bias detector

. SCHOTTKY BARRIER DIODES - o o

— e —— — — —— — ——— — Ot

S ©a) Lower ('l/f) nofse " L ‘ . ' Y
i ’ BRI b) Lower white noise ‘
¢ . c) Bonded Schottky is mechanica'liy more stable .

d) Schottky Beam Lead Diodes for Microstrip

. e) Schottky chips for MIC s (microwave integreted circuits) . '
. f) Better dynamic range _ S ‘ '_ ‘. .

L -4, 4 EFFECT OF ELECTRICAL PARAMETERS OF THE. CRYSTAL D!ODE
SR ; g ON CONVERSION Loss *
i . In this section "the effect on conversion loss of variations in the

values of RJ, ‘R and C; will be discusseds The junction rgsistance Rj
‘ in Figure 4.3 represents the deSTred non]inear resistance The etements
| Rg and Cj are undesirab‘le (parasitic) becau5e they increase\thé conversion
R ' loss. above that caused by Rj alone In’ order of their importance. the above. .
| quantities affecting conversion'ioss are: 'N\Rj,' \2) Rs. and 3) Cj If
. the equiva]ent circuit -of the diode is represented by R on'ly. the conver-
\ sion Toss decreases and approaches asymptoti cally a consta t value as the\ ‘
L0, dyive is increased. and utilizes the'straight portio of the DC chq,rac-
; teristic in the forward direction. In that regi‘on, the ju ction resistance

= . T N 4 . .
[ L. . . v A .
. . . ' * . . N rd
. N W . .
+ . 1 A ~
A} . . .




is minimum or th{ conductance of the diode is max{mum. as’i’_t is 5hown in -
. N * N / =

F'igure 4.4, _ . _
The equivalent circuit it ultra high frequencies (UHF) of crys- >,
tal dio_de consists of Ry in series with~R5. QThe Rg contribute to the
;conversion loss because‘ of the power dissipated in it at the RF and IF.

‘ frequencies The effect of{Rs on the overa'l'l conversion 1dss of the

" mixer 1s strongly marked at h1gh 1.0 drive. As the L. 0 ere is 1ncreased
the aVerage value of RJ decreases and at first the conversioh 'loss begins
‘to decrease Then as the aVerage va]ue of Rj approaches Rs, more power is
dfssipated in Rg and the coversion loss 1ncreases _ For high L.0 drwe, app-
reciable current ﬂows through the :]unct‘ion during the‘positive half—cycle

‘ and thg’ waveshape of V (t) (L 0 voltage component) that exists across the

. ronlinear junction becomes signit}icantl_y nonsinusoidal. This affects the |
waveform of the conductance g(t) on nhfch._‘depends t‘hé behavior of the diode
as a mixer. To find the exact aneshape of V5(t) we have to solve n'umeri_caﬂy

. the voltage loop equtti/on (4.10). 'This ‘equation 1s derived from Fig. 4.3

¥

by- connecting the L. O vo1tage source across BB' and’ neg'lect1ng Cj. .

u‘Lo; V| geosugt = (Rg + RS)I_.+" uj(t). P 4‘.10',

where
. 1

Iolexp(qv;(t)/nKT)-1] o
. Rg'# the L.D gener‘atgr reststance

_R& = the. junction resistance

To obtain the high frequency (X-band, 10 GHz) equivalent circuit, CJ myst
" be adg‘ed in parallel with R;]- The effect of CJ on the conversion loss is
" most pronounced at low val'ues ‘of L 0 drive. ‘As this drive is decreased,
the value of Rj increases, more current is shunted by C5 and therefore,

s - ‘ S

N

-
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'by the equation (4.12) below:

-

' L.0 drive increases with 1ncreasing frequ cy..

" by so]vinﬁ equation (4. 10) but now the current I is g1ven by equation

. the conversion loss increases. In that case there is an-optimm.L.0

>orive‘for which the conversion Toss. is.minimum At this drive, both R |

and C decrease the convgrsion Toss by an equal amount " A more general’

Justification of this is read11y obtalned by using the ratio of the total

available 1nput power to th* power available to the Junction resistance

“*

This ratio is §3ven by equat1on (4. 11)“ and is derived using Figure

N 4 3 . S ,’ . l . . . :‘ . ) . N ‘\‘-

P . - ‘\ .
Lﬁ’TD'JI_' 1 + Rg/R; +w202Rj g v See e e e 4.1

o
LN

’

From equation (4. 11) performlng the operation (5L /aR y=0 Me obtain the
value of R which minimizes the conversion 1oss L This value 1\\§Qven

Ry = l/wC ...... I ERRY

- Subst1tut1ng (4 12) into (8.11) y1e1ds

S (L)min '[,+2mRCj. /)Y/vua \/\

4
Both (4. 11) and (4. 13{ illustrate the necessity of minimiz1ng the R Cj E;;~\h

.fproduct. Since Rj is a monotonica]]y decreasing function of the L.O

drive, equation (4.12) ‘explains the commonly observed fact that the optimun

s e

. The vo1tage V. (t) across the junction 1in this caseJs given again

MJ

(4 14) which is easy to\derlve from Figure 4.3,
’ N

~ | oy ‘. o
1= IRS tlgg= 1 [exp(qvj(t)ATKT) 1] + C4(0y) -ai—“" oo |

.. The vo1t-empere"characteristﬁc of Fﬁgure 4.4 has been divided 1nto three " ' SR

sections- In section I, RJ is: greater than “the reactance of Cj, XC ~iVquj.
3 ,

In Section II, ‘R. is much smaller than X¢ . and much qreater than R.. In |

~

)
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circuits come in different cartridges. Some typical microwave diodes are

* shown in Figure 4.5. A1l the diodes shown'can be used in both*waveguide

‘ ‘prov1de h1gh uniform'ity from diode to diode. Since tl@ degree of systems SR

of research and development work has been‘done and goes on toward the per-‘

°fect1on of these. units. For exampl‘e, wi th the perfection of high quath

. - v T TR TA S o ars . - R = Loy Sr PUVE SRV W
B ' .
& . ~
‘

1

Section 111, the Junction resistance Rj is less than Rg. Therefore, if
the bias were too Tow, the L.0 power w_ou'ld bypas's RJ through‘cj and if it
were too high, the L.0 and signa'l poner w’ou]d be di'ssipated. in R ‘For the

V
diode to act pr'imarﬂy as a non'l'lnear Junction resistance it shou]d be .

: biased between these two extremes. In practite, silicon diodes are used
‘without bias while german'ium diodes are biased about 0. 15 volt forward: Ger-

- man'lum mixer. diodes have a ngh‘t'ly lower conversion- loss than si'licon

djodes because the spreading resistance R; is about three times Tower.
Lt Cf - o - ’ - .
~ '[ N . . .
: . ' . \ 1

‘4,5 DioDE PACKAGES : - , ‘

T : T .
B 2

Microwave mixer diodes,. in order: to be compatible with mi crowave

and coaxial app_l'icationsa. Other types of diodes developed for stripline
..ofrcuit app’licationsare too small to be shown in Figure. 4.5, The encap- |
' "su1at1ons in Figure 4.5a and b are usefu'l up to about 10 GHz,. and the types
' . (c) and (d) are useful up to about 30 GHz. )

Most of tr‘e devices use an n- type Gallium Arsénide (GaAs) crysta1

(h1gh mob1th and re]atwe'l y 1ow dielectric constant) and. a phOSphor bronze

whisker or a more reHabIe thermocompresswn ‘bond. A method of forming t

i

these diodes whﬂe observmg the RF performance has been developed to

performance 1mprovement depends on diode’ characteri stjcs 1mpngovement, a lot

.GaAs Schottky—barrier mixer d'lodes a low average no1se figure of 5.6 dB- and, 7

-

v . .. .
h ° s . i '\:
. . - ‘ A
. . A . . vy



greatera than 50 percent 3dB bandwidth have been obtained 1» the 'HGHZ range

Before fhe 1nvention of tho” Schottky-barrier diode. noise figur;s

be‘low about. 7dB cou’ld onl Y. be obtained by using tunnel dfode or pa{r;ametric . i
f .

ampriers with sacrifice in Feceiver sﬂmplicity. stabﬂity, and dynamic ‘

N
) o
- [#2 ‘ . 2eg)
\ - * - . |
- o 2ig 282 “ b
‘ 4* ..-‘\-ﬁ m v .
§ [ Gﬁ) G.%) ) 8 i
‘ sf a. L 4 ' 3 !
Sho | S S TR )
w 2
1

2 ' S . - Ceramic Cart:ridgq o ) Coaxial cart-’ )
R e .type diode . " . i *  .ridge type diode
Vo . . N fl ., . - @ 4
‘ .’ A . o 4 I o . . . . . . L.
~ - . ‘ . 9 ’ . . \ A ' o
S e / o ,
. Fig 4. 5 Typical microwave mixer diodeﬁ (1) Pemiconductor, (2) metal o

‘ r:ontact whisker; (3) wafer contact; (4) external whisker . .
. contact; (5) ceramic case; - (6) adjustmen\t screw, (7) ia- ) ce
sulating spacer; (8) outer -conductor.” - A '

- . . 4 ' l

a . . J " ’ . . ol
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EHI TtiE FREQUENCY TQANSI_.ATO.R (MIXER) PRI ©
L N : L :

The deflmtion and generation of microwave mixing given-in

.o the previous sections -is aPDHcable to those dgdces that are usually re . o

ferred to as up-converter, down'-converter, mo&ulators, demodu'lators. and

m'icrowave I,f mixers. In this, section we wm use the non- Hnear 1mpedancé

+ N - I
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of the diode to operate as a mixer or down converter by 1ncorporating it

into a circuit such as that shown in Figure 4.6. _F F ‘and F, are selec«

o . tive fi]ters that have infinite impedance at the signal frequéncy, Ug ¥ at

the intermediate frequency, IF* and at the L.0 (oumpa frequency, o’ es- . \

L o T
A

14 . Ll

pectiveiy. and zero impedance at all other frequencies
The foiiowing tennino'logy, commonly in use for the down’ converter
1ts ¥r

_(miker); 1 the location of the intermediate frequency spectrum

o ‘g
. relative t0 th

: signal spectrum. "In down conversion we have w >”1F and

e

if w F/is define he re]ation u&F - wy, the down converter is said

} ' Y to be a noninverting mixer, also ca]ied noninverting down converter or upper e
' sing]e—side band mixer, since wg > W On the other hand, if Wrp is d’fined

Lo\ ) by the reiation O = W = W then the down converter is an’ inverting mixer.\

(' | aiso called a lower single side band mixer. | ) R
(S .
e In addition to the frequencies invoIVed the noise figure, con-
}:"’

0‘ version 1oss. voitage staﬂding wave ratio (VSNR). isoiation. spurious res- .

o b e s g

ponse, and third order intermodulation product (iinearity) describe the

' mixer performance .The definition of the noise figure and conversion 1oss

was given earliern this chapter For the conversion loss. a general expre ;

\

o -sion 1n terms of the elements of a iinear equivaient network of the ‘mixer ™

s given in referenceslz’l’. The input and output ports require min- S

- ' imum VSNR or equivaientiy maximum return ioss to minimize mismatching prob-

1ems Th\\match1ng of thé L.0 port to the mixer port is also very import- ’

ant,for a good conversion loss and frequency response. ‘;;h/;soiation bet-
e

"ween “the threelports of the mixer is required so that no' of the three .

freqhencies (w ) w F)‘is'coupied direCtiy to any one of the other two-
ports We caii spurious frequencies the upwhﬁled,frequencies generated into

° ;' the mixer and they appear in the output frequency band T
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Co | .yFig. 4.6 - Nonlineal impedance down converter. u ' :
N 4 6 1 SINGLE DIODE Town CONVERTER ‘ d

The flrst microwave mixgr, ca\ied single ended or unbdlanced

» mixer, uti]ized a single diode. The schematic of this mixer 15 shown 1n

F1gure 4.7. Thls\basic mixer consists of the input and output BP fﬁ]ters.; .

. r. the L.0 Tow pass. fi]ter; the coup]ing méchanism where the two signafs'(RF

and L. 0) are fed into a sing]e Yine, and the diode holder with the diode '

r\al ‘ where the m1x1ng of the two signals generates a11 the frequencies mentioned.
_ ) P P

: 2} 1n Sections 4.1 and 4 2

In the mixer of Figure 4. 7a the IF output power 1s derived from

the principal frequency transformation wsew AN other side bands are

either absorbed by the iso]ator or lost in the’ waveguide walls because of

\ T

i mu]timodingq A m1xer of this type, where the signal andximage termination. .

are equa] «Is termed broadband mixer. The mixer of Figure 4 7b gives

Tower conversion loss because the usefu] signal power contained in the image

frequency mI, is reflected baék into the mixer by the 1nput filter, where L

E ' 1c beats with L.0 frequency to produce 53rrent at 1ntermed1ate frequency’ &

Wi ‘The phase of thds current is adjusted to be the_same'as that‘derived

. " firom the prjncipal frequency transformation, by varying the.distance L
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' Fig.‘ 4. 7 - Schematic of aingle diode mixers.
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5 between the 1nput filter and the diode,” Finally, with the mixer shown 1n-

ngure 4, 7c even sma]ler conversion loss 1s achieved by reflecting back

to the: diode both the image wy! and sum wy frequencies The sum frequency

- . is reflected back by the low pass filter, beats with 2w to produce cur~"

. rent‘at the tntermediate,frequency Wi ® W= Zmo. Its phase 1s,adjusted ,
""by the length L2 between the Tow pass f11ten and the diode,

Opeh circuit termination of the 1mage frequency gives the Iowest

. 3conversion loss but also the highest IF 1mpedance. For lower IF 1mpedance

the short-circuited image ‘termination has to be chosen. This can be
achieved by using for the length Li- slight]y shorter than ha]f wave]ength
It can, be shown that when the sumand harmonic frequencies are open

circuit terminated. the short-circuited 1mage mixer becomes significantly ‘

L'_better than the open-c1rcu1ted image mixer : ")

In Figure 4.8 some typica] coupling.mechanisms for sing1e diode

. mixers are shown'®. The capacitwe probe 1s pract*i’t’a] 1n coaxial Hne

mixers and the inductive loop is used when the diode is mounted in wave- :

\

+ guide and the LI0 is coupled by means of a coax1a1 11ne The T section

anp nesist1ve T section are the simp1est but the direct1ona1 coup1er is

brobab]y the most practica] coupling mechanism for optimum performance. .
It prov1des flat coup11ng with Tow VSNR over. broad frequency ranges and -
ood 1so1ation between signa] and L 0 ports.

v The advantages of the single diode mixers are their simp]icity
8 i
of construct1on. the design and the need for on]y one diode The disadvan-

_teges are that highly Yensitive single ended mixers tend to be narrow band

and that there is no provision for elfminattng the L.0 amp11tude modulated

>

noise at the IF output port..

v .
‘n Y
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diode mixers '

e -
- 14.6.2 THe' BaLanceDp MIXER
To cancel some of the problems of the single.dtode mixer, es- :

,

-.pecia iy the suppression of the L.0 amplitude modulated noise, the'micro-’,:
L wave

lanced mixer was developed '5°16. A ba]anced mixer use% two
separate mixcﬂLunits driven in shunt by the L.0 signal and in push-pull_ .

".by the RF signal, or vice versa. A schematic of a balanced mixer is shown i SR

N f .1n Figure 4.9.. Since only half of the 1nput RF signal and L.0. power is
| ’ app]ied to each diode a speciat coup1ing mechanism must be used. Some
L L - “” typical coupTing mechanisms for- ba1anced mixers areshown in Figbre 4.10.
: < .’ Any of these has the property that an input signa1 to any one of the
[ f‘ : 'r‘ ' input ports, will be divided to two equa] oufput components with relative’
a .’phase of 90° for the 3d8 coupler and 0° or 180° for the mag1c T or rat—\

" race, depending upon the 1nput port chosen The 3 dB coupler gives' good
* A ) ' :

S~

LN

.
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* (Jow) VSHR but poor isolation and the

r two givz high isoTation but
h

poon VSWR. . The solution in bath cases 1#”to match the individual diodex

'holders. - For different app11cat10ns there are several different types

" of diode holders, both coaxial and waveguide N

RN S .The main purpose of filters F] s to«qwfs both frequencies wk

and W» and to stop the WrE frequency, and ' for the f11ters F2 is to pass

wIF but at the same time to stop wg and . ! The individual filters must

have low VSWR's for the pass band frequenc1es and to appear as short cir-

cuits to the stop band frequencies. Thus, each frequency has on1y one

. - e
P G e el 8

path of entry and exit to the diode. S1née the RF admittance of theadiode
15 the more serious source of unbalance in thls mixer, diodes are se]ected
1n ba1anced pairs on the basis of RF admittance measurements

The mathematical explanat1on of the L.0 noise\suppression'is

the polarity of one diode is reversed the two IF noise volt¥yes at the out-

l o ‘
"y : - given by Chacran and Tenenholtz!’. A simple explanation isthat because
i " . 0 -

g put tenmina1s will be 180" ‘out of phase and hence cancel In some app11c-

1 .

] ations, where two foreharddlodes are used, the no1se cance]lation is

- achiaved by using a balanced transformer to recombine the two,.on phase,

outputs from the diodes Another advantage of the balanced ‘mixer is the
efficient use of RF and L.0 pawer, in a11 coupling mechanwsms, which

ﬂhproves the overa]] mixer efficiency.

At the higher, millimeter wave, fredhencies where\heliab1e‘stab1e

L.0- sources are either unavailable or very expensive, harmonic mixing is

used. . An antiparé]Te] diode pair has the following unique and advantageous

characteristics as:a harmonic mixer'®: i) reduced canversion Toss by
" - i . '
suppressing fundamental mixing products; 1) lower noise figure through

X suppression of L.0 noise sidebands -iit) suppression of direct video |

detection; iv) 1inherent self protection against large peak inverse volt- '
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" 5,1 DesiGN SPECIFICATIONS

HAPTERY

. THE‘?FREQUENCY. TRANS‘LATUR (HKER) OF THE CTTfS‘LTRANSPONDER‘-

The objective of thws chapter is to present the design technique |

" and the performance test data of the- 34/12 GHz. m1crowave frequency trans-\
11ator of the CTS SHF transponder In Section 5.1 the"design speeifications.
are given and in Section 5.2 the c1rcu1tny (filters.and diode mount) of

: . - : | : ~
. the translator is described. Sectiof 5.3 presents the selection of the. -

optimum diode. 'In‘Sectiqn‘S h and subsecttons the'tdntng, measurements’

and - test resu]ts for the e1ectr1ca1 parameters VSWR, conversion 1oss, gain

' flatness, tnband spurious, 1ntermodu1ation. noise figure and group de]ay

for the traJslator are presented The parameters: conversion 1oss, gain
flatness and spurious also ware measured under the required operational
temperature.range (to determine the ability of the. translator to‘survire- .
1n the launch and space environment) « Sinusoidal and random vibration
tests were perfornied on “the Engineer1ng model of the translator to qual-
ify it for the Delta 2914 launch vehiclet Fina11y:~the test results are

- 3
summarized and discussed.

_ The wideband frequency-translator of tne SHF trahsponder is an

integral part.of the»low noise receirer\as shown ipn Figure'3;fa. It is ‘

- a single diode image rejection (for better noise and cénversion loss per-

1 . ' . . i
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ST ‘ formance) down converter, and 1ts funct‘lon is to provide frequency trans-

. . lation of the received signa'l without frequency inversion. A’ stngle-ended‘

| 3 mixer was _ used because it has the advantages of a thter and more - compact T
‘ | physica] structure and higher reliabil'i ty. - It 1s a three port network
NE ‘ where the 1nput port carries the RF signal at 14, GHz, the output port

3 . carries the IF frequency at . 12 GHz and 1n the th1 vd port is the L.0 drive
| at 2. 1667 GHz The mfxer is capable of accepting and- trans]ating bot;h
j

rece1ve bands (RB] RB2) - together A 14.GHz TDA is ‘used 1n front of the

mixer as preamprier and a 12 GHz TDA 'in the output as. an IF amprier

_ Noise- figure, conversion 1oss gain f]atneSS and grou de'lay

el
- i
° \

charatteristtcs are the key design parameters_‘ of the unit. The main de;ign. i
\ . ‘ specifications*of' the mixer are lis'tecr' in Table §.1.. The m{xer s'haﬂ meet \
i K a'H the performance requirem ts under " the operatfona1 temperature r;:ge
of 0°C to +55 C The electrical schematic di agram of the m1xer is shown
in Figure 5.1a and th mechanical conftguration is 111ustrats1 in Figure

< 5, 1b The final assemb‘ly of the mixer with the input and output waveguide ;

to coax{al adaptors is shown in Figure 5.2, - ‘ ; -
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DESICN SPECIFICATIONS FOR THE FREQUENCY TRANs—
" laTor OF THE. CTS SHF TRﬂﬁSPONpER :
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" PARAMETER .

SPECIF!CATION _j"\

Input. Frequency Band

.......‘

L
13,974 to 14 324 GHz, N(= 350 MHz ,

Output Frequency Band

L]

11 807 t0 12. 157 GHZ, BWK 350 MHz

"Conversion Loss

R

Gain Flatness

S $5 a8 over 85 MH\

" Noise Figure

BB, . \.-

~-|. Output Intercept Point . a

"6 den .

il nsec over 85 MHz

RF Input, Output VSWR:

SRR

Continuous RFooverdrive L . f30&8" , .
Nominal RF input power ™ . " W35 dBm '\
Required L.0 drjve Co+9dem 1

« e},

"Weight
v :

1 o. 51b (two waveguide to coaxial trans-\

1tions included)

T, %
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. requirements Standard WR 62 waveguides were used to construct the input .

.. ‘. ‘. v ! ; . i : N .
5.2 - CIrcuIT 'DESCRIPTIQN OF THE FR,EQUENCY TRANSLATOR

. \ ) .
" To obtain Tow corNersion 1oss nd noise fig\ure, image rejection

'?echniques are used by mounting the dio between three filters. - To

"~

; achieve high perfonnance inﬁthe frequency ranges of interest, a waveguide
constructiop was selected At these frequ ncies ('|4 and 12 GHz) wave- '

| gyides are small enough to be compatible ip size and weight with sate]iite ~
L@

and output filters awe coaxial 'line for the Tow pass filter in the

L.0 port of the mixer Due to the intrinsic mode-properties of .the rect-

'anguia‘waveguide, fi'iters made from lfR 62 waveguides offer spurious free .

iso]ation up to about 19. 0 GHz. , Such an isolation characteristic provides

good regection for ald the signiﬁicaf\t image and sum frequencies at the

. N ‘ AT g !
, .respective short circuit ‘planes of the filteg

L ) ’-'1":‘ , o
)7 INUT FILTER 2 | o \
' /‘ The 1npu§ignal BP jjjter;D,designed in the- wR 62 waveguide .
with a mim_mum bandmdth of about 380 MHz and in-band return loss of -26 dB-
(VSWR = 1.4").;; Fourth order C}ebyschef‘f iilter response was uled in the . ”
“ Cdé"sign\ and'a minimum isolati’on of 5&3 Jbetween the in:p.ut and outpu\t »i‘re,-
‘quenties of the mixer was obtainaii_i .- The midband insertion loss.
is, about 0. 3dB Thn‘s fi]ter reJects input signals at the image frequency.
'reactiveiy terminates the diode at the image frequency, and prevents Teak- ‘
age of the L .0 power to the antenna Thus N ow insertion loss (for-a low
conversion loss of the mixer) and at the same time good selectivity (to
prov1de the 1mage frequency tennination) arehthe characteristics of the {

inpu@ filter. '

e
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o . The output BP ftlter a1so 1s a fourth order Chebysheff f11ter

i1}

| -designed in WR 62 waveguide“. with 380 MHz bandwidth and fn-band .-
réturn 'loss, qf -26 dB. Thus, the IF passes through the output filter,
wh'lch reJects all other frequencies The output filter is also used as '
. o . the match'ing network at the IF port Its midband 1nser\t10n loss is also .
0348 b oo A
§ " The input and ogput. BP' filters are desfgned with a passband

) 'larger than the requfred signat’band ‘to avoid the need of phase equaliza- - . - ,

:tidn Because thg sfgna'! band’ occupfes only 76 percent of the equiripp]e
bancfwidth:. the group de1ay varfation does not exceed the specfffed require- .. . l ‘

. ¥ . , R 1N
ments ) ) ¢

- - . -
¥ . ' e
1 t
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ST 444) THE L.O _BANDPASS FILTER - - R "\/

A third filter for the L.0 frequency was necessary to complete

"the desfgn This filter has to provide adequate reJection at the 1nput "

}. ' and output frequencies of the mixer and image bands and in addftion. to
stop undesired harmomcs generated in the L.0 mu]tprer cha‘ln. These
harmomcs othermse cou]d enter the mixer at a higher 1eve1 than the! re- .
e cxeived sfgna] : w
R N A \ v ! ‘
Most band pass fﬂters exh'lb'it spuriouﬁ responses in the upper

“stop band, and the monotonic out of. band characteristfc of the 1nsersfon
= léss function is disrupted because of mode problems. For thb m1xer. the
. two RF frequency bands are at 12 and 14 GHz while~the L.0 frequency 1;
- ,' 2.1667 GHz.- Such a wfde gap fn frequency practically.rules out the use
’ ‘j. .+ . of a bandpass f#ter for the L.0 port of the mixer. However. a proper1y

designed coaxial low pass ‘filter has a verywide stop band“. In addi-
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" loss. of - 10 dB " The predicted spurious 1n ‘the stop band is around

: Figure 5. 1 with the diode at the junction. - The- e1ectr1ca1 distance- from

Figure 5.3 shows the six dimensiona1 parameters which, together. with/fre-

. effects that each of the six parameters has: on the characteristics of the

thon, the coaxia1 1ow pass filter can be made very compact to sawe weight

For the mixer, a seven sect1on Chebysheff coaxial Tow pass fi]ter '

was designed to have a cut- off frequency of 7.0 GHz and a passband return

22 GHz, while measurements 1nd1cate that the 1so1at19n is better than
30 dB up’ to at least 18 GHz. This gives a c1ean monotonic stop band with
an 1nsertion loss of 30 dB 1n the .12/14 GHz bands.

(iv) DIODE MOUNT gmatching)

Physically the three fi1ters are joined together as shown dn f i »

the input filter to the diode determings the admittance which terminates R
'the -diode -at the 1mage frequency For a good 1mpedante ‘match to produce -
good VSWR and 1ow tonversion 1oss. the diode position was carefully,ep-

timized with respect to the three short circuit planes of the three fiIters. .1

quencyiﬁform the set of 1ndependent variables which characterizes the
1mpedaﬁce of this microwave structure, commonly called the waveguide mountz’
The microwave diode 15 1ocated at .the gap of%the post The. major

Y . \ ,.'.—.
wayeguide mount - are given bélow: - S

a) ‘'a! Naveguide wid is a primary parameter and estab\ishes the fre- :,,
‘ quency range for the dominant mode. X |

b) 'b" waveguide width - d1rect1y'sca1es the magnitude of a]l mode 1mped-, N
I'ances,and is a factor in higher mode cut-offlfrequency determjnation”

'&) ‘w'tPost width‘- normalized to at determines the‘m*'1ndex convergencef ,‘

-

dm,n = Transfer Electric (TE) and Transfer Magnetic (m) mode indices wit*h ‘
m = field variations in the x—direction
field variations in: the Y-direction

. \ &
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‘Hewletg Packard 5082 seriesﬂnere tried. Each.diode was individuaily optim-

* ized for the sake of selection. For'mechanieai‘reasons, package 49'1in the

\ “extra bias and circuit complexity. Also, when DC bias 1s added there is
" a tendeney\to increase the noise figure of the“diode. In seif biased oper-

_ ation, the bias is furnished by the DC voltage drdp across a bias.resistor,

d) 'g} Gap size - Normalized to 'b' determines the n* {ndex convergence ’ e

e) fs Post position - -determines- coup]ing betweeri the post and the modes' ; i

f) 'h* Gap position - determines coupling between the gap and the modes

" A theoreticai and experimentai anaiysis of these parameters is

given by Eisenhart and Khanz’ .> ’ - f . ‘ . ‘ |

533 DI10DE SELECTION FOR THE FREQUENCY TRANSLAToh
Different Schottky Barrier (silicon hot carrier) diodes from the .

A

HP cataiodue was chesen for the dfode. Extensive measurements ‘were-carried
out to discover the optimum diode for this appiicatiun It was finally
decided that diode No. 2713 gave the best results. Details of the‘diode
characteristics are given in Appendix A.

The diode operates with self bias. and eliminates the need of an -‘ ,
\

e 3

resulting from the small rectified current occqring when the diode voitage

swings into the fbrward directidn.

SN o -
" ‘

~ . MEASUREMENTS AND Tssr RESULTS OF THE CTglFREQUENCY TRANs-
LATOR - : _ < ‘

4

. This section will deai with the e]ectrical test and test results

" of the frequency transiat?r. To understand the meaning of each testf the

- basic theory,. the test set-up and its operation is given before the test - *

i L : _ : -
*See footnote on page 70. : C L,

T
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resutts. Because the frequehcy translator comes in separable parts, before
-~ wWe perform any electrical test it has to be assembled and tuned first ’
Thus “the tune—up prbcedure is 91Ven first 1n the- foT1ow1ng subsections.
o ) o . o

5.4.1 TuNe Up PROCEDURE OF THE FREQUENCY TRANSLATOR

The f;equency translator cemes in two eeparabTe waveguide parts
Qith the Tow pass coaxia] filter and the output BP f11ter ae one part,
and the 1nput BP filter as the other part. There is no tuning involved witﬁ
:the Tow pas f11ter The* two wavaguide BP fi1ters are tuned separately to“

| vt O N R NPTt gt i

producg;gfui-ripp]e passbend with passband return loss of -26 dB as it is g '
shown in/Figure 6.4. After the tup1ng the two f11ter§ are‘Jo1ne& tbgetﬁer.
‘With the low pass filter and the diode, with its holder, insertéd 1n'e1ace.
final'tuning is achieved by the frequency and coupliné tuning screws of théﬁ
input and output waveéeide‘f11ters | The L.0 drive 1éVe1 is adjusted hy

using two pad attenuatcrs. between L. 0 and mixer, to achieve optimup results. ) )

Also the 1ength L of the diode holder 15 very critical and has to be optim—
‘ ‘jzed The variabIe pos1t1on of the short, created by thts length, located ' %{
N be10w the diode (Figure 5.1b) tunes the diode and its ho1de: at approxim-
» ately 12 GHz.
¥.‘ ; - ‘ ) With nominal RF 1nput power to the mixer of -30 dBm and optimum
g - L.0 drive level of 5 dBm .and diode holder” 1ength of 0.247 inches, the mixer
was tuned to meet nJ\ the spec1f1cations The test set-up used for all

'these tuning operations is shown 1n Figure 5. 7

wy

A

5.4.2 VSHR, CONVERSION Loss AND GAIN FLATNESS. lEASUREMENTS

A

A1l these parameters can be measured by using the same test set-
) ‘ up which is shown in Figure 5.7. This set-up is.calibrated as follows: N

'y ' ‘ " )
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with a power output of about zero dBm from the sweep generator and sweep-

1ng over the entire band from 13 970 to 14.820 GHz, a short circuit 1s pre-
sented to the point A and the osc11loscope is calibrated for total reflection

_ with a particu1ar setting on the.variable attenuators Next the. set-up is

-

-~ Aconnected up:with the mixer removed. For the same powér output from the

sweep generator, the second beam of the scope’ is calibrated for conversion - |
i
" loss by means of the variable attenuaturs Ca11bration reference lines -

_are necessary to detemine the conversion loss and gain f1atness response

-

of the mixer: ‘ .
! With the set-up properly calibrated the mixer 1is 1nserted 1nto

andinbang\VSNR,rconversion 1oss and gain flatness are read of f against .

the calibration Tines. These parameters can a1so be recordg’ on an X Y .

recorder<~ The results are shown in Figure 5.5.

\ If 1t s desired to measure the conversion 1oss of the mixer in

) o

a singié frequency (IF mid band fnequency) for more accurate measurements. ‘
F1gure 5. 8 can be used. The signal generator one (1) and L.0 are set at
'the proper frequencies and power 1evels and the he1ght of the output signa]

is marked on the Spectrum Ana]yser (S.A. ) Now the S.A. 1s connected to

" ‘the second signal generator (2), which is set at the desired output fre-

" quency and its power is adjusted to give the same signa1 height; on'the:S;A.,

?

as that 'given by the mixer output By comparing the 1nput power to thevmixer

N.to the output power from the generator two (2). we can determine the c0nver-

sion loss of\ the mixer in dB The conversion efficiency~of the m1xer as
a function of-L.0 powerfis shown in Figure 5.6.- As was explained in Section

4.4, the conversion efficiency s less .(higher conversion lossy with.small

. L.0 amplitudEs than“with large amplitudes where the straight portion-of .

the DC characteristic in the forward direction is utilized;

o




Fig. 5.5 - Conversion ;oss, Gain Flatness and Return Loss ;)f_ the Mixer.

Power Input = -30 dBm ‘ )
© . By = 13.970 GHz) sy w poope = 150 e . |
5 - 1a.310 GRS Fa-F, 350 Mz
~L O Power =+5 dBm - . i e
\ ~ 2.1667 CHz, - ST
: _Oonversiqn loss = 4,4 dB ‘ s, ‘ '

Q o Gain Flatness'= ,2 dB peak—to-peak e o o

: SRR Return Loss * 14 dB, (VSWR = 1.5) . : -

" Conversion Efficiency.

’ . “Locafl Oscillator Power
" v - ' ’

Fig. 5. 6 - Typical curve for conversion eff‘iciency vs 1oca1
‘ oscillator drive. N
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Since the mixer 15. qu all practical purposes, reciprocal we
) ! : - '

can use it in reverse (12/14 GHz up conyerter) and have the same results

v

‘for the conversion loss, return loss (VSWR) and gain flatness. That fis,
if an IF signal (12 GHz) were impressed upon the IF port, then an RF
sfgnal (14 GHz) will be{produced at the signaI port

< ] \Y
ir

_ 5.4, 3 N-BaND SPURTOUS RESPONSE OF THE FREQUENCY TRANSLATOR

" An 1n;band spurious frequency was diseovered in the output of
tLe miQe# during the test of the breadlboard inodel transponder. This
spurious was feund to be the mixing product of the twe]fthharmonic of ‘
the L.0 frequency and the.input RF signal. It was clear that the sper1ous‘ -
could be suppressed by discouraging the generation of the harmonjcs of \/,
the L.0 frequehcy in the mixer diode; One'difficulty encountered was the
non-Tinearity of ‘the diode impedance with respect to the L.0 drive 1eve1v
and the bias.

. An effort was made to match the diede, its mount and cavity, -

to the L.0 source by altering the design of the low pass coaxial filter.

The réactive part of the diode and. cavity 1mpedance has to he absorbed

in the first section of the low pass filter and the resistive part has to * ‘

_ be transformed through the filter to 60 ohms. Using Matthaei's desigh'

procedure?®, it turned outythat the value of the first capacitor of the ) '2‘

filter becomes negative. Partial %etching'achieved by altering the firstﬁ
sectien of the filter and fairly good.resulfs‘were ottained.. Also an - .';
alternative solution was fouéd By adjusting the length of the transmfssfon
1ine between the L.0 output and the mixer and the L. 0 power drive. This

d1d not invalve any 1ncrease in weight and the spurious 1eve1 under matched

'qonditions was 45 dB below the carrier level.

The test set-up for in-band spur1ous.measuremente'1s shown in

‘.
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- of the output band to check the Spurious the
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Figure 5.7. The spectrum analyzer with the TDA is connected in the butpui

~ of the m1xér at the point B of the set up. The TDA is used.to amplify the

signal for better signal to noise resoTut1on The spurious level is

checked by sweeping the cw RF signal manual!y Singe bj sweeping, the in-

put carrier across the input band the spurious most of the time is outsidé
égztier frequency was at 14 095

GHz and -30 dBm The results are shown 1n Figure 5 9.

5.4.4 Tnrrp ORDER ]NTERMODULATION PRODUCT OF THE FREQUENCY
: 'TRANSLATOR (INTERCEPT POINT)

Y]

i) Theo_y

- In general, a]] mixers have a signa] 1eve1 limitation, beyond
which the input and output powers are no 1onger proportional to each other.
"The point at which the output level drops 1 dB from following the input on
one-to-one basis ig\the -1 dB compression point If one operates the

mixer too close to this compress1on point, the RF signal will begin to

generate harmon1cs due to the non]inearity in the mixer conversion loss

,.curve, Harmonics of the RF signal can then combine with existing stronger

harmonics of the L.0 source and produce unwanted interfering sﬁgnals

or single-tone intermodulation products of the form:

D]

M(F F) IN(Fg) = Output Frequency (IF) -

§

r

where M and*N are 1ntegers

In other app]iEations of mixers, where more than one ‘RF signal

‘ is applied, it is possible for harmonics of each RF:signal to.combjne‘ahd

form unwanted two-tone intermodulation products.’ The most important twoy,
tone product 1% thg,thinAorder because it is u§ua1ly lérger‘fhan any ofher'

combination of the two inputs. The two tone intermodulation products are
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. of the form

; Flo * (NFI £ MFy)
When N % M= 3 the two tone/third order interwnduiation products

62F] -‘Fz) - ?LO Output Frequency (IF) -
or- - ‘f .

(Fy + 2F,) - FLO: Output Frequericy (IF)

‘ Figure 5.10 shows the intermodulation spectrum for 2 and.3 input carriers

, The 1eve1 of the input signal re1ative to the saturation or -1 dB compres-

_example, the RF 1eve1 -dependent sing]e-tone product ZFRF I LO would have.

‘suppres‘ion

sion point o% the mixer is the first important consideration that determines

‘the absolute level of various intermoduIation prqducts Also, the 1oca1

oscillator switcpingcharacteristics (determined by the L.O frequency) of ‘-'

the mixer are very important for the absolute 1eve1 of various. intermodu]-
7 ation products (IMD) ‘ . ‘ o o
- Furthermore, if one were to plot the output (IMD) products versus
PN f. .

the input RF.signal on a log/log scale, each product would appear as a
straight 11ne having a siope equal to the order of the RF kggmonic. For _

a slope of 2; whereas the RF level 1ndependent FRF - 2FL0 product would

P

be linear with a slope of 1. The two tone products (ZF] I F.Z)-FLO "and
kF ¥ 2F, ) F L0 each wduld have a sldpe of 3. Knewing an ‘absolute RF~input

- power and measuring the third order IMD products ratio in dB, at that. power

leve], we can extrapo]ate the RF input power that wi]i@ﬁ@hse the .IMD prod-

‘ ucts and the desired products to become equai. This power level is’ defined

\
s the third order intercept point. The intercept pointvis a fictitious
point but is- ‘an effective means of eva1uating mixer linearity and spuriouig,

The 1ntercept concept is most easily understood if we con-
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’ . Figure 5. 10 - Int:ermodulation (IMD) - spectrum. (a) for; two input carriers"
e LT \ ) .. (b) for three input 'carriers.

.~




s

Lo

- . N . - o
. R - .
A 'Y . ) . e o .ot s b e L L ) N e e v SR SR T, ST (T RN YR
. . -,
. -
L4 -
. a 4
b B 5.4 )& 2 e 14 1
h B T IT n e ]
ST 1 1
Tt IssE s e 1 3
33 masssaci
T : ’
i i s
it
1 AP SwBL < 81 b
+ $ofbmfiop i
+ + )
3 N ;
=
5 44 1113
=Sy 1 a
T ¥
HITN .
Ss ese Sungpsae 3
juasdpunde inagiiadisRa saly. Sesw Sypndbeps
’e L — 4 4 4 e 444§ F-4d
e 144+ 1 » o t
1 s Ne e
T I o e
- 1 roh:
t t L 501
t T T
) =11
¥ 1 i 1
5 -
10 T
; a8 WP .
¥ Pl 182.20 R B b 4 H W
29299 ¢ 4 ] ay agen 1 $3H 13 ¥ HE T
segshssaunasddn 23] 1137 L1 ddwi
’e rous ++
1 +
e 1 > =t 1
L8 PRSN: ¥ 2608
e st e stessnd e T
Tt T 9 &4 4 L lags 1
1na. T T -~ SSPRSSI RN
T s Da 0 0880 B : T, S 20
104 now 1 + -— < + =a
asesasseisanssaary S5s T 4_11 i o , 28
1T T 1Tt Ao 1T i e 4 s
s ¥ Tt 18 0E pas s H
iH - = 1 —H = < jas Hh b3 . ¢ 8¢ i34 e
jee e sann; T e pigaensy) na IR2s2gs poss gassagenss 1 . yessidsgsh mse
3 1 1 = ! b un
v [ endas 32y ey M . - b Tovite
1 It < t T 5 M an
T 1 T 1T 1 1 be + "t -
+ + } 1 ¢ H ISR Eoe s
T 1884 I e
S S OORA S R a, ] 1 . ? 3 e HH
3 3
gooe: oubaRasaaE: 1 fon Sags: A S en 0!
: T isseass: > o v T e B o . mm
Tt -+ 1 1 1 3TN » a8
o I [ b1 1] 1] ] pd jl T
: a8
e T t ans auBs Saat 5 -
ST : ; 1 Y I 11| R e i
" be T ; B 7 + i, sasa PSS paBSY 3 [+ . N Q P 3 = H
- M i - 4
I T " 1 bl e T b » ) » r r Tttt 1 t««uh.. e .e
b B as " 1 T T T I ug ;! 1A% i) p Ided SEH
T > + 18 ransde 1 1T sclatisadenied TN S ]
3 ? ene gaeagas: > T Hh o NI R PR R puw SeEEsEsanage 0
B bane p T 1 ooy I & 1 aT.9 pesiuy 11 u& T3 ] 13 .# S50 08 §E 3] sea
I SSSRAN0E ns = e jeagjunss =+ 183! M: > +1 11 yHHE 34 i 238984 of T 7 1]
—_—— 1 g b4 T Y Y T T 1 T T e
™ + T 4t T v e . . 4 + 4+ +4 § % ~ + s e
Seesassssossssasssts, Sea8 ; T T R L NG RS Hit CHHE R e I B L
e 4 b 1
e " 3 T T ! 1t 1 g T asetlhe. ad 11t ibake vased b pt 13
T r ! 1 T 11 T + -
e T HY : THING: HH H Tha TN EREE F -
- T T 3 + gt $- r4 * . -+ 44
: T { HHH HIiH ONHHHEH Ehpa AR s 88 HH
J B 7 T ve T : 4 + e v P Iy 4 . e '3
Ssasanasssss: : 1 ) Ty NG ariil s EHE R 28
M g Y 11 b : 1 3 3 .M.v - sebsends 4+ J + u«uq‘« +4 a8
—_ ry 1 " . - — L g P 1
: nasss: $ : : t T ISEIRta) T paeps 0T
+ - 1 1T 2RNR 1 b IW e 95 s 3 SPERE99d T '
: 3 8 a =
: - n 1 1 ; 3 " sap I,». 5 jF30sasaespephe s 1332882 I
T au
-+ i ++ H 1 4 t IBIR ! + 4 H -
vy 3 T <1+ B 1 3T . »
. + 1 11 1 r 111 i » H + + M bt 4 ‘44
+ ++ o 1+ v ‘1 + ' ' 13 ]
T T I 7 23RS SERRIRESIRRIREEE: M ) m“ § v ! 1382
< ¥ 1 T a8 Sl i T . i M
-t + k) + .
S Seacanestave. jzsdpipsageessteeta AL IR PR EETRE IR m Hutihil if
T ' 'o wy 11 -]
. > T T EEHITEE as Ir = g8
: e B3 } axgds cogsonedfiss E § seugdudsiidadings Sad e au
— at ras e : + HH 1§15 111+t 44 § 44 98
= e Ly > 5s: T T asisastIyacase 1 ?
— 1 v 14 3 B H - sea
iy 1 1 } T ﬁu 13 131133 - 3 4 Mx
—— r * - + ety - b 4g—-
P e AEE: au=s e zaops e e T P B o ST o = e P
- 1 R0 8 Su > 4L.4~ HEC ¥ - - MLH s3] HHIT W R TEF HH e I T
1800 108 T I Tt it t : 8586 158 I3 T 3] 1 e 1
e S R T R 1 URET L [T L R ET H
e+t T IS0 REBRAASE SEEES RE D v L 141t 1 - s 2223 RS 1 1
- o - L]
v :
- ° . ’
. - - b -
- B < i .




ii) TEST AND TEST RESULTS .OF THE CTS MIXER

. 5.13 are photographic recordings of the spectrum ana1yzer d1sp1ays for the

inpu{s are present at. say, alo dBm then the se;ﬁpd and third order IMD

‘products w111 be found at’ﬁb and 60 dB respect vély, below the _destred:

qytput, In other words. the IMD ratto is 55 dB and 60 dB respectively.’
The*IMD'product Jevels are -70 dBm and -75 dBm‘respective1y. fif,both.1n-

‘puts are changed, thEn the desired products will change on a 1:1 slope;

the second order products w111 change on a 2:1 s1ope and the third order .
products ona 30 510pe on a dB scale as shdwn If the mixer exhibited no
compression, there'woq}d be a point at which the desired_output'1eve1s

. : . ‘ \ :
would be'equal to the secdnd or third order product. :This point is def--

tned as the output 1ntercept pdint'for the prOduct order. In the example “}“.l
shown,  the third order intercept {s at +15dBn and the second order inter-

cept is at +40 dBm. The third order 1ntercept for the m{xer in Figure .
5.11, occurs at an RF input of +20 dBm, approximately 15 dB above the 1: dB

compression point of the ﬁ1xer To have better. IMD ratio and product

- Tevels the 1ntercept point is desired to-occur at. an RF input level‘as s

N

‘high as Possible. . ' o i . R ;j

. .o t
\ . i ]
.

—— o e e oy —

\ 1~ The test set-up for thfs measurement 1s as shown 1n Fig. 5 12

\Two ‘equal cw s1gnals spaced 50 MHz apart s}tuated in the midd]e of the

‘input frequency band are fed 1nto\the 'mixer. The. 1nput power'to the mixer

is varied from the nominal maxjmum input 1eve1 (- 30 dBm) to +5 dBm in

5 dB steps by 051ng the variab]e attenuator 1n the 1nput of the mixer.:

- Signs of saturation showed up when the mixer was overdriven by ab;ﬁ% 30 dB
" The, 1ntermodulat10n products become indentifiable from the noise when ’

'the power 1eve1 "of either carrier was approx1mate1y -20 dBm, Figure -
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two earrkrﬁcase‘ The Table 5. 2 was derived from the photographs 1n Fig-
-ure 5.13. The abso1ute power 1eve1s were monitored by the power meter 1n
',the set-up , ‘~f B ' ~ o K ' .

_ The 1ntercept point is then determined graphical]y from the Lo
results of Tab]e 5.2, whére the. output carrier levels and the 3rd order’
IMD produpt 1evels are plotted against the input power level of one of
the carriers .The intercept point of +8 dBm was determined by the graph-
ical means as shown in Figure 5 14 It can be seen that at nominal maximum
,1nput power level of 30 dBm, the mixer 15 operating in a fair]y 1inear
region The IMD ratio: at the 1nput 1eve1 of 30 dBm (both carriers at - ‘.‘ “'

: :nomina1 maximum 1eve1) is approximately 50 dB.

-~

- TABLE 5.21- TWO’TONE}3RD QRDER MD DaTA For THE CTS M;kER‘

-

1

Py dBm | . Pout,  dim 3rd Order TMD Product
— ' : N - — - ‘, . v i
Py | Py P Pyl CARRIER | Ppy=2 CAR®  dBm |
. , —— L -
-35 -2 | c-38.50 ©-35.90 | = <-80 o
: ) ~ - / E ,
1 -30 27 -34.30 -31.35 < -71.35 1
1-25 | -2, ~29.45 ~26.45" | < -66.45 . :1
-20 ST ~24.70 s21.65 | ' - -63.65 j
A5 | -1 CF19.70 ] -16.40 | : . -52.90
-10 -7 " -15.30 1250 | T o-ang0
-5 -2, ©-10.90 810 .| . -30.00
: il - . ) : -
o | 3. -eTs ., =5.00 --23.00 - ’
‘45 | B -3.8 - | .-3.00 | -16.00
. » - o
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1) THEORY - -

54,5 Norst FIGURE MEASUREMENTS OF THE FREQUENCY TRANSLATOR™

<

~ The basic consideration in the design of the mixer and préamp- .
Hfier is the receiver noise figure (F ) The F of a receiver is a mea-
-sure of the sensitivity of the’ receiver The ‘lower the Fo, the Tower the ,‘
51gna1 input power ‘can beé and stﬂ'l generatesa meani ngfuT output signdl

power "The equation that relates the (¥ receiver sensitivity to the. Fo

_and band width B of thé receiver 'is_ given by equation (5.19 be]ow’f‘.
. . R . N\ o . ‘

S .oty "' ! . '
n = KTgFoB ===) Sp= {-174 % 10109,0B + Fy 2] dbm. . .. . 5.1

.where Fy = noise figure ® -
B = bandwidth - g
Tg,. = 290° K, the standard noise temperature . B
| K = Bolfzmann s constant (1 38 x 10723 Joules/KeTvin) ‘

r k \
- A receiver mth F =8 dB and B 2 MHz wouid have a senSitivity of 103 dBm.\

-

Where Ga- = ‘avaiTable power'gain' of the network = So/Sq.*

The defimt:on of noise figure wa‘s given by equation 4.9 in Sec=

tion 4.3, which. we rewrite-below in equation 5,2: o ‘
Fp = (SilNi)/(So/No) (1/6a)- (No/Nj) = (176a): (KT B/KT,B). . . . 5:2°
. . h , N L

The noise figure is-a function of the frequencyrand hence’ is some-
times referred to as the spectra] noise figure or noise factor For a |
perfect device, Fo equals unity. The tioseness oi“ F to unity is the C!
measure-of superiority of the device from the noise: point of view. “However
it should.be emphasized here that the noise figure measures not . the absoiute

but the relative qua]ity of the device under test. It indi?ates.,,the noisy- ‘

\




R

ness of the devlce relatlve to “the noisyness of the source. It is evid-

ent from the definitlon \hd:\th;nolse flgure of the mlxer can be. made -
as close to unity as posslble. rely by addlng extra noise 1n the source

This obviously is not the proper solution.for 1mprov1ng the performance

P >of the mlxer. sinCe thls approach merely makes the source so nOlsy that -

the lplxer, n comparison. appears almost nolse free. ‘Q
’ The appllcation of ‘the noi se flgure ‘expression for an: attenuator

k or a fllter ope‘r/a\t’lng at a temperature of 290°K, g‘lves a noise flgure

equal to thelr loss If the temperature is not 290 K then the noise flg-
. ure can be expressed as LT/To. where T s the actual temperature and L 1s
the loss expressed as a ratfo greater than un'lty For the mlxer whlch
\'is an active network the effectlve noise temperature is dlfferent from

by Fm =-L.T /T L NR where L is the conversion loss -of the mixer .

and N is 1ts noise temperature (ratio) whlch is- defined as the ratio of

the. effective noise temperature (Te) to the standard noise tEmperature

{To):

used in a recelver s gﬁven by the. following expresslon

v

TR Lty e Frr.- 1)
(s )DB 0 )DB N IOIngwR 4. FIF - m RENE
where FIF is the noise figure of the IF amplifier NR and FIF are numerlcal
ratios, not expressed in decibels The desired result is a’ low nolse ‘
ﬁgureh Therefore F = L “(N + FIF - l) must be mlnimzed by choice of

bias. local oscillator power, And operatmg intermediate frequency Figure.

4

the envlronmen&.temperature Thus the nol;e f'lgure of the m'lxer, 1s ‘given




5 18 shows a typical curve of the overa]l noise f1gure versus L. 0 pewer-..
resu1t1ng froghthe odhbination of the ‘three quantities in equation 5. 3),

,.We ‘can _observe: that the noise figure decreases in about the same way as

the tonversion. effjciency t¥creases for small [ 0 power drive (Fig 5. 6)
For high L.0 power, the conversion efficiency*no 1onger 1ncreas s so '
rapid1y but the noise temperature (NR) contin@bs to increase. Therefore ?
the overall noise figure goes through a mipimum va1ue and then 1ncreases ‘

s - . . AN
again. ‘ ' o oA .‘/

. . » . ML
. . M 4
(R - . M
3 N o .,
. P .o

©

From equat1on (5.2) we have )

g T N‘;_f KT BF6 & | '
¢ S o0 - N
Expansion of this relation yie1ds ' o ‘ L)

. ‘@N - [KT,B + (F - I)KTOB]G - [KTOB # KTeB] 6.7 i . . .. B

where Te 1s the effective input’ noise tempera;%re -'a measure of the 1nterna1

noise of the transducer. ° “, »,' C . o

v

.7 Equation (5. 4) prov1des the basis.for an 1nd1rect, but conven-

I3

1ent, method of measuring noise figure Figure 5.16a. is a representation

-
v

of equation (5 4). ‘The actua1 transducer 1s replaced by its noise]ess .
equiva]ent, i.e. one exh1b1tfng the same “gain-bandwidth character1st1cs.
Noise source A is. the input term1nation and noise source B is a fictitious
. source thaf represents the network's contribution to the nd?se‘output.
| referred to th input | _ | o A
Figure 5.(16a can be modified as 1ndicated in Figure 5 16b where

a second input’ termi

"source Cat a temperatute T, is added ~ The
dgailable output power of the network\zor this termination w111 be given

- ~ -
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' be- computed from equatiOn‘(S 7)

A} » ' o
? ) L - 93
_ Py N ‘ t ‘
R by h B 'A ‘ . . ‘
; . , . <. ‘_ \ ' A ﬁ/
/ 0 = [KTzB +KT°B(F'- 1)] G « & e . . - . \l' . { :'o - ., 5-5‘ C
& From eoudt'ions(s.t%)'. and {5.5) we. have“ o
AR o - - A
- : i ) o
Ngo.' tKTZBJ KTB(F-l)]G LT, AT (F-1)"
02 T - =, 2 -0 e e e e 5.6 '
‘ .”01 T KTOBFG T LR S
, A o
or (T2/T ) - ) Tex | AU | ,
(N 2/N ) Y _ﬁl e o w'e . .‘. e o s+ »® o s .-.‘..‘ é. i

* where Tex = 2/To - 1 = ENR called "excess nofse ratio".

and Y= Nozlhl . is called "Y-factor". ‘

Equation (5 7) s the basic relation for determinlng noise figure 'If T

is known. wlﬁ ch 1s a measure of the output cdpabi T1 ty of - the noise gener-
"ator (source), the ratto Nosz 1 can be measured and the nofse figure can
Fhis method of measuring the noise-figure “
is known as the manua] Y-factor method

~In the Y,-fagt ethod is ‘

aﬂowed only single frequency measuements and' ' f1gure of the de- ~

vise under test across the band has to be found pmnt by point. When the\
highest level of accuracy. 1s required the Y factor method should be used

) whére many measurements must ’oe performed or where determi ning the noise

‘ figure—frequency characteristic of evice, and ease of operat‘ion and

measurement speed are of importance another method must be wsed which is

known as the "automat1c" method This method requires a direct read1’ng

' '1ndicat0r, such as a precision automatic noise figure 1nd1cator (PANFI), ‘
‘which e1ectron1ca11y 1mp1emen‘ts the: Y-factor measurement and displays the
results dinecﬂy in noise figure. The direct reading ind{ cator also '
provides the operator "ﬁith the unique capabﬂ1ty of, obse\rving changes in . _

L
noise perfoqmance whﬂe the system is be1ng tuned or set up.:

2
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©. .. THD NoISE FIGURE TEST MD TEST RESULTS or THE CTS MIXER o

Theatest sst-up for/the noise figure (NF) measurements using the auto-

Py

V " matic method is shown 1n Figure 5 17.  The basic e1ements are: the AILTECH 75
‘precision automatic. noise #igure.indicator (PANFI), the AILTECH 76 so'Hd state'

preamphfier The PANFI sends a signa'l (square wave) of 1ow audio frequency

I T e TR TR ke (e o et . e e e
»
.

which periodicaﬂy turns the nO‘I se source ‘ON and OFF. The output of thecrmixer -
consists of squaré wave modulated noise " The two leve'ls of this square wave \.\ -
) ' represent the mi%er and the mixer plus noise source noise The AILTECH 75
f/ ~ PANFI 1s/a/ 30 MHz “instrument and an,external AILTECH mixer 1s required
~local oscﬂ]ator (RF sweep generator) 1’s set to fy + 30 MHz, where fo 1s the '

midband output frequency of the mixer under test and 30 Mz 1s the, IF frequency

e

. of the AILTECH mixer, The output of the AILTECH mixer is ampliﬁed by the pre- -

mp]ifierb and ﬂgn is applied. to the noise 1ndigator where we read the noise

'1gure in 'dB on the meter. ‘The RF Tevel (L 0) is adjusted by%%ing the variab]e‘ 2
ttenuator for minimum reading of no1se figure on thé PANFI which is caHbrated
fo/r the known ENR = 15 5 dB of the nofise source Then we set the RF generator

(L.0) to sweep-across the output bandwidth of the mixer under t st 11.8 to
'.]2 15 GHz, and we read the noise f1gure on the™n noTse 1nd1\:ator second out-

- put from the PANFI- un1t is avai]ab]e which, can be. appl'ied to an osci'ﬂoscope ~.
. : or X-Y recorder in order to obtaln a display or p]ot of the noise figure versus

%

frequency character1st1c of the mi xer under test oo -

. A .o
. aut the mixer in the set-up The test ‘results for: the noise ﬁgure of the test !
set;crp alone and set-up plus t.he mixer under test are . shown in Figs. 5.18, 5.19 r

“ \J _‘respective'ly To ca‘l‘]ate the. noise figure of t'he mixer we will use the equation
A (5. 8) whi ch gjves the overaH noi se ﬁgure of a two stage device., . .
R - F - ‘I ‘ ‘ - .
F]‘V 'ZT- . -‘ ooooo .c s e » 4 8 o s’ e e e e . .(5.8) N \
. NS 1 - ' -
Y :\ F

' fromwhich Fy =Fq, S (5.9)° ‘

-

- noise source of 15 5 dB ENR at 12 4 GHz to 15 GHz, and the AILTECH mixer and " &

| : T The ‘measurement phﬂosophy is that of substitut'ion. i e. with and withu - c
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where all tehqi are in power-ratios, and .. -
' . e
i \ ' F] =.noise figure of the m1Xer under test
. 'Fz = noise f1gure of the rest of the test set-up I
g F]2‘= overa]1 noise,fMigure (mixer plus test set-up) ™
o . : R \ . ’ B
- , ‘ G]:ﬁ-is the gaip‘(conversion loss)'df the m1keryunder test.
) : : e . .
~In genera] the overa11 no1se figure for many stages 1s given by substit- A
b . S utingithe no1se figure and gain of each stage into, the cascade notse figure
’ equation (5.10). : ' ,
- . . . n- ' -] — ..
‘ CFe=F o+ L n
. _T ¢ .] n=2 ‘G—{‘E‘" ---------------- . 5 10

j=1 & represents the tbtal gain.precediné‘the nth | stage

]2, F aea.e are- known, F1 the noise f1gure of the mixer can
. be ca]culated from equat1on (5. 9) The conversion loss of. the mixer js a

very sensitive factor in the noise ca]cu]atlon since it-is equ1va1ent to a -

S

gain'less than unity Thus,the convers1on loss has to be known accurately .

béfore a noise~figure can be ca]cu]ated from the noise measurement Noise

;’. f1gure measurments of amp]ifiers ire somewhat easier because G] 1s usually
Ce

"very much greater than unity-and the second term of the RHS of the eQuat on

' . . . (5 9) has 1esser effect on the accuracy of the measurement In some cases.'

-t

the second term can be tota]]y ignored Howeven. such ds not . the case in
A : . :

~

«

g this part1cu1ar measurement T |
L the value G‘ well estab]isred and the B}

- . Ffom equation (5~9) wit

.va]ues of F]2 and F taken from F1gure 5. 18 and 5. 19“ 1 1ng in considera-."
. A , ,

~tion the 30’ MHz IF frequency of ‘the AILTECH mixer); ] 6. noise figure of

: 6'. a the mixer is calcu]ated Thé ca1cu1at1on is done on]y for three frequenciee"

‘Ilower end midband and upper end) but because the GT' F12' F2 are flat,
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the t 1s ‘the slope of e(m) at a given frequency w, and t

i) THEORW

_of the line from the origln to a point [w, e(w)] of the phase curve. i

. o AR \ ‘ R
o . - ‘. - . . . \ ‘ - R ] € . . . hi‘
N o < T . £ W ’ ,99
‘ , . - CY S
L LT oS e
" there will notfbe-Iatge variatidns from the calcu1ated values for other
- wfrequenc1es; "The results are shohn'below_tn Table 5.3. .
. TaBLE 5.3 - Norse: Ficure Test Data-oF THE MIXER )
¢ ' . * ' ;. ' . ' . 'a\. . X . . . . | ) \. A
[T o - _ ™ F] Mixer N.
FREQUENCY Fia Fy ‘ Gy Fioner
GHz . dB " | Uinear | dB° | Linear | @B | Linear| .- a8~ |
Lower end- e . K ' ‘ " apg no
of the 11.2 13.18 ,§.45 4.42 |-4.6 ,:346 - ‘5.18 . |
band . - . . . .. _— . L
11.813 o I P S

Midband o . N ' ,
11.983 10‘95 o] 12.45-16.3 . |. .4.27 -4.5 ...354 o 5.96 .

Upper ‘end’ . = ‘ ~ \. - : ‘ .
of the | 10-7 11.75 [6.2:} 4.17 |-4.4 | .363 4.8

»

5.4/6 Group DELAY MEAsurements ~~ . . - . L

\ g S 'i ’

~ - . . -

. L ,
\The term gnoup de1ay, 1s used to deSCribe the de1ay Jf a signal

f(t) as it passes through a system. ‘This delay can cause probIems 1ike

’ crosstalk\Or 1ntersywb01 1nterference between baseband channels. with the

i system funct1on given by equation (5. T1), 1ts group and .phase delay t and

) e
tbh are def1ned by equatidn (% 12) and (5.13), respect1ve]y 27 »'Thus,

gr is the slope L

ph
!“b

X
v ‘ . e . .
° .~ .
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100.

T A( D "39(“” A PTRRE
| “t“g‘r.’ = dO(w)/dw = d(2n—6—6)/d(211f) = dD/df(360) 35:.-12
R T N N . -'. SR X
wheére é . degrees, f = (Hz). 4 = (seconds) ‘:. .

L

' The terms, group and phase delay, are applied to 1nputs that are
jr’(row-band An the folldwing sense " suppose that the input to our’system
. is amplitude modulated giveh by equat1on (5.14). - K ‘
F(E) = F (t)cosut v v vt v v e e s el 5U14

We assume~for the Fourier transform of the enveldpe fﬁ(t) that
: o ] Lo o
DR )] =0 forfwl>® . ... .. BLS

\ Where Q Ednstant‘ and that in the (m. -2, w, * 9) 1nterva1 the amp1t1due’
of H(m) s constant and fts phase linear.' '

-

A’(w)\="'A(w’)- o ,w"-ﬂsum‘m e e e BET

SN ~.‘;; 9(m) = G(m ) + 9'(w ) (w- W ) wotéh'+ (w - w‘)tgr P “

j Thus,the Fourier 1ntegra1 th) :;f;(t)] 1/2 [F (w + wo) +F (w - wo)].‘
uf the input f(t) is, zero outs1de the band. (m Dw, Q) and its 1mage, \

and 1n thTS band the system acts as an idea) symmetrical bandpass filter~

Therefore the response (output) f (t) is given by equation 5.17.

fo(t) S F (i- gr)COSU (-t h) for'Alwg)-= 1. v o .. 5.7
t . ‘

P From equatidn (5 17) we see that the group de1ay tg . eva1uated at the

™

carrier frequenceycu =

0 15 equal to the de]ay of the enve10pe\f (t)

' of the input and the phase delay tph’ is equa] to the delay of the carr1er
.\(F1gure 5 20)
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f o ST DN GROUP DELAY MEASUREMENT

N ' The theory Just discussed is appTied for measurfng the g‘_yp

N e

| _ de]ay using the test set-up shown in Figure 5. 21 The group delay 1ndi- - "o ”,i ﬁ
;catpr measures. the envelope delay encountered as an RF signal, modu]ated ‘ .

. 1 at either a T MHz or 200 KHz rate and it is passed through the’ device ]

- ' ‘,under test (DUT) The external RF generator prov1des a cont1 \wave | . ]

RF signal .to the modulator un1t where it is modulated either by 1 MHz or ' ‘{';

200 KHz, ' The selected moduTating frequency is obtained fdom the freQuency

generator of the group delay 1nd1cetor7 The modulated RF signal from the
\ ."moduiator unit 15 app11ed to the input of the DUT and the output of the
k- li DUT 1s app11ed to the detector unit. The detector recovers the 1 MHz or
‘ 200 KHz envelope that has been shifted in phase (time) in passing through ..

the DUT. The output of the detector unlt is app]ied to the group delay
.',1nd1cator where we read the group delay on the meter. A second output from - ‘
* Y :

" the grougxdelay 1nd1cator is available which can be applied to an osc1110~
‘ scope or recorder 1n order to obtain a display or plot of the group de]ay

‘when the RF- generator is operated in the swept frequency mode. The RF

’

" signal power to modulator is set to + 5 dBm (+10.dBm max ) and the‘varfab}e I

" attenuator is used to adjust the signa] TeveT until it is within the Spec1- e

"N

. fied range

’L e j . The group delay measurement of the m1xer wis perfonned with the LPE \ N |
" - whole- receiver assembly and the results are shown 1n/F1gure 5. 22 Since, ’ .J T
in the rece1ver, only the filters of the m1xer affect the group delay the .
results would be the same if the mixer was tested alone. We can see.
from Figure 5. 22 that the: group delay var1ation is Tess than 0. 5 nsec for
TB1- and 1.5 nsec for TB2 band for both receivers.
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" 54,7 ErFects’ oF L0 PONER VARIATIONS ON MIXER PARAMETERS.

L}
L v

, A ‘ [ R .- v .
]AH the tests so far haVe been run with the mixer'driven by a

/ constant local oscﬂ'lator (L.0) power and frequency. In actual pract1ce a -

change 1n L.0 power 1eve'| of Y 0.3 dB witﬂin the specified temperature
range 1s possib1e The present section deals with the effects of a L. 0
" power variation on the mixer performantet

B | ' » o '

The critical parameters of the mixer that have to be mon1tored .
while the L.0 power level is being/,varied are | conversion loss, gain - |
f]atness. and the spurious level The r"eturn loss of the mixer ‘was not ‘
greate]y affected ‘by the L 0 power 1eve1 variation, espec1al1y w1th a var-
1at1pn of the order of - 0. 5 dB, * Thus tb\% return loss was not monitored
during "the experiment. The mixer was Lgd for best performance with a

CL 0 power drwe of. +5.6 dBm The L.0 -pojer was then varied on either side

of +5.6 dBm The results are smtzed in the Iable 5.4 and Figure 5. 23
1‘s a gr.aphic representat1 n of the results oht lned in this, test It

appeared that the-conver 1on Toss and gain flatness actua]]y 1mproved when’

the L.Q dr1ve was rednced. The spurioys 'Ieve“l-, op the other hand, Q/is_ .' .

ing sharpTy on etther-side of the optimum L. 0 ieve] ‘ For a t 0.5 db-excur-

sion of L.0 level thé spurious degradatmh 1s 9. 5 dB "In the actual case;

‘the spurious level*'should at most degrade 7 dB since the expected L.0 level

. %

Py —s
-




_TaBLE 5.4 = DATA ON VARIATIONS OF Couvsnsxon Loss, GAIN FLAT—
NESS AND SPURIOUS LEVE\L vs L.0: Powsn OF THE

MIXER -
Ltb Power \ ﬁConversinu,Loss Gain Flatness | Spurious tevef 1
dBm ' ws dB Peak-to-Peak | dB.below
. | ‘Eifié . -.: carrier
5.2 S S 19 | v .
5.3 " QR S A rg 3%
5.4 4,26 20 ° 1 a0
5 - ‘ 4.30 .20 %?L
5.6 4.30 0 4
5.7 4.307 W25 44
5By 4.33 2% | {- w2
5.9 - 4.37 ) '3
“ 4.40 B 35
6.1 s o %5
. 6.2 4% R 3.5
2
» -

{ P - : o .
©5.4.8- ‘TEMPERATURE C_YCLING TES’F oF THE’FRE’QUENCY TRANSLATOR

This test was an attempt to demonstrate the ab111ty of the mixer .

and Spuripes level be measured but not the VSKR of the mixer.
“ R - \,-

Do

L]

survival and storage range is from -50° C to.t 75°C.

[

* to. function within spec1f1cations undep the al]owab]e temperature varia-

"tions TﬂL specif1ed temperature range 1s ‘from 0°C to + 55°C and the

"For this-particular
N\ * )

! test, it was decided that parameters such as conversion loss, gain fﬂatneeﬁ

Becauee of .
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-

_ the temperature chamber the mixer had to be connected to the outside test

‘ equipmeht through wavegﬂdebends ‘and runs developing a certain amount of

)
'mismatch Under such conditions, thé temperature cycling test should dem-

' onstrate only the change or degradation in performance ‘due to temperature

_ svariations

At Tow temperatures, there was a noticeabie degradatian of the

' spurious levei but the mixer parformance was more susceptabie to high temp-
‘ eratures Input ‘return Toss degradatiOn over the specified temperature ’
.range~waso 5dB. " Similar degradation was - expected had the mixer been

‘tuned into a .mitched system-to meet the return loss. spec1fication The re-

sults-of the temperature cycling test are summarized in Table 5 5. "It can .

be safe]y conciuded that under temperature cycling conditions and for . con-
stant L.0 drive’ and RF 1nput, the mixer meets the return 1oss, gain f1at—

ness, converSion Toss and spurious specifications

TABLE 5. 5 - DATA oN VARIATIONS' OF CONVERSION Loss, GAIN FLAT-

LN ~ NESSAND INBAND SPURIOUS LEVEL oF THE: Fneoueucv
R TRANSLAToR vs TEMPERAIUREvCHANGE |
‘ Tempergture ‘ .Con6$hsion Loss Gain Flatness . | Spurious Leve1
Yioc . 1. %:d8 - . | - dBPeak-to- dB below carrier
R S , .-~ Peak ‘ L
25 ambient |~ 4.40 B 2. . ~ "34
o v | -43 y .37 3
-5 ]l 430 Y N - 3
.25 from>s2e | - 40 | 2 L3/
55 . a5 o | s o | aee
' 60 . ‘ a.80 | .28 ' 39
| Specifications 5 o T -,

N ) . T

e




Temperatufe -

L )
S SRS ¥

,/ Fig. 5.24 - Tem’perature Cycle’

- .
LR /

" © . The results obtained |from the previous tests c‘arried out on the

5,5 Summary of TesT ResuLTS

CT1s frequency translator are summarize\d inLthe Tab’l‘\‘i 6. The foHowing .

. ‘:\'_ .
A J

« «ns.tes shou'ld be made concerning this tab]e. e 4 o

+

" The parameters noise figure, group delay and output intercept

Tl point,\"'e're not required to b(meaSured for the mixer tself during t’her— )

mal cychng but in the next higher assembly, that 1s i:he receiver

e

L8 . The VSWR was not .neasured uring thenna'l cychng because
“\

N of the mismatches deveioped by the wayeguide bends and runs, that connect .

- * 'the mixer to the test equ1pmént outside of
such conqitions on'iy the changes due to temperature variations were nated.’
It was found that the VSNR Was better at 'low-—temperatures |

4

e " ~ For thé mixer to’ be- connected 1in the rec'eiver s assembiy, two

"waveguid.e-to-coaxia]_ adaptors, on either side were rebuired._ The use —

»

. of the nﬂxer in the foHowing way The conversion ioss was increased
"from about: 3.80 dB‘to 4.40 dB and the VSHR to 1.5:1.

Lo we'rght of the mi,g(er was «itse1f_ increased to 0.44~1b..‘ .

109

temperature chambér. Under

of these adaptor.s' affected mainly the -VSWR, | ‘convers‘ion loss and the wei’ght '

Finaﬂy. the overall ‘

e

-

)




TABLE 5,6 - SUMMARY OF THE TEST RESULTS OF THE FREQUENCY

o “TRANSLATOR
. \
' P
ITEM : ‘V‘AL‘U'E AT NORST VALUE IN -THERMAL * SPECIFICATIONS
\ AMBIENT . . CYCLING FROM -5 to : VALUE
- + 60°C Temp. Range ~ s
Input Freq- | 13.970 - 13.970 - 14320 GHz '13.974 - 14.324 GHz |
uency band 14,320 GHz e L7 .
Output fre< | 11.803 - 11.803 - 12.153 GHz | 11.807 - 12.157 GHzo|
(quency band |~ 12.153 GHz , ' L e
Co swr; ‘ ' : ' '
nver . L .
Toss. 4.40 dB. .:\4.80‘ a8 5.0 .
. ~ - T ‘ T ' . =
Gain flat- | 0.2 dB peak 0.4 38 peak to peak (0.3 dB peak to peak
" ness. . to peak , : o B
| Noise fig- | 5 dB average TTRA 8.0d8
ure ) ! “
Grou'p.de'la‘y 1.5 I:TSEC for S | '-
| TB,d nsec for N/A . 1 nsec over 85 vMHz
TB] e .47 )
Output inter- - : ok T ] “& dBm
cept, point 8 Jan h N/A . §_ds’r,n
Input, & out- T o . e
put VSKR 1.5:1 . N/A ® 1.51
Local _os.c.ﬁ-_ c I o '

. | lator drive .- +5 dBm .}~ - . *5 'dBm - +9. dBm
Continuous RF : S . o
overdrive +30 dB +30 dB. , ‘f+‘30 ds:
Inband spunous 4448 below| = 32 dB below carrier 32 dB below carr-|.

carrier ; o , . '\ . \ ter

['weight 0244 b - 0.441b - \ 0.5 1b

= — — ~ -

»




.. ¥he small changes demonstrated qdnﬁngfthg‘tﬁefmal'cyclihg were
due mostly to the yariations of the crysfal diode perfor@ance. and:to -

the small changes of dimensions in"the Filters and tuntng £§réW§.

4
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“circuit construction is“required.

© X

P CHAPTER v1

L CONCLUSIONS AND RECOMMENDATIONS

N ’ ‘-*-\ .
The objective. of this Technicai Report was to demonstrate the”

importance of the worid 's ‘most powerfui communications technoiogy satei- .
iite(CTS)andits 14/12 GHz frequency transiator which is
one of its advanced technology - units ' e d
© The, CTS-reaTized the dream of using smaii, simpie and Tow
‘cost earth terminals to prov1de communications to previously inaccessibie.
northern-areas | IR L .'«" o '_ f——ff’°
The - performance data of the frequEncy transiator summarized
'in Tabie 5.6, have shown ‘that, the unit s perfonnance exceed the design
requirements. | o h

Aithough the downconverter (mixer) reported here 1s character- .

K ized as having 1ow noise and 1ow conversion:Joss, which are the most
' important factors in setting the entire system performance, 1t is stiii

far above those theoretica]iy possibie w1th Schottky-barrier diode mixersf '

1

“ Theorettcally, the conversion loss. can be’ as -small as_gt?ew tenths of a

!

dB’”. The practical probiems which are 1nvolved in achieving very
low conversion ioss. center around the terminating impedances at the '
different frequencies’ involved Therefore, carefui attention of the RF
* ".Since\every communication system uses a mixer at the front ¢

' _end, 1t-is desirable to have mixers with gain rather than Tossy because

e




\_j. ‘ Jof the Tow signai power avai]ab]e at that stage.

By using crystal diode

mixers we ‘can reduce the conversion Toss to 2 few tenths of a dB but .

we can not get any gain. If we use a: transistor. instead of a crystai
diode as the noniinear element for the mixer, he can have conversion gain '
instead of 1osses For example, 2 square-iow or exponentiaL voitage in- .
current out. characteristic is approximated quite cioseiy by many fieid : ~ |
-effect transistors (FET) and bipo]ar transistors respective1y, operating . “ ”.
in their "constant current" ‘region. In this case one appiies the 1ncoming
signal and the 10ca1 05c111ator voltages so that they effective]y add to. -
.the dc bias vo]tage to produce the tota] gate-source or basé-emitter volt— :
- age This signal is then passed through the device nbniinearity to create
the sired sum and difference frequencies L \ o - K
‘. _ Microwave FET transistors have been designed and successfuiiy -
.fabricated, and a lot of deveiopment work goes. ori to build microwave FET
'mixers _In the never-endiny drive toward better performance, "the micro-
A‘wave FET tran51stor5\in_nombination with 1ntegrated circuit techniques
. are making possibie the design of microwave mixers with converSion gain
‘T and greativ reduced size and cost. As in the past. the\user 's neceSSIties
wil] prove to be the mother of invention ‘ _
Tt is’ hoped that this réport has. shown a genera] view of the

F.:'operation of CTS sate]]ite and its capabiiities ‘ ' v_'

rarcy b,
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Dintensions I Inches & Millimeters
Cathods End indiceted “
. By Color Code

' | T 5082-2234 |
. S : ‘ MlCROWAVEM|XE 5082-2235
HEWLETT hp! PACKARD Soaa 270 thru 2703 -
. - u
‘ . HOT CARR'ER DIODES 5082-2711 th:u 2714
COMPONENTS 6 18 GHZ 5082-272!\A_,thru 2724
Features o
@ Low and Stable'Noise 'Figure ) "
¢ Less than 6.0 dB at 10 GHz -
.~Less than 6.5 dB at 16 GHz
‘ ® High Burnout Rating =~ * o : ]
U B - 1 W RF Pulse Power D:ssrpatnon

. Hrgh Uniformity
- VSWR of 1. 5:1 Assures Repeatable RF Impedance

. Rugged Desngn '
- TWO Hermetically Sealed. Package Styles Avanlable

N Excellent Environmental Capabrhtres

-.// +

Description - . ‘ '

These mixer diodes are silicon hot carrier (Schonky barrier) dlodes of
plansr, epitaxial passivated chip desngn The processing technique used
produces » diode family with extremely uniform electr?cai charactenmcs
A very tight tolerance in junction capacitance and a minimized series
résistance ptovide a uniform RF impedance from diode to diode and low
and stable noise figure characteristics. In the rugged and hermetically
sealed metal. céramic packages, the conventional ¢at whisker Has been
replaced by the more reliable thermocompresruon bond This construction
allows the device to be used in environments requmng reliable perform
ance during high shock and vrbrahon oo

Applications

The hot carrier diodes described in this data sheet are optimized for use in
broad and narrow band stripline, coaxial, or waveguide mixer assemblics 7
operating from 6 to 18 GHz and above, where low noise and hrgh
reliability ars of importance. This excellent umiormlty of the hot carrier.

I

- diode’ RF characteristics allows the design of mixer assemblies with
. predictable performance characteristics and makes the .devices field

replaceable with no circuit adjustments. Typical equipment applications
include telecommumcatron receivers, ECM/cadar front ends, and OEM
mixer assemblies where sensitivity and high burnout power are required,

Devices with relaxed speclfrcanons li.e. NF less than 7.0 dB and VSWR
less than 2:1'in X:Band) are provided for high level frequency conversion
applicstions required in microwave frequency symhesizers and low power
.up-conyerters,
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Absolute Maximum Ratings ‘ | - N
' Topr — Operating Junction Temperature Range e —60°C to-+150°C '
Terg — Storage Temperature Range - R - .—60°C to +150°C
Poiss  (Pulse) — Pulse Power Dissipation at To= 25°C (Notes 1,2, 3) L W i
Poiss (CW)L  —_€W Power Dissipation at T, = 25° C (Notes 2,3)° : o 200mW |
PR DC Forward Current at Ty, = 25° C. (Note 3 ' . 100 mA
. : [o] . o
Electrical Specifications at TA =25 C o
FREQUENCY PAR'I' , 1 NOISE FIGURE IF !MPEDA.NCE
"RANGE, NUMBER ( - PACKAGE dB Q .
. GHz 5082. ‘CONFIGURATIDN OUTLINE TYP, MAX. MIN, MAX, |- VSWR
" | 2n3 [wiNGLE ' - b |
T 49 58 | 60 | 200 | 400 | 151 -
g 2714 | MATCHED PAIR ) s :
2701 | SINGLE ” ' t
: , — 44 58| 60 |. 200 [ 400 1.5:1"
R R ot 2708 | MATCHED PAIR . :
- , . N \ - -
~ | 211 |SINGLE, = . . N
B-14 ' o112 T MATCHED PAT 49 | 63| 68 | 200 | 400 2.0:1
« Al | (TEST FREQUENCY CHED PAIR SN
2702 | SINGLE « - :
8.375 GHz) e 63 | 65 | 200 | 400 1511
, 2707 | MATCHED PAIR . ~
0 2234 | SINGLE ‘
. - . 49 .68 | 70 | 200 | 400 | 201
' 2235 TMATCHEDPAIR. | . co
2703 |SINGLE '
4 68 | 70 | 200 | 400 1.5:1
' 2708 | MATCHED PAIR ‘ : .
10-18 . 2723 | SINGLE . Vs I \
49 63 | '65 | 200 | 400 1,501
{TESRF REQUENCY 2724 | MATCHED PAIR - :
1| 160GH) | 2721 | SINGLE ‘ : 3
, : — " 49 |. 68 | 7.0 | 200 | 400 2.0:1
. 2722 |MAJCHEDPAIR ™ | | \ ‘
< T
. TESWDITIONS - - - 1. - (NOTES 4,5) INOTE7}  |. INOTEA) ;

Ly s A . ) S N

NOTES: )
17 1 ps pulse, Du = 001, :
2. Powsr absarbed by the diode, Friquency range: X- or

* Ku-Band, DC 10ad resistance <1§] . Csthode stud is con-
nacted to infinite hest sink,

3, Derste Nnearly 10 zero at 150°C.

Ej .

=

. Fugure 1. Equivalent CIrcui! of Packaged Dipde.

i ’ Af’Muwumom. (1] crlormod on ths diode in & Nxod
: Typucal Equivalent Cir cuit | Assramants e p |
v P m t t T SOC . Local Oscllator POWSr « o . vvos o oo s shers TMW
A ’ ara e ers\a A" . Locat Oscillator Frequency, .({See Dlodn Ton Frequancy)
' . - IF Frequency , ... - s« « oo s o e ea s 30 MHz
' ‘| PART NUMBER* PACKAGE L Co R R c DC Load Resistence . ., .. ... icconsnn <1.0R
‘ 5082- © J OUTLINE | P P ] | ] .For metched pairs, the following additlonal spacifications
7 apply: B
.’ ;;g;:;;gg 44 04 | 013} 9 100 0.15 Nolse Figure Match . . . . . Cihe s e ANF 10.3 dB
. . : IF Impedanca Match . . , . ......... AZ)F £25Q
: i Cae .
a 2711-2714 . . B, Single sideband receiver nolse tigure including an IF
, 2234 49 10 0.15 9 00§ 0.15 smplifisr noise figure of 1.5 ¢B,
; 2235 - . 6. Series Inductancs of a copxial line consisting of !ho
, . diode with short circultad chip s inner Eonductor snd sn
271N -27124, 49 10 0-“5 8 100 .13 outer conductor of 0.98 inch dismeter, The ends of the co-
UNITS ' - nH pF 193 Q pF axia! line are detined by the ends of the dlode {for pickage
Y ] 3
. TEST — NOTE T N NOTE | NOTE ::::;:: :;,) of by ths steps 10,083 in diameter {for packsge
: CONDITIONS 6 . 4 .4 7. S.m- conditions as Note 4, axcept IF lnquoncv 810 KH:
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LOCAL OSCILLATOR POWER TdBm}

Figure 4, Typitat Noise Figure and IF Impedance
e _ for 50822702 and 2711 vs, Local Oscillator
' Power, Note the improved performance st
1ow levals of L.0. powse when d.c. bias is
superimposed {dashed curves).
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Figure 6. Typlcal Chip Capacitance vs. Reverss Vpluge,
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Figurs 2. Typleal Detectad Volisge vi, Input Power. " Figure 3. Typical Forward Characteristics.
. Voltsge Sensitivity = 3 mV/uW Typical, S T
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Mechanlcal Speciﬂcations

The HP outline 44 is ‘a syinmetrical, microminlature, hermeucally sealed ceramic package. Both flanges are qud plated
Jkover. The anode contact is made by @ therchompresslon bonded gold wire or mesh The maximum soldermg
tempemure is 230°C fot'Bseconds -

The MP packagc 49 is a hermetiulw ‘sealed doubic stud cenmic pockogo The anoda and cathode stud are gold’ platud

!tovar Stud-stud TIR is 0 010 inch ml)dmum

——
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Envnronmental Capaplities . -

e st

. e

Oy

e T L
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-

The HP packaggs 44 and 49 have been designed 1o have the anvnronmental capabimies as oumned in MIL STD. 750 with

the follovu}mg conditions:

-
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TEST ;" METHOD CONDITIONS
* Temperature, Storage )0;1 s'ee maximum ratings
- Temperature, Operating 1026 See maximum ratings =
Temperature, Cycling 1051 . .. B cycles, -65°C 10 +125°C
Thermal Shock T g 1056 5 cycles, 0°C to +100°C . .
Moisture Resistance 1921 " 10 days, 80-98% RH, ~10°C 1o +65°c
‘Shock* . 2016 5 blows, X1, Y{. Y2 at 1500 G
Vlbflll‘bﬂ Fauhue ’ 2046 32 hours each X, Y, Z at 1500 G AN
. Vibration Varfable Frequency 2056 - Four 4 minute cycles, X, Y, Zat 20 G min 190 ‘20,0_'Hz )
Conmnt Aocelmtcon 2006 Y+ 1 minute each Xy, Yy, Yz at 20,000 G v
{ ) : |
f '}
. K " !




