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ABSTRACT

An advanced technology X- and Ka-band (8 and
32 GHz,) l’iny q’ransrnit[cr  is being dcvclopcd at
1P], for the Ncw Millcrrnium  program and is
dcscribcd in this paper. ‘1’hc Tiny Transporrdcr
is the first  phase of dcvclopmcn[  of the Tiny
‘1’ranspondcr  which will incmporatc recent
advanccmcnk in miniaturimtion  and flexibility
of radio systems by utilizing digital radio
techniques. ‘1’hcsc  tcclmiqucs  incorporate
digital technology and algorithms to pcrfolm
many fhnc[ions  which have traditionally been
pcrfol  mcd by analog circuits and allow the
complexity of the RF pmlion  of the radio to bc
Ininimimt.  3’l]c I’iny  ‘1’ranspondcr  will bc able
nm[ the mcds of almost all deep space missions
presently hcinc plallncd for launch after (IIC year
2000.

OIIJECTIVJLS ON TIIE DEEP SPACK
M INJATURlt  TELECOM DEVILOPMICNT

PROGRAM

While deep space ctunmunications performance
has incrc.ascd dramatically over the last three
dccadcs, the size, mass and cost of spacemdi
tclml[illl~irli~tiol~s  subsystems have also
incrc.ascd, Present subsystems will not meet lhc
needs of many fllturc missions which will have
much lower budgets and mass, volume and
power capability. }Iowcvcr, the
tclwollll~l~lr~icatiorls  performance rcquircmcnts
of these future missions arc not substantially
different fl-om  those of present larger deep space
nlissions.  ‘J’hc Inost  cxpcnsivc  and comp]cx
component of the spacecraft radio clcdronics  is
the deep space transponder. ‘J%c  transponder
includes the radio rcccivcr  which rcczivcs  and
dcnmdulatcs  commands from NASA’s Deep
SPa~ Nclwork  @SN) and Ihc transmit(cr  Whic]l
provides tclcnictry  and ranging information
flom the spacmraft to the DSN. in addition, the
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Figure 1- Deep Space Transponder Evolution

transponder provides navigation capability to
cnabJc  tlm nwmurcmcnt  of IIIC spacecraft range,
range rate, and radio scicncc funclions to cnabk
mcasurc[ncnl  of the propagation path.

T“hc greatest cost and size reduction of deep
space tclmllllllllni~tiolls  systems can bc
achicvcd by rcxiucing  the COSI  and sim of deep
space transpcmdcrs.  ‘1’hc ~’iny Transponder [1]
is designed to achicvc  these goals. Figure 1
shows a comparison of the Tiny Tmrspondcr
with other rc.ccntly dcvclopcd  deep space
transpcrndcrs.  The Cassini  transporrdcr  will bc
used on the Mars Pathfinder and NEAR
missions, as WC]] as the C%sini mission, The
small  Deep Transponder will bc flown on the
Ncw Millennium Deep Space 1 mission and
rcprcscn[s  an iulcrim  cflort to rcducc  cask and
sire. ‘Ilc Tiny ‘1’ranspondcr  will  further rcducc
cost and will rcducc mass and volume by almost
an order of magnitude relative to the Cassini
t ranspcmdcr.

“1’jIc Tiny  TrArls~mndcr  wil 1 bc dcvc]opcd in two
phases, the first  of which is the dcvclopmcnt  of
the Tiny Transmitter which is presently
under-way. ‘I%is  Transmitter will bc used as a
building block of the Tiny ‘1’ranspondcr.  “1’hc
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Figure 2- I’iny ‘J’ranspondcr Block Diagram

‘1’ranspondcl  will bc dcwlopcd  during tkc M}lz
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second pkasc  and will bc flown on a later Nmv
Mi]lcnnium flight.

TRANSPONDER AItCI1ll’lCCl’IJKJt
DESIGN A1’PROACII

‘1’llc g’iny q’ransmitlcr  architcciurc  was dcrivd
flom tllc “J’iny TransJmdcr.  ‘J’hc  key rcccivcr
sJmcificat  ions of the Tiny Transponder arc:

0 Rcccivcr  Frequency: ‘7,145  MH74 to 7,J90

● Carricl tkleshold:  -155 d13n]
● I)ynamic range: 70 dF3 (threshold 10-85

d[m)
● Acquisition and tracking rate: 500 }IYJs @

-11 Odllnl
● ~kacking  range: d 100 kliz,
● Tracking error: <J” /40 kIIz. @ -110 dlhn
● Command demodulation Data rate: 7.8J 25

bps to 2,000 bps
. Bit error rate: 10-s@ IJb/No= JO.5 dll
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F’igutc 3- Tiny Transmitter Block Diagram
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‘l-he kcy trammittcr  specifications arc: modulating signal is composed of st3acccrafi

. .

X-band  downlink  frcqucney:  8,400 M}lz. to tclcmc(ry  data, rcgcncratcd  ranging signals,

8,450 Mllz one-way ranging signals, and status signals.

X-band power: 12dlhn(16 n]W)
Ka-band downlink  frequency: RefcwIce  Sbd  frm TCXO)

31,909 Mllzto  32,121  Mtlz
Ka-band power: >10 dlh~ (>1 O
lnw)
‘1’clcmctry  modulation:

s@d SW
rebm&  E+,

+ Subcarricr frqucncics:  22.5
kllz to 2.88 M}lz (in steps of tiund Th,

factors of 2) c.mlMQmd  OL@ .
+ Modulation index: 40° to 80° !UShdoglh

Twumi!M  kulq T h

+ Data ralcs: 10 bps to 2.2 Mbps

A block diagram of the Tiny 1s53 x M BIN iimf*cc -

I’ranspcmdcr  is shown in Fimrc 2 and said  Pe@ud kied,<e  -

a similar block diagram of tl)c Tiny
‘1’rarlsrni([cr is shown in Figure 3. q’hc
key clcmcnts  of the I’iny Transponder
design arc the Rcmivcr  Module, the
‘1’ransmiucr  Module and lhc Power
Module. I’he Tiny Transmitter will utilize only
the Transmitter  Module and the Power Module.
Note that the Rcfcrcncc  Generator Module in the
Tiny Trarlsponder  and Tiny Transmit(cr arc
slightly different, but these two versions of the
Rcfcrcncc Generator will have the smc package
clcsign and will have [he same interfaces.

TINY ‘1’RANSM1’I’’I’ER  DIGITA1,  DIWIGN

‘1’cIcn]c(ry Modulator and Control Module
l)csign  (’I’MCM)
‘]’}lc q’clcmctv  Mod(llator  and Control Module
(1’MCM) is the main intcrfacc  between the I’iny
‘1’ranspondcr  and the spaczcxaft  computer. ‘1’hc
3’MCM and the spacmrafl  computer
conmonicatc  via the spaczcratl  data bus. The
I’MCM functional block diagram is shown in
l’igurc 4 and will be irnplcmcmd  in a CMOS
ASIC chip. l’hc TMCM rcccivcs  all the mode
control commands to the transponder and
transmillcr  from the spacecraft computer. It
then routes tllcsc mode control commands to
their destinations. ‘1’hc  I’MCM  also collects
analox and digital cngiruming  tclcmctry from
the radio subsystcm  and transpcmdcr  modules
and rou(cs them to the spacecraft computer.

A second major flmction of the TMCM is to
generate the conlpositc  modulating signal for
the X- and Ka-band  downlink  carriers. ‘i’his
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Figure 4- TMCM Block Diagram

“1’JIc tclcn~ctry n~odL31ator cncodcs the spacecraft
tclcmc[ry  data and modula(cs  a tclcmctry
sobcarricr  with the encoded data, The I’MCM
fonciions  will be implcmcntcd  in a fhll custonl
ASIC chip which will usc a macro ccl] library
developed at JPJ,.

l,ow Spur Nurncrically [:ontrotled  oscillator
I)csign

‘1’hc  low spur nomcrically  contlo]lcd oscillator
@JCO)  [2] provides direct digital synthesis of
the rcccivcr local oscillator and exciter
rcfcrcnce.  This eliminates the need for voltagc-
controlled oscillators that require tuning and
extra circuitry to cm-cd for frequency drifls
during the flight. The NCO functional block
diagram is shown in Figure 5. The phase
increment input, 0, is equivalent to the desired
base band synthesis frequency wllcn  operating in
the cxcitcr  mode or is supplied dircz(ly  from the
digital phase lock loop wllco  operating in the
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(Ianspondcr mode. l’hc inpul incrcmcn~  phase
is t]lcn accumulated and loaded into a phase
rcgislcr.

“1’0 sig,t)ificantly  rcducc output  spur lcvc]s
withou~  compromising complexity, phase
di[l)cring  is used af[cr phase accumulation. In
this process, a periodic phase dither signal is
added [o the output of the phase accumulator,
‘Illc rcsultan[  is tbcn truncated to a small
nunhcr  of bits (typically 8 bits arc adcqua(c  in
this design) prior to the sine and cosine table
lookups (SIN/COS 1 SJ’1’S). This permits a
smalicr  number of phase bits addressing the
S1 N/COS  1 J-H’s  resulting in an exponential
dccrcasc  in syslcrn  complexity. lhrrthcrmorc,
analytical and numerical smdics  prcscnkd in [2]
show that the phase dithering mctbod provides a
spur reduction of 6(M+ 1 ) di3 pcr phase bit wllcn
tbc periodic phase dither signal comprises M
adctitivc  anrJ indcpcndcnt  pseudo-noise (PN)
scquc~lccs.  Amplitude dithering following tbc
SIN/(XXi 1,lJ’I’s rcduccs  Ihc outpul digital data
paths fl-om  the NCO without generating
sigilificant  spurs. This simplifrcs  tbc design of
lhc subsequent circuit~, i.e., the digital-to-
analog convcrlcrs.  ‘Ilc NCO will bc
in\J}lcnlcntcd  in a f~lll  custom design ASIC chip
which will usc the macro CCII Iiblary  dcvclopc.d
in[crnally  at Jl)l..

TINY TRANSMITTER MICROWAVE AND
DESIGN

Microwaw  Multi Chip MorJulcs (MCMS)
‘Ihc microwave circuitry of the l’iny
‘J’ranspondcr will bc packaged in multi  chip
modules (MCMS) to enable  substantial si~.c
Icduc[ion,  Tlic Tiny I’rammittcr  will uliliy.c  two
of these modules, onc for the X-band and the
otllcr  for llIC Ka-band transmitter frequency.
‘1’hc functions of these modules arc two-fold: to
provide an integral package for the voltage
controlled dielectric resonator oscillator (DR())
circuit and rcnlaining  cxcitcr circuitry and to
provide the intcrconncc(ing  Wiccs, isolation, and
suppor(  S(ILldULC  for tllc various MMICS and
other components within the cxcitct.

‘Mc X-band cxcitcr microwave MCM layout is
shown in Jrig,urc  6 and tJlc Ka-band MCM is of
similal  design, ‘JIhc planrrcd  approach to the
design of tllcsc MCMS  is 10 utilize multi-layer

[RO Cavity F’t mse
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Nigurc  6- l’hc Physical l,ayoul of the X-ltand
MCM

low tcmpcraturc  co-fired ceramic (1,3’CC)
substrate with a seal ring bra~d to the top
surfacz.  A hcrmclically  scaled cover is then
wcJdcd  to the seal ring. The lower surface of the
MCM will bc bonded to a heat spreader of either
kovar or aluminunl  silicon carbide metal matrix
material. Microwave transmission lines in the
subs(ratc  will consist of buried striplinc  with
microstrip  transmission line intcrfacc pads
wllcrc the signal connects to the aclivc  dcviccs.
‘1’hc MMICs will bc bonded with traditional
cutcctic solder or silver epoxy. Wedge and/or
ball bonding techniques will bc uscxl to complctc
tllc electrical connc.dions.  Traces to cxlcrnal
conncdions will bc buried within the substra(c
as striplinc  conductors then transition to co-
planar wavcguidc  in tbc 1,’J’CC  s[ructurc  once
t]m signal  is outside the hermetic seal rin~,

I’hc Tiny I’ransltlillcr  X-band MCM will
contain seven MMIC  chips, a miniature ceramic
microwave filtcl,  and two power dividc[s.
‘J’hcsc  dcviccs will bc placed in cavities in the
I YI’CC struclure with acczss from the top for
mechanical and clcclrical  bonding. Jntcrnal  I)C
regulator chips, nloulltcd on the top surface
above the upper striplinc  ground plane, will
provide low ripple, low noise ]X powcl to the
active MMICs.  Via holes to lower layer
iutcrconnccts  will distribute DC power to the
lower layers where tbc active MMICs  arc
luountwJ. 7’lIc  overall size of the X-band MCM
including the I)RO cavity, as shown in Fig,urc 6,
is 65,6 by 19.6 mm The hcigbt of the
conq)Jctcd  MCM is 10.4 Illm over tllc 1)1<0
cavity stcppiljg  down to 6.5 mm over t)l~ rcs[ of
the MCM,

Miniatorc Dielectric Resonator Oscillators
(I)ROS)

q’hc l’iuy Trans[nittcr  uscs two voltage-tunable
I.JROS which will gcncratc  the tran.snlitlcr’s  two
downlink sig,nals at X-band (8.4 GIIz) and Ka-
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Figure 7- 1,ayout of Typical Voltage Controlled
DRO

band (32.0 G}lz). The vollagc controlled DRO
in the Ka-band cxcitcr  is generated from an X-
band signal (8.0 G] lY.) which is quadrupled to
produce the final 32 GHY. Ka-band downlink
signal. The DROS arc part of two phase-lock
loops, each of which is frequency-locked to a
421 Mtlz. signal.

The design of the DROS is based on a Pacific
Monolithic OTIO5O MMIC voltage controlled
DRO design. 11 uscs a 1 by 1 ml I’acific
Monolilbics  VA1712 MMIC amplifier chip
wdlicll provides, at its inpu(, the negative
rcsis!ancc  conditions ncccssary  for oscillation,
‘1’hc  ovcral]  sim of the resulting DRO layout,
showIn in Figure 7, is 1.3 by 1.3 mm. This
board will bc bonded inio the MCM  board
illus(m(cd  ill Figure 6.

Rcfcrcncc  Rrcqucncy Generator

A block diagram of the Rcfcrcncc Frequency
Generator is shown in Figure 8. It will bc
dcsi~ncd  in two versions. For the Tiny
‘1’ransn~ittcr  tbc Rcfcrcncc  Frequency Generator
tfikcs a 105.3 MHz output signal from the
crystal oscillator and multiplies its frequency by
a factor of four to procfucc a 421 Mt lZ signal.
This  signal is then filtered, amplified and
divided into three equal power signals which arc
dislribukd  to other modules of the Tiny
‘f Yansmitlcr.
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l’igo rc 8- Reference Frequency (;cncrator  Block
Diagram

The frequency quadruplcr  is implcmcntcd  wi[h
two cascaded MMIC mixers which arc
conncdcd  with (I1c same frequency feeding botli
their RF and 1.0 ports to act as doublers. ‘1’hc
filter that follows the quadruplcr is a four pole
band pass tlltcr which uscs lumped capacitors
and inductors, The amplifier is a MMIC and
the three-way power splitter is implemented as a
simple rcsis[ivc  network, to minimixc i~s size.
The two loop filters arc implcmcntcd  with  sing]c
op-amps. The phase detector is a standard
double-balanced design that uscs diodes and
miniature inductor-transformers. This circuit is
planed to bc implcmcntcd  using a 1 .TCC circuit
board containing hermetically scaled die.

PACKAGING APPROACII
F’owa  Converter

Module
\

Data Connedors

h
Power Conneclcf

I

Rectiver
Module

Transmiile
Module

Figure 9- “J’iny  Transponder Package
Concept

l’hc word “Tiny” implies major packap,ing
constraints. The volume goal is <500 Cms and
tllc mass goal is <700 g. The transponder will
opcralc  at both X-band (8.4 G}Iz) and Ka-band
(32GIIz) rcqoiring special handling of a number
of high frequency signals with low loss,
control]cd  impcdancc cmncctions.  The dual
port Mll .-S3’11-1  S53 intcrfacc bus requires
significant current outputs and bulky
transformers. 1’0 minimize cosl, a goal was set
to minimize the nc.cd for custom connectors,
beat straps, exotic materials or special
nlachining techniques.

3’hc chassis will bc made of 6061 aluminum,
using steel inserts for tbrcads. The design ,
shown in Figure 9 has a 9.3 cm by 9.9 cm
n)ounting area, The package has three layers of
circuitry with a total height of 5.2 cm. 3’hc
power convcrtcr,  which is 5.0 cni x 6.3 cm x
1.25 cm, is mounted on the top of Ihc stack
I’hc total n~odolc orrtsidc  din)cnsions arc 9.3 cm
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wide x 9.9 cm long x 6.5 cm height. l’hc power
convcttcr  is mounted external to the module to
save volume and nlass. Digital and analog input
and output signals will usc slandard nlicro ‘D’
conncclors,  while Ihc RF cmmdors  arc low
leakage SMA and 2.4 mm types, placed for best
isolation. A 1553  data bus interface will bc
intcgrakd  into a micro ‘D’ shell.

SUMMARY

‘1’hc  Tiny Transponder and the Tiny Transmitter
will mcz[ the challenging rcquircmcrm  for
lower ccst, small  sim and mass of fllturc  small
deep space missions. These designs will
aggressively utilize simplified design
archikcturcs,  state ofthc art digital tcchniqucs,
miniature microwave techniques and advanced
packaging 1,OW cost  will bc achicvcd  by
nlinimi~,ing  the number of parts, utili~.ing
cus(onl ASICS for implementing the major
(ranspondcr  f~lnctions, It is anticipated the l“iny
‘I fanspondcr  will have an order of magnitude
lower mass and volume cornparcd with the
Cassini  Deep Space ‘J’rampondcr  at a recurring
cost of less than one-fifth of Cassini.  The Deep
Space I’iny I’ranspondcr will bc able to meet the
needs of the majority of clccp space missions and
is planned to bc availab]c for operational
]nission in the year 2.000 linlc frame.
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