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Cs Frequency Synthesis: A New Approach?

Amitava Sen Gupta, Darko Popovie, and Fred .. Walls, Senior Member, IEEE

Abstract—This paper describes a new approach to syn-
thesizing the Cs hyperfine frequency of 9.192 GHz that is
designed to ke sufliciently vugpged for use in space, specil-
ically for the Primary Atomic Noeoferonce Clock in Space
{PARCS) planmed for the International Space Station, as
well as ground applications, This new approach rveqguires no
narrow band filters or frequency multiplication, and the pri-
mary souree of cooling is conduction, Instead of frequency
multiplication, it uses a custom regenerative divider stage
followed hy twe cornnercial binary dividers and scvoral
mixing stages. A fractional frequency step of 2 x 10—17
is achicved by mixing the ocuipul of a 48-bit numerically
controlled oscillator with the microwave signal, Preliminary
tests on the new syntlhiesizer design indicate an internal frac-
tional frequency stability of 1 x 10715 at 10 s and 1 x 10— '8
at 1 d, dominated by the daily room temperature variations.
The phase and amplitude noise are similar to our provions
designs that used frequeney multiplication and narrow hand
llters. Tho teynperature coefficient is less than 0.2 ps/K.

1. INTPRODUCTION

ITHIN Lhe last decade, new generalions of frogquoney
; \f standards based on laser-cooled atoms and ions with
a fractional frequency stability approaching 107'% at 1 d
have boon devoloped [1]-[3]. At this stability, the perfor-
mance of the local agcillator ad the microwave synthesis
chain appear to be limiting factors. To snpport NTS'[¥s
new standards, we have designed a new generation of mi-
erowave frequoncy synthesizers [4]-[6]. The basic criteria
for these designs have been high resolution, low phase maod-
ulation (PM) and amplitnde nmodulation {AM) noise, low
spurs near the carrier, and vory high phage stability with
respect to onvironmaental ellects.

The aim of the present work was to design a mitrowaye
synthesizer for a laser-cooled Cs fountain compatible for
use in space, specifically for a slow beamn Cs primary
abomic reforence clock in space (PARCS) scheduled for
flight on the Intornational Space Station [7]. This required

Maunseript received July 1, 1089; aceepted October 20, 1900,

Sen Gupta is with the National Physical Laboratory, New Delhi,
India {c-naibsengupta@esnplron. nic.ind.

1. Popovic I8 with the University of Helgrade, Belgrade, Yu-
wislavia,

. I.. Walls is with the National Institute of Standards and Tech-
nology, Boulder, CO 80303,

Poviginally published uuder the sama tilde in Proceedings of the
Joint 1989 Furapean Frequency and Time Forom and the 1999 Tn-
iornational Frognency Conlrol Symposinm.

?The dividers were a Sciteq 1208 divide-by-8 (DSICOM Technolo-
pics, Ine., San Diego, CA) and a Tlessoy 8402 divide-by-4 {Mitot
Semiconduetor, Seotts Valley, CA). These are identified only for com-
pleteness and <o not represent an endorsement by NTST.

#he 118 was & Stanford Telecom STEL 1173 (Stanford Tolocor-
munications, Sunnyvale, CA), which is identified only for eomplete-
ness and does not represent an endorsement by NTST.

the nse of components that are or can be space-qualifiad,
Othor major design gonla were that the synthesizer be com-
pact and robust; thal it consume low power; aud, very
importantly, that all dissipated lieat be removed by con-
dnetion and radiation as there is minimal convection in
space. The performance goal was o frequeney resolution of
al least 1071% and a fractional frequency stability at 1 d
of lower than 1 x 10~18,

In the following section, we describe our design, ‘The
approach viclds a simple synthesis scheme that avoids
froguency multiplication, norrow band filters, and phase-
locked loops (PLL) but still produces an oulput that is
settable with high resolution. We also discuss some initial
performance resulis of the twe wmits that were constructad.
All porformance goals wore met or exceeded.

II. DugiGs DETATILS

Ilig. 1 shows a schematic block diagram of the synthe-
sizer. I'he output of a 6.4-GITx vollage-controlled dicloe-
tric resonant oscillator (RO} drives a custom rogencra-
tivo divide-by-2 civenit [8] composed of a mixer, a 3.2-GHy
low-pass filter, and an amplificr in a closed-loop configura-
tion, This regencrative divider provides low PM noise [9],
a vory low cocflicient of phase shift with temperature, and
simultancons ontputs at 0.5 and 1.5 times the input fre-
quency, that is, at 3.2 and 9.6 GHz. The 3.2- and 9.6-GHz
oulputs arc separated using a diplexer.

The 3.2-CTIz output is divided to 100 M1z using a com-
mercial divide-hy-8 followed by & commoreial divide-by-42,
The 100-MHz ontput of the dividers is low-pass filtered
and bulfered in a two-stage amplifier to provide the out-
put reference froguency.

Another key constituent of the synthesivor is o namaer-
ically controlled oscillator using a direct digital synthosis
(PNS) chip with 48-bit rosolution®. This unit is elocked by
a 50-MHy signal obtained by dividing the 100 MIlz by 2.
This DDS chip not only provides the high resolution and
low apurs, but it is also available in a space-qualified ver-
sion. The DS outpul is a sine wave, which can be set to
a resolution of 0.2 plls and a rate np to 20 MHz using
14 data and control lines. Additionally, the [requency of
the DDS can be switched to a new walue without phase
digcontinuity in loss than 1 gs. The frequency is nominally
set at 7.368 MHz and is mixed with the 100 MHz from
the binary divider nsing a simple upper sideband (US13)
mixer, which gives more than 25 dID rejection at the car-
rier and lower sidebands. Additional suppression of these
spurs could be obtained with forther design refinements.
The 407.368-M11x signal is mixed with the 9.6-GHz oul-
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Itig. 1. Block diagram of the new Cs [requency synthoesiser,

put of the rogencrative divider to produce the $.192-GILz
signal, which is amplified and passed throngh a broadband
filter amd isolator to provide the final microwave oulput of
the synthesiver.

As in our earlior synbhesizer designs [4], [5], a 5-MHz
nacillator controls the PM noise [or Fourler frequoncy off-
sets up to approximately 50 1Tz, and a 100-MHz oscillator
controls the range from 50 11z to 50 k=,

‘T'he synthesizer output can be steered by voltage con-
trol of the 5-MTz oscillator using a DC error signal. This
voltage control conld be derived from the plysics package
of a Cs clock. The 100-MHz output froin the aynthesizer
also drives a mixer, which can be used Lo detect the phasce
difference between the 100-MH# signal rom a hydrogen
maser of other high stability reference. This mixer output
can be used to phase-lock Lhe § MIIz to this reforence with
a loop bandwidth of approximately | T4, The low band-
width was chiosen to exchide spurs bocanse of ground loops
and pickup of electromagnetic interforence. There is also a
provision to phase-lock the syutlicsizer to a microwave ref-
erence such as a superconducting cavily oscillator (SCCO)
as long as the frequency is within £20 MIlz of one of
the internal reference frequencies (3.2, 6.4, 9.192, 9.6, or
10.007 GHzy). "Lo achieve this, we use anothor 'LL with a
second DDS sei to the difference betwoen the internal rel-
erence frequency and that of the SCCO. The output crror
of this PLL could correet the 6.4-GHz DRO with a band-
width of up to approximaiely 300 kHz. It would also be
possible to add an additional mixing stage to use a stable
reforemce al Lhe 1th hyperfine frequency of 6.834 GHx [10].

We constructed two prototype synthesizers of the abave
design, The mechanical agsembly consigted of five intercon-
nected modules with machined aluminum eases of G-mm
wall thickness. These were stacked tightly together, All cir-
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cuitry, including the DDS, used surlace-mounted compo-
nents that wore heat sunk to the printed cirenit hoards.
The printed civcuil boards in turn were heat sunk to the
alurminum cages hy mounting them [lush against the bot-
ton with thermally conduciive [ilm. In addition, metal
straps connceeled the bop of the [ew integrated circuits that
dissipated significant heal (o the sidewalls. (We have the
ability to add exiernal [ins so that the unite can he tested
in air or on the ground, withont the need for external [ans).
The entive microwave portion of the cirenit wag assombled
in one module with the components mounted flush against
the walls or tlie hotlow. Thus, most of the heat dissipated
in the synthesizer had a direct conduction patl to the ox-
ternal hoat sinks. This approach yielded a wunit with tlor-
mal gradients across the moduoles thal were less than 1 K,
which proved very helpful as there is essentially only one
temperature and one thormal time constand.

Tha unit is very compact. and rebust. The total sizo of
cach unit, excluding the external power supply and the
rowovable heat sinks, was 22 x 13 x 18 cin. The volumne
could be reduced by roughly 40% by stnply rvepackaging
the prosent subasscrublics. A carclul finite element analy-
sis of the thermal paths would allow us to determine how
much additional metal ean be vemoved from the modules
el sbill maintain the requived swuall thovnal gradients, as
woll as verily Lhe junction temporatures for long-torm re-
linbility. The tolal power consumption was approximately
22 W at 24°C. Although no quantitative vibration tests
have yet been performed, mawuy strong bhumps, including
the cusiomary 10-cnt drop test, produced no noticeable
effocts,

[I1, REsuLTs AND THSCUSSION

T this scetion, we describe results of tests made on
the two units described previously. lixtonsive sturlies were
mde of the spurs and ol the PM s AM noise.

Tig. 2 shows thal Lthere ave no spurs within 4:2.5 MHg
of the 9.192-GHz outpul greator than 73 dI3 below the
carrier (dBc). PM noise measuremoents wore performed on
the TO0-MTTx output using a threc-cornered hal method
involving two of the prosent syuthesizers and one of the
carlior typoe [4]. The rosulis are siunmarizged in Fig. 3. Also
shown for cotnparisen are the resules of earlier designs [4],
[6]. The resulis of measnrements of AM noise and spurs
at the microwave oulpul are also very similar to those oh-
taine] with the carlier NTIST synthoesizers, 1hese results
inchicate that [requency pulling by speetral impurities is of
little consequence to present slow bemn or fountain fro-
quency standards [4].

The seiup shown in Fig. 4 was used to study the phase
glability with respeet to environmenial temperature varia-
tion between the niicrowave oulpul and the user output ab
100 MITz. Tho microwave oulputs of the two synthesizers
wore phase-locked, and the 100-MTz ontputs were used
to drive a phase comparator and datalogger, The temper-
ature of one of the synthesizers was kept constant, and



SHEN GUDPTA et ali CS VREGUENGY SYNTINSIS

Power .
- I Ll 1

10 dB/Div
|
|
1
|
|
|

Tig. 2. Microwave power spectrinn of the 8.182-Gllz ontput from the
new Cs synthesizer. The span is 5 MHz, and the rosolubion bandwidth
is 1 klfz,

that of the other was vavied. Iig. 5(a and b} show typical
initial vesults of such temperature eycling from which we
compute & phase tamperature coefficient of 2.2 ps/K. An
important point wag Lthal the phase tormperature coelli-
clont was almost identical for the two units and that there
was lass than o minute delay and almost no hysleresis be-
tween the temperature and phase vaviations. The reason
for this is thai the critical components are thermally well
connecled to the case so that thore ig essentially enly one
temperature smd owe thermal time constant, Fnrther inves-
tigations vevealed that the major part of the phase ton-
perature cocllicient arose from the last frequoncy divider
and the cutput isolation amplilier. A very simple circuit
consisting of a thormistor (heat sunk to the inside of the
ease containing the divider and the ontput anplifier) and
a varactor Lo change the phase delay at the ontput of the
100 MHz in response to the temperaiure variafions was
successfully used to componsate most of the temperature
cocflicient. With soveral tricls of sealing the variation of
the voltago across the varactor, wo wore able to obtain a
tomnperature cocllicient of legs than 0.2 ps/K as shown in
Fig. B(c). In subsequent tosts, we obtalned a very highly
phasc-stable 100-MHz output as shown for a 4-d stretch
during which room temperature varied by approximately
+0.5°C (Fig. 6). Tinally, woe show, in Fig. 7, a typical plot
of mternal [requency stability obtained by processing the
phase data with sampling times from 5 s to 1 d. We obtaiu
a fraclional frequency stability Allan deviation of 110 19
at 10 s and 1 x 1018 ut 1 . The 1-d frequency stability
ig a significant improvanent over stability vesults reported
for previous designs [4].

IV. CoNCLISIGN

We havo deseribed a novel approach for synthosizing
the microwave signal for n Cs standard, The realization
of the design s simiple, requiring no [requency multipli-
cation or narrow band filkers. I'wo prototype synthesiz-
ers were fabricated, keeping in mind the proposed use in
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Fig. 3. Comparison of the PM noise spectiim of the new Us synthe-
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space, and, hienee, taking special care to ensure that all
of the components could eventually be obtained in space-
qualified versions, Wo also ensured that mosl components
were heat sunk by thermal conduction to the case, This
led 6o s very simiple bt efleetive means of comnpoensaking
the temperature coeflicient to lowor than 0.2 ps/K and,
comsequently, oblaining internal frequency stabilily that
reached 13 1077 at 1 d. Another foatwre of the present
dosign, the ability to sof the mierowave ontpid with a rog-
olution of 2 x 107717, 3g due o the use of a 48-hit DDS.
Because ithere is vo P in the Anal microwave synthesis,
the phase exeursions after switcling frequency are siall,
and the settling time is Jess than 1 us Yel another foa
ture of the synthesizer is the provision for phase-locking
Lo an SCCO that is trimmed within 20 MITz of one of
the internal reforenee [requerneies (3.2, 6.4, 9.192, 9.6, or
10,007 GHz}, providing for a much superior PM noise and
shori-term frequency stability than is possilile using quartz
oscillators.

Although the present synbhesizers are alreacdy robust,
compact, and consume low power, we estimale that finther
oplimization should lead to a 70% reduetion in volume and
a 50% reduction in power conswnpiion. Finally, although
onr present focus has heon to synthesize the Cs hyporfine
[requency, this approach conld be adapted to produee sin-
ik performance at many other frequencics of interest (lor
example, the RE froqueney ).
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