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Abstract

An active wide- band fiber optic frequency distribution system employing a thermally controlled phase
compensaltor fo stabilize phase variations induced by environmental temperature changes is described.
The distribution system utilizes bidirectional dual- wavelength transmission to provide optical feedback
of induced phase variations of 100 Mz signals propagating along the distribution cable. The phase
compensation considered here differs from earlier narrow- band phase compensation designs in that it
uses a thermally controlled fiber delay coil rather than a VCO or phase modulation to compensate for
induced phase variations. Two advantages of the wide- band systein over earlicr designs are (1) that it
provides phase compensation for all transmitted frequencies, and (2) the compensation is applied after
the optical interface rather than clectronically ahead of it as in carlier schemes. Eyperimental resulfs
on the first prototype shows that the thermal stabilizer reduces phase variations and Allan deviafion
by a factor of forly over an equivalent uncompensated fiber optic distribution system.

INTRODUCTION

The Irequency Standards 1 .aboratory at the Jet 1 ’ropulsion | aboratory is int erested in developi ng
ultrastable fibar optic frequency disti ibution systemns for the 1 deep Space Network, whiich wou ld allow
for the distribution of high quality microwave local oscillator signalstosever al antennas from a central
distribution point. To meet the requ irements of such systans which will transmit over several tens of
kims and require parts in 10'7 stability for 1000 s averaging times, fiber optic frequency distribution
systems employing active phase compensation techniques are I eing; studied.

*The yescarch 4esetib o501 e paper wascanied out by the Jet Propulsion Laborat oy, Califor nia Institute of Techmology,
under a contract with the National Acronautics and Space Adninist rat ion.



"I "his paper describes anactive wide band{iber oplic frequency distribution system which employs a
thermally controlled phiase compensator 1o stabilize phase var iations arising, fromn environiental tem-
perature changes occurring along the distribution cable. The distribution system utilizes bidirectional
dual- wavelength opstical transy nission to provide opstical feedback of induced phase variations of 100
M Hz signals propagating along the distribution cable. The phase compensation considered here dif-
fers from carlicer narrow- band phase compensation designs inthat it uses at hermally controlled fiber
dclay coil rather than a VCO or phase modulation to cor npensate for induced phase variati ons. T'wo
advantages of the wide bandsystemover earlier designsare (1) that it provides phase compensation
for al] transmitted frequencics, and (2) the compensation is applied after the optical interface rather
than clectronically alicad of it as in carliea designs, in thenext section, the design issues of passive and
active frequency distribution scliemes ar ¢ discussed. Following this, the design of a thermal stabilizer
and corresponding lincar transfer function describing the dynamics of a thermally cont rolled frequency
distribution system are presented. Finally, experimental results obtained from a thermally stabilized
3.8 kin distribution system are given.

I’A SSIVE VERSESACTIVIDISIGNS

‘1 'he preferred transmission medium {or distiibuting R} frequency standards at .11°1,’s Goldstone 1 deep
Space Network Antenna Complex is optical fiber cable. Fig. 1 (a) d cscribes a typical optical fiber
frequency distribution system installation. A 1 Jydrogeninaser located at a signal processing center
(SPC) is used Lo impress a highly stable 100 Mz RY reference signal onan optical carrier by intensity
modulation of a semiconductor laser, This signal is subscquently transmitted and distributed to  a
rernote antenna via a buried optical fiber. However, because of environmental temperature variations
the optical pathlength between the s1°Candantenna is unstable. ‘1 'his eflect is observed at the antenna
inthe form of ainduced, time varying disturbance phasc angle 011 the distributed R standard,

Jeor L1 ansinission systems employing superior oplical isolation at the laser transmitier output as well as
an adequate signalio noise! ratio, the frequency stability of the distributed standard is predominately
dependent upon the amplitude and time characteristics of the thermal disturbance oflects [1]. For
passive transmissiondistributiondesigns, thermal environmental effects can be reduced by burying the
optical fiber u nderground and employing fihers having small thernal coclflicients of delays. T'wo way
transmission tests (those that arc independent of the stability of the fi cquency reference) performed
by Calhoun [2] on ultrastable ficld installed distribution Jinks employing these methods have shown
1o be capable of achicving parts in 10'¢ stabilities for 1 000 sccond averag, ing; times.

Two way tests performed ondistribution systemns cimploying state of the art. fiber optic transmitters
and receivers under ideal, thermally stable laboratory conditions at. J1 ‘Lhave shown the capability of
achioving parts in 107 stebilitics over] 000 seconds. 4 1naintain these levels of stabilitics in a ficld
installation where the environment is thermally unstable and tranisimission distances may span several
tens of kilometers, distribution system designs employing active phase corapensation techmiques have
beenasubject Of 1 escarchanddevelopment. Trig. 1 (b) illustrates the principle of operation employed
by a distribution system utilizing active phasc stabilization. 1u this scheme, optical feedback is em-
ployed {o sense the thermal disturbance along the distribut ion cable thr oughthe usc of a backward
travelling optical carrier supporting the distributed RE standard at the antenna. ‘1 heresulting feed-
backsign al thendrives s]hecialstabiliner circuitry atthe SPC whichinturn adjusts the RI phase
al the transmission end to actively ¢ ompenisate for the disturbance anigle induced along the forward
di1 ection of distr ibution. Nar 1 ow- band stabilization schemes cinploying a VCO or phase modulation
to .p,(Clic.rate the necessary comnpensating phase angle have heendesipnedinthe past at 1111, by Lutes
[3], P’rimas [4], and others with varying amounts of success. In cach of these schemes, the compen-



sation was performed o011 the narrow- band RE distribution signal ahead of the optical interface. A
alternative wide banidschicine shallnow be presented which provides compensation for wide band R
signals and involves manipulating only the opt ical signal itself.

TIHERMAL STABILIZER DXSIGN

While the optical fiber used to transport the R¥ standard between the SPC and antenna has proven to
be sensilive to envirommental temperature changes (and thus susceptible to thermally induced phase
disturbances), one might consid er cinploying the thermalsensitivity of the fiber also to provide t he nee-
-essary cornpeunsation to nullify outside disturban ces. A stabilization systemn based upon this premise is
illustrated in Fig. 2. Showninsecries with the distribution cable is anadditionallength of {iber located
inside a therrnal electric cooler (TEC). 1 he purpose of this special section of thermally controlled fiber
is to cornpensate for length changes induced ill the distribution cable by heating (01’ coolin g) the siall
fiber coil so as to keep the optical patlilength hetween the $1 °C and antenna constant. ‘1 'he control

Sloop is manifested by providing a sccondary transimission link between the antenna and the SPPC. In
this casce the primary transmission system transmits the frequency reference thirough the ‘1'KC arid
distribution cable to the antenna receiver, while the sccor idary transmission system returns the dis-
torted antenna signal back to the refer ence end through the same optical fiber path.l'oisolate the
forward and backward transmissions, the p1imary and sccondary links arc supported by two diflerent
0] »tical wavelengtl IS and sign als generated by cach systernare 1 outedto appropriate receivers hy use
of wavelengtl division multiplexers (W1)IMs) at cacli end of the common trayismission path. ] *1iase
detection of the feed back 11 signalfrointhesccondary transimissionisystein ] JJmides ancrrorsigr | a)
uscedio drive the 3'1KC .

RIsignalflow t hrough the active distribution systemn is illustrated in1tig. 3. Ignoring phasc diflerences
arising from average 11 ansit delays, it is observed from this diagram that the phase of the RY signal
received at the antenna along the primary transmission path (pathh 1 ) is O - 0]@ -1 ¢ -1 ¢
The phase observed at the sccond receiver at the front end resulti Jig, fror 30 4 he feed back transmission
path (path 2) is Oy - Okey -1 d16 “1 P11 -1 P2c “1 ¢opy. Unider conditions where the compensation
and disturbance phasc angles are appr oxi matcly equal for tHie two wavelength carriers, a ¢} osed loop

transfer function describing the output phase angle of the active distribution system may be written
as

) Py,
Doyt = - 44 ¢ 1
T 2K (s) | reg @

where I(ppy is {1.¢ phase detector gainand 17 (s) describes the trans fer function Of thie thiermal phase
compcusator. Note that inthe active configuration, the effect of disturbance angle is reduced by a
factor 1|2 ppdl (s) over aricquivalent passive distribution systom,

A simple lincar model describing 11(s) may be construct ed by assu ming t hat the T1C cold plate
behaves as a leaky integrator (heat storage plus heat loss) and that the thermal intar face b etween the
cold plate and the fiber behaves as a simple first order th ermal Jag network.  'The fro] it en ¢l of the
1'1C consists of a current diiver which is controlled by an input yoltage. ‘1'hus the thermal phase
comipensator transfer fu netion (Volts into pliase out) may be modeled as

li(s) - - Kypeab )

(s 1 a)(s 4 b)




where I$g e is the 31O current driver gain, 170 is the cold plate temper ature time constant resulting
froma step cutrent input and /b is the time constant of the RI® phase induced by the T1C fiber
resulting frornastep ter 1¢1] >erature cold plate change.  T'his model is undoubtedly overly simple, but
it providesa stinting; point for the analysis to follow. Kmployinglig. (2)for 11 (S) intotheoverall
{ransfer function of 1iq. (1) for the active 1t cquency distribution syster n yields a sccond order system
having @n underdamped natw @ frequency described by

NIAY:
,?l': 2K pnIypeab ) ab - _((1 |4 2 22 K a1 (3)

(73
where K = 1 - 2) pp Ky is the disturbance phase compensation factor corresponding to the 1C
gain of Iq. (1). The natural frequency and phase compensation factors are parameters which may be
casily mecasured and employed to char acterize the systen i as will be seen in the next section.

,. 1T the disturbance phase anigles induced along the two transmission paths ave significantly different
Lrecause of d iflerential d is] ersion eflects 1hetween the two opticalcarriers; then the compensation will
be degraded. In this case ¢gp 3/ ¢1p and in liu o f any oth cr advantage, it cari be scen that it
i s only possible to compar isate for the average of the forward and backward induced disturbance
phascanigles. 1 lowever, the ideal compensation of liq. (1) may berecover cd if the dispersion eflect
1 el aves approximately lincar suc | that ¢hopy 2= ady 1) and 920 =2 agy for some const ant v over the
cornhensationternheratureranges. 3 he reciprocal lincar compensating oflect supposed hiere requires
t hat the thermalstabilizer employ the sarne fiber as utilized inthe distribution cable.

EXPERIMENTAL RESULTS

A Trequency distribution system incorporating therr nally controlled phase compensation was con-
st ructed and tested in thie test chambers of the Frequen cy St and ards Laboratory at 1’1, T 'he distri-
bution cable was 3.8 kins inlength and utilized an optical fiber having a thermal cocflicient of delay of
7 ppin/°C . The distribution cable was Jocatedin a temper ature controlled test char nber which could
be programmed Lo maintain a constant temperaturc or L hermally cycle 1°C sinusoidally over a 24 hour
period. The rest of the distribution system was located outside the test chamber. This included an
AT&'T 1300 n m laser andin-houscreceiver for the primary transmission pathand a I'ujitsu 155011111
Jaser and 1 3'11) receiver for the sccondary feedback path. T'he 13007 umlaser was installed with 55
(11 3 of opticalisolation, while the 1550 min laser possessed 35 dBisolation. 4 he frequency stability of
this system under conistant temperature conditions was estimatedto be1x 10-16 at 1000 s averaging
times. 9 hesupplicd R1Teference hiequency was 1 (00 M 11z, obtained frorn allydiogeninaser.

The thermal phase compensator consisted of 200 m of 7 ppin/°C Corn ing fiber wrapped in a 6 inch
loop pressed down 011 the cold plate of a 9 'KC. I b improve the thermal coupling between the cold
plate and the fiber, thermal paste was applied between the winds of the film® and the cold plate.
The thermal compensation unit was located in s ies with the 3.8 kin fiber to produce a total mean
optical path leng th b etween transmitters and recciver s of approximat ely 4k, The Jaser transmitters
and reccivers were interfaced to the 4 km cormnon {ransinission path through the use of two W1 Ms
manufactured by JDS. By disturbing the electrical drive to the T1C the underdamped regponse of
the distribution system could be observed. These experiments revealed natural oscillations Lhaving a
period of approximately 50s, Emplaying this 1 csult with a phase compensation factor of K= 40 (sce
later) inkq. (3)yiddsl/(oh) =2b33 7 which gives a micasure of the product of the internal time
conistants of the thermal stabilizer (1'19C and delay fiber coil).




Igs. 4 and 5, show the theoretical and experimental Allan deviation curves resulting from cycling the
3.8 ki distribution cable 1 *C. Time residual incasurements revealed a 115 PS oscillation co rresponding,
to a4.14° peak to peak diurnal phiase shift at 100 M1lz. ‘1 heresulting theoretical All an deviation
cquation for this diurnal variation is, from Greenhall [5), o(7) = 2Xo/7 sin?(n 1) where 2X0 @ 115
ps and i = 1 /86400 7. This expressionis plotted inlig. 4. The experimental curve of 1ig. 5. shiows
cvidence of the t}iermal disturbance starting about. 7 = 1000 s, where it emnerges from the baseline
phase noise characteristic, finally peaking near 7 = 43200 s.

Fig 6. shows the experimentally derived Allan deviation curve arising from the therally cycling 3.8
ki n distribution system after the 200 m stabilizing {iber coil was activated. 1’cakiopeak 11 ph ase
variations at the distribution systein ©Uthut were observed to be ().1 040 which correspondtoa 40 fold

reduction over the uncompensated case. This compensation factor may also be inferred by comparing
Iigs. 5 and 6, although there are no d ata points at the theoretical peak at 7 = 43200 s in I'ig . G
whicre this observation should be made directly. Note that the st ability of the system for 7 :1000 s
is 1 part in 101%, Comparing these same curves for small 7s also reveals that the stabilizer added 110
amou nt of significant phasc noise beyond that produced by the uncompensated systein.

As thedistribution cable was cycled 1°C, the ‘1 150 was observedto vary just under 20°C which is
consistent with the 19 to onc ratio of optical fiber Iengthis employed in the distribution cable and
thermalstabilizer. However for experiments lasting, 24 hours or more, the temperature characteristic
of the thermal stabilizer was observed Lo drift upward in temperature and resulted insomewhat higher
values of Allandeviation. We believe that this thermal drift could be corrected with sorne additional
work. ‘3 he present data shownin Iig. 6 is a record of the hest datath at was observed.

CONCLUSIONS

A 3.8 kinaclive fiber optic frequency distribution system employing tliclil-Jail-y controlled phase comn-
pensation has been built and tested. The prototype system demonstrated a 40 to one improvement in
frequency stability over anecquivalent uncompensated frequency distribution syst ean when subjected
to a diurnal thermal disturbance. One advantage of this design over earlicr compensation schemes is
that it provides compensation over a wide band of transinitted RI¥ frequencies since the compensation
afforded 1)y this system purposes 1o 1 nainitainia ¢ onistant optical path lenigth between t he frequen cy
reference and th e distribution point. Also the compensation is applied after the optical interface rather
than in the clectronics (before the optical interface), as provided by earlier narrow- band stabilization
schemes,  Aniother advantage of the thermal phase co mipensator is its simple and low cost design,
cmploying only a coil of fiber in a TIC. 9 he thermal stabilizer also possesses very lit tle intrinsic
phase noise of its own. Unfortunately, the comnpensation provided by the thermal stabilizer design
is relatively slow,and thus disturbances varying less th an several tens of secorids cannot be prop-
erly ([111)(H sated. Tlowever, for most applications in t he 1 Yeep Space Network, the largest source of
frequency distribution inst abilitics arise from diurnal enviv onmental temperature variations, In this
casc, the thermal controlled stabilizer 1)rm’ides asimple, low noise, and low cost mechanisim for actively
mainta ininig ultrastable frequency reference distribution in thermally unstable enviromments.
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Figure 1. Fiber optic frequency distribution systems.
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Jigure 2. Block diagram of a fiber optic frequency distribution system employing thermally
controlled phase compensation.
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Figure 3. Signal flow diagram of thermally stabilized fiber optic frequency distribution system,
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Figure 4. Theoretical Allan deviation curve arising from a diurnal phase variation having a peak
to peak time residual of 115 ps (4.14° at 100 MHz).
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Figure 5. Experimental Allan deviation curve arising from a 3.8 km, 100 MHz, passive
frequency distribution system cycling 1 °C over a 24 hour period.

tauv,s

167 3B ey ) ) e
]
10714} l'n S SRR U BT
)
"
: "
‘g; ] 8‘1 5 B . ..um [P - L -
" . L M
l"n
1€} ' [
., - RTINS STNTRTIPIIAIESSr SR ST RRY RTINS B TITIR e 3 P Y PO PO PR ....3 --------------
10 . 9; 4 16 7 9?1
4G gn el g
ee 10 4 +
1 B' 1?7 -—l OO U SR DN JOOOF SO L 30 5 S3-SURICHG SRR L 08 ¢ U 15 4 SOV UG JUOE S0 U8 S5 JE 35 DUOO JHIL JUNOE-W0C LIV 3 9L F O IUE OO SO N B R K | [T S0 39 X334 ’
1071 16° 10l 102 103 104 10% 106

Figure 6. Experimental Allan deviation curve arising from a 3.8 km, 100 MHz actively
compensating frequency distribution system consisting of a3.8 km distribution cable
(cycling 1 °C over 2.4 hours) stabilized by a 200 m coil under thermal electric control.



