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We describe a type of phase and frequency detector employing both an analog phase detector and
a digital phase and frequency detector. The analog and digital detectors are mutually exclusive so
that only one of them is active at any given time, resulting in a phase detector with both the broad
capture range of digital circuits and the high speed and low noise of analog mixers. The detector has
been used for phase locking the diode lasers generating the sequence of Raman pulses in an atom
interferometer. The rms phase error of the phase lock is about 100 mrad5i Hz—10 MHz
bandwidth. The limit set on the interferometer phase resolution by the residual phase noise is 1.1
mrad. Since the digital circuitry is implemented with a programmable logic device the detector can
be easily adapted to other experiments requiring frequency/phase stabilization of lasers sources.

© 2005 American Institute of PhysicdDOI: 10.1063/1.1914785

I. INTRODUCTION The best performances in terms of robustness and reli-

Phase locking of diode lasers is a well established techability are generally obtained with digital phase and fre-
nique both in frequency metrolo§§ and in cold atoms duency detectortDPFDS because of their broad frequency
manipulation:’f capture range. An occasional electrical or mechanical distur-

In the specific field of cold atom interferomefhy tech-  bance abruptly driving away the lasers beat note from the
nique finding increasing applications both in high precisionlocking point will be recovered even by a feedback loop with
measurements of fundamental constafitand construction relatively small loop bandwidth.
of high sensitivity inertial sensofs'® a couple of phase— The capture range of the DPFD is limited only by the
locked diode lasers almost resonant with b2 line are maximum toggle frequency; of its flip flops: single inte-
often used to induce Raman transitions between the two hygrated circuits implementing a DPFD are available wijtap
perfine levels of the ground state of alkali atoms. The interto 200 MHz (i.e., Analog Devices AD9901™ It is also not
ferometric sequence is a combinationof2 and= Raman difficult to implement a broad phase range DPFD using stan-
pulses that split and recombine the atomic wave packets. dard transistor-transistor logid@ TL) components withf; up

This application is particularly demanding since it re-to about 100 MHZ?
quires not only a robust optical phase-locked-lg@PLL), A DPFD is intrinsically noisier than a standard rf mixer
permitting continuous operation over long periods of time,used as an analog phase dete¢®PD) because the com-
but also the lowest possible rms phase ea/%, which is  parator converting the beat note to digital levels tends to
one of the factors limiting interferometer sensitivity. have more jitter and to require a higher signal to n¢N)
ratio since it is more sensitive to amplitude-to-phase noise
dpresent address: Physikalisches Institut, Universitat Stuttgart, 705580nve.r3|0n'. . . .

Stuttgart, Germany It is difficult to quantify pr.ecu;ely the noise level of_a
YAlso at INFN, Sezione di Firenze, 50019 Sesto Fiorentfio, ltaly, elec- ~ DPFD, due to the strong nonlinear dependence on the input
tronic mail: mrp@fci.unibo.it (S/N) ratio. An APD, apart from some I/excess noise at
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low frequency, often has a noise density limited by the shot L
noise of the current flowing into the diodes, translating to az
phase noise spectral density routinely belowrad/\Hz.
The typical propagation delay of fast comparators and digital
electronics in a DPFD is a few ns, while the turn on time of
the Schottky diodes in an APD can easily reach a few Lo 1w 1
-20 0 20
hundred ps. (a) Phasc Diffcrence (rad)
The capture range of the APD, however, is on the order :
of the loop bandwidthf, which is typically 3—5 MHz, lim- 4
ited by the loop delay time and the phase lag in the diodeg 2
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from the locking point by more thaf) the APD error signal
is averaged to zero by the feedback loop.
Very low {¢?) OPLLs are thus generally built around an
APD,*® possibly adding in parallel a DPFD at much lower
. 14,15 : :
gain. In this type of combined APD+DPFD systems the i, 1. Transfer functions for four different kinds of phase and frequency
effect of the DPFD is negligible when the APD keeps thedetectors.(a) Ideal PFD with a dynamic range of #6and a saturation
OPLL in lock but it can bring the beat note back within the output ofVi,=+3 arbitrary units.(b) Same aga) but with a dead zone of
. . . +7r/2 centered around O phase different®. Ideal APD+DPFD transfer
APD capture range in case of occasional disturbances. Th nction, assuming an APD/DFPD gain ratio of(8) Approximation of(c)

often implies a loss of the phase memory due to the limiteQasily implemented with standard logic building blocks. Each step within
phase detection rang@isually <4) of most single chip the dynamic PFD range is2wide.

DPFD. (for example +6r in Fig. 1) the output voltage i8/yoc Aep.

_ _In this article, attempting to take the best of _bot_h theOutside the dynamic range the detector saturated/qo
digital and the analog worlds, we present a modification of:ivm indicating the sign of the frequency difference of the

the APD+DPFD system where, depending on the magnitudg, ., ;ts Note that a PFD has a monotonic transfer function.
of the phase errah, only one of the two detectors is active g4 jn an OPLL it is not possible to stabilize the slave laser

at any given time. At smallA¢| only the APD generates the gy otk at higher and lower frequency with respect to the
detector output, while the DPFD detects the occurrence aster lasefML ), as when employing an APD.

cycle slips in the APD. In this mode of operation any jitter in If the previous transfer function can be modified as in

the DPFD is irrelevant. The occasional cycle slip increase ig. 1b) by adding a “dead zone" of widthr centered

|A¢| above threshold so the APD is immediately disabledaroundA<p:O, the outpul/p of the PFD can be combined, in

and the DPFD generates the phase/frequency error signal Ufke dead zone, with the error signd), of a standard APD

til reentering the smallA¢| region. If_|A<,g| remains within -\ oo the input phases have been arranged so \fat
the dynamic range of the DPFD, switching between the two, sin(A), obtaining a total outpuy=V, if |A¢| < /2 and
modes does not cause a loss of phase memory in the DPFD.

) o . =Vp otherwise, as shown in Fig(d.
0 D
With respect to a traditional APD+DPFD, this detector Even if the PFD is implemented with a noisy digital

has the advantages of being insensitive to digital noise angircuit, its output is null wherA¢| < 7/2 and only the APD
having much better chances of quickly recovering from cycleg ¢oniributing tov,. Nevertheless, the PFD can still detect
slips without losing phase count. It can then be useful nOEycIe slips in the APD and suppress its output whenever
only for reliable, low noise OPLLs but also for locking to, or P‘P|>W/2' If the phase jump is within the PFD dynamic

counting, beat notes when either the limited available contro ange and the servo loop has enough bandwidth, recovering
bandwidth or the poor S/N ratio would make an OPLL that iS¢ the|A¢| < /2 region can take place without loss of phase
based only on an APD too unstable. For example, a couple %emory ie. saturation of the DPED.

spectroscopic applications involving the phase locking of a Two auxiliary output signals can also be generated eas-

diode las§{7t0 an optical comb generator have already beﬁ@/: the first one can be used to read if the PFD is in the dead
reported.” L , , zone or not, i.e., if the APD is in lock. The second one is a
The article is organized as follows: in Secs. I-IV We g gignaling if a saturation of the PFD, i.e., a loss of phase
present the principle of operation of the APD+DPFD andyemory has ever occurred since the last flag reset. They can
discuss some practical implementations. A detailed descnp(-)oth be used to validate data not only for our specific appli-

tion of the circuit developed for our_spec_ific application andcation but, for example in a frequency chain where a beat
of the complete OPLL setup are given in Secs. V and Vg6 has to be counted for a given time, while making sure

respectively. Finally in Sec. VIl we present the experimentalthat all the OPLLs have been in lock during the measure-
results and discuss the performances of our system. ment. A more rigid phase policy, namely set a flag if an APD
cycle slip has ever been detected since the last flag reset, is

II. PRINCIPLE OF OPERATION also easily enforced.

The transfer function of an ideal phase and frequenc;}“' DPFD BLOCK DIAGRAM

detector(PFD) is shown in Fig. 1a). For a phase difference A DPFD can approximate the ideal PFD using a digital
A between the two inputs within a given dynamic rangephase countéf The two DPFD inputs which, according to
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local oscillator(LO), are converted to digital levels by fast UP COUNTER UPPER COMP. ZERO COMP. | APD ENABLE
comparators. The counter, initially preset at midscale, will be l
incremented at the rising edges of the rf and decremented : Lo

the standard jargon, will be named radio frequeftry and 1
RE

the rising edges of LO. If the output of the counter drives a ADDER ATt pac _ [prmorT
digital to analog converteiDAC), after a low pass filter, the f
. . . . LO
output signal is proportional to the phase difference betweeCD DOWN COUNTER LOWER COMP. =—
rf and LO. The dynamic range is set by the number of bits in‘ i

the counter and DAC. Overflow or underflow in the counter
are prevented by blocking, with some extra logic, the rf inputFIG. 2. Simplified block diagram of the DPFD. RF and LO have already
when in the “all ones” state and the LO when in the “all been converted to digital signals. The optional cycle slip detection logic has
een omitted.

zeros” state. Note that this DPFD has zero output when r? I
and LO are in phase while the standard APD requires rf and
LO out of phase by #/2 for zero output. . .

A practical implementation builds the phase counter us-better to choose for_the _bmary numbe_r 100'. 00.1’ instead
. of 100 ... 000, to minimize commutation noise in the DAC
ing two standard up/down counters and an ad@gg counts - . .
up the rf input whileC_o, counts down the LO input. The by avoiding 011..111+ 100...000 transitions. This can be

sum of the outputs o€z and C, o generated by the adder done by.forcmg a re:‘set cond|E|on Whe@ is preset toz
behaves exactly as required even when the counters ovea}-n dCo is presgt to “all zeros. . N
flow. The block diagram of the DPFD is shown in Fig. 2.
In a real system, the different commutation times of the
flip flops in the counters and the carry propagation delay in
the adder should also be taken into account. Since they do
not have a fixed phase relation when out of lock, it is impos-lvl APD-DPED INTERFACES
sible to decide when to sample, i.e., store in a latch, the adder
output, in order to read a stable value. On the other hand, Adding an APD to the DPFD requires only a copy of the
sampling is desirable because it can be used to create a deg@ signal (LO,) out of phase byr/2 with respect to the
zone and because it helps in reducing glitches. digital LO (LOp) and a digitally controlled switch to enable
A reasonable choice is to sample the adder output at thghe APD output whem ¢ falls within the DPFD dead zone.
falling edge of LO. When in lock, rf will be in phase with The most straightforward design generates,ladd LO,
LO and so sampling will be halfway between two consecu-from LO using a 90° power splitter, distributes the rf signal
tive transitions of both counters, ensuring that propagatiometween the APD and DPFD with a 0° power splitter and
effects in the DPFD will not produce reading errors. enables the APD output with a digitally controlled rf switch
This sampling procedure corresponds to rounding theas shown in Fig. @&). In this way, the APD does not suffer
phase difference to an integer number of cycles so that thiegom any jitter induced by the comparators generating the
output of the DPFD has a staircase shape where each stepdgital versions of rf and LO.
27 wide. By inverting the LO signal, in order to shift the Since rf components tend to be more expensive than
staircase byr and properly adjusting the LO phase to the digital logic and the LO signal has very high S/N, it can be
APD, the total transfer function of this DPFD plus APD has considered replacing the 90° splitter and the rf switch with
the shape shown in Fig.(d). The two differences with the digital circuitry as in Fig. 8): both LO, and LG, are digital
desired shape of Fig.(d), namely a staircase shape insteadsignals and the phase shifting can be accomplished either by
of a single dead zone and a width ofr2nstead of#, with using a delay line or by starting from a LO at twice the rf
the addition of the two unstable points A=+, do not frequency. Driving the APD with a digital signal from the
significantly change the APD+DPFD operation. DPFD (via a buffer or an attenuatpreplaces the rf switch.
The saturation logic uses two binary number comparaThe APD output is controlled by gating the LOan accept-
tors to check the latch output against an upper and lower able solution since high isolation is not required.
threshold(t, andt,, respectively, blocking Cgg if n=t, or By pushing simplification even furthéFig. 3(c)], the rf
C.o if n=<t. The output of the two comparators can alsoinput to the APD can also be derived from a comparator. At
signal upper and lower saturation and set the saturation flaghe risk of some extra phase noise, the 0° phase shifter can
It is not safe to maximize the DPFD dynamic range by let-also be eliminated. Driving both APD inputs with digital
ting t,=" all ones’ andt,=" all zero$ since occasional roll- signals also nicely implements an automatic gain control: the
overs can still take place when the rf and LO frequencies ardPD output voltage no longer depends on the rf amplitude
very different. (but below a certain amplitude threshold phase noise in-
A third comparator signalling the=z condition(where  creases rapid)y It is even possible to avoid any analog cir-
z is the binary code corresponding to zero DAC outpst cuitry at all, since the analog mixer can be replaced by its
required to enable the APD output and can be used to detedigital version, an exclusive ¢XOR) gate. This last PFD is
cycle slips. completely digital but can still be divided in a short propa-
Since, when in lock, the adder will oscillate between gation delay phase detect¢the XOR gat¢ and a broad
=z andn=z+1 (or n=z-1) if rf leads (or lag9 LO, it is range PFD(the phase counter
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LO, cuits (ICs) in 4 bit blocks so it is straightforward to imple-
APD ment a DPFD with a dynamic range on the order of #12
! (letting t,=14, t,=1) with a f, of at least 100 MHz. The
8) APD modest complexity of the circuit however makes it possible
’] ENABLE to fit all the digital components of the DPFD in a single
Q complex programmable logic devi¢EPLD). A CPLD offers
LO b ps.o00 ] ps.00 | RF some distinct advantages with respect to a more traditional
APD OUT implementation. It is much more versatile since it can be
easily reprogrammed to fix errors in the development phase
and adapted to slightly different designs latehanging the
number of bits in the DPFD, implementing a DPFD without
Kl}v DPFD Q’Qﬂ_ a dead zone as in Fig(d), adding prescalers on the inputs
v etc]. The total APD+DPFD system is also less prone to
DPFD OUT noise since all the fast switching digital circuitry is concen-
(@ trated in a single chip. The speed of DPFD built with a
LO, standard CPLD can reach=200 MHz. In a low density
APD = CPLD (Altera EPM7064 an 8 bit DPFD with a dynamic
\5 range of £224r has been implemented. The CPLD program
APD OUT has been written iNERILOG and makes heavy use of a series
of Altera specific predefined macros for counters, adders,
comparators, and latches, allowing an exact correspondence
RE between the code and the block diagram in Fig. 2.
+90° APD PS.0° e The DPFD output is converted to a bipolar voltage of

ENABLL +2.5V, giving an average slope of 3.55 mV/rad, by a stan-
dard 8 bits current output DACAnalog Device DACO8and
an operational amplifier converting current to voltage. A

LO,
%b—% DPFD <’—@<‘~ trimmer is provided to adjust the output voltage offset.
I We have implemented the APD+DPFD interface in the
DPED OUT simplified form of Fig. 3c). The low(¢?) obtained has jus-
(b) tified this choice. Both the rf and LO signals are converted to
TTL logic levels by a couple of fast comparatofisinear
LO, o e Technology LT101Bdriving, a 500 MHz APD(MiniCircuits
RPD—1) providing a nominal output of 1 V/rad. The sig-
nals at the APD inputs have been adapted at +7 dBm with a
APD OUT resistive network. The main reason for using a real APD
instead of a XOR gate is the lower propagation time, reduc-
ing the total loop delay.
. The 90° phase shifter is a chain of eight noninverting
+%0 NaBLE buffers cascaded to form a delay line implemented around a
TTL octal three—state buffdiSN74245. Each buffer adds a
delay of about 2 ns. The proper output is selected with a
LO LOp RE jumper. The three—state control of the buffer switches the
% DPED = < LO, signal[replacing the AND gate in Fig.(8)]. A better
solution would be a proper multitap delay line wia 1 or 2
DPFD QUT ns delay per tap. In principle, it would also be possible to
(c) include the delay line into the CPLD. However, this is ex-

FIG. 3. Different possible APD-DPFD interfaces) Both the rf and LO p|ICIt|y not reCOTmended by the manUfaCturer'_A frequency
signals reaching the APD are analog. It requires two power splitters at 9ofdependent 90° phase shift generated by starting from a LO
(power splitter(P.S) 90° and 0°(P.S. 09 degrees and a digitally controlled at twice the frequency and two flip flops commuting on op-
rf switch. (b) The LO signal is digital while rf is still analog. The 90° power posite wave fronts is probab|y, however, the best solution if a

splitter is replaced by a digital 90° phase shifter while the APD output is_, : : : ; ;
gated by blocking the LQsignal with an AND gate(c) Same ash) but rf suitable high frequency source for the LO is available. This

is also a digital signal. No power splitters are required and the APD outpul@St point is not totally triViaI:_ in many interferom(_aters, a
is largely independent from rf amplitude. It can generate more phase noisfrequency tunable, phase continuous, OPLL is required, forc-

than (a) and (b). ing the use of a direct—digital—synthegi®DS) oscillator
as the LO source. Most of the DDSs with potentially low
V. ACTUAL IMPLEMENTATION phase noisdi.e., after using a high quality master clgck

have a maximum output frequency of 15-30 MHz, already
All the DPFD componentgcounters, adder, compara- below the optimum valué&oughlyf,/2) maximizing the cap-
tors, and latchare available as standard TTL indegrated cir-ture range.
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Control signals are limited to upper and lower saturationthe parabolic flight of the atomic cloud. To characterize the
detectors connected to light emitting diodes on the frontOPLL, however, the DDS has been operated at a fixed fre-
panel. Two switches can separately enable the APD and thguency of 40 MHz.

DPFD, allowing APD only, DPFD only, or APD+DPFD The DPFD and APD outputs drive a three—paths feed-

operation. back loop acting on the SL injection current, both directly at
the laser mountfast current pathand via the current driver
(slow current paty and on the SL external cavity length, via
a low voltage piezo stackpiezo transducefPZT) path.

VI. EXPERIMENTAL SETUP The fast current path is directly derived from the APD.

A detailed description of our interferometer has alreadyThe IF output enter a 6 dBgain stage(also lowering the
been published elsewheté® Therefore we will briefly sum- APD output impedangefollowed by a gain setting resistive
marize here only the setup involving the generation of thevoltage divider with an output impedance close to(50A
threew/2-m-m/2 Raman pulses forming the interferomet- standard RG-58 coaxial cable connects the fast output to the
ric sequence. laser diode through a passive network formed by an imped-

As ML and SL we have used different laser diodesance matching 50) resistor to ground and a X(kin parallel
(Sanyo, Sharp, and Sachewith similar results. The mea- with a small capacitor in the 220-680 pF range. The resistor
surements presented in Sec. VII however have all been olof the passive filter acts as a 1 mA/V voltage-to-current con-
tained with a Sanyo ML and a Sharp SL. verter, while the capacitor provides an essential phase lead

The laser diodes have been assembled in extended cawtarting from 300 kHz to 1.2 MHz that compensates a pole
ties with lengths of 1.5 and 3 cm, terminated by agenerally present in the frequency modulation response of
1800 lines/mm grating, mounted in Littrow configuration diode lasers. A largél uF or s dc blocking capacitor can
with a mechanical design similar to that described in Ref. 195|s0 be included. A servo bandwidth of at least 3 MHz or
Injection current and temperature stabilization are provideghetter is usually possible, but care should be taken to mini-
by homemade electronics. When running at 80-90 mA, thenize the length of optical and electrical paths from the laser
typical optical power after the extended cavity is 25 mW.tg the photodiode, the APD and back, since the loop delay
After a pair of anamorphic prisms, a 30 dB optical isolator .an produce a significant phase shift. The total delay should
and a half—wave plate, the ML and SL beams are combineg kept below 28 ns for a phase shift of less than 30° at 3

on a polarizing beam splitte(PBS. The two half-wave 4, Every 30 cm of free space or 20 cm of RG-58 cable
plates are used to balance the ML and SL intensities on both, add 1 ns. The propagation delay of the comparator
PBS outputs; the first output carries a total power of less thaghould also be taken into account

1 mW and, after a 45° polarizer, is sent to a fast photodiode The slow current path acts on the modulation input of

(New-Focus 1002with a responsivity of 0.1 mA/mW for the current source. Our drivers include a modulation circuit

generating the ML—SL beat note. The second PBS OUPUmilar to that described in Ref. 20, with a bandwidth ex-
injects a tapered amplifier whose transverse profile is cleane

by a cylindrical lens and a fiber. A hot Rb cell provides ceeding 1 MHz and a gain of 190A/V. The APD output is

filtering in the frequency domain. The Raman beams ﬁna”)processed by a passive lag-lead network with the pole around

reach an acousto-optic modulat@xOM). The AOM trans- é%:;gz art1d ferghatthSOO KHz anq IS tth en cgmblr:etd mth the
mission is controlled by an arbitrary function generator, pro- td ou puA Wi i € [:l)rppertgaln rall;) an Ze? Od. etctl;]r-
ducing the pulse sequence. rent driver. An optional inverter can be used to adjust the

The width of #/2 pulses is about=50 us, while the sign of the feedback. The slow current loop serves both for
total duration of themr/2—-m—/2 interferometric sequence € Purpose of safelifor the SL) increasing the gain of the
is typically 2T=200 ms. f'inalog loop |r'1'the frequency region where the interferometer

The beat note at about 6.8 GHz detected by the photdS More sensitive to phase noiegee below and for that of
diode is amplified27 dB) by a low noise figurgbelow 2 pushing the bandwidth of the digital loop up to few tens of
dB) 4-8 GHz amplifier(JCA 48-30). A first downconver- kHz.
sion stage is formed by a mixer with conversion losses of 5.5  The PZT path sums both the APD and DPFD and in-
dB (MITEQ M0408 and a fixed frequency low phase noise cludes a proportional-integral amplifier, an optional inverter,
local oscillator(Anritsu MG3692A at about 6.874 GHz. The and an output offset stage for manually tuning the SL oper-
mixer intermediate frequendyF) output is further amplified ating frequency. The crossing between proportional and inte-
(27 dB) by a 500 MHz amplifier(MiniCircuits ZFL—500  gral part is around 200 Hz and the unity gain frequefigy
LN) and finally sent to a —10 dB directional coupler. Theis 1 kHz for the APD, a bit less for the DPFD, and is limited
10% output is used for analysis and moniteesidual phase by the PZT frequency response. The frequency tuning coef-
noise measurements or observation with a spectrum andicient at the PZT input is on the order of 1 GHz/V. The
lyzer) while the 90% output is sent to the rf input of the extra integrator ensures that at low frequency the PZT path
APD+DPFD detector. The LO input is provided by a 80 will have higher gain than the current ones. The crossover is
MHz DDS (Agilent 332507 phase locked to the 10 MHz around 1 Hz.
Anritsu time base. During the interferometric sequence the The complete DPFD and APD circuitry plus the loop
DDS must execute phase-continuous linear frequency ramgdter has been assembled on a standard Euro Card size
to compensate for the gravity-induced Doppler shift, due ta160x 100 mn?) double layer printed circuit board.
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0 T T T T T T TABLE |. Contributions to the mean square phase noise afgleof the
10 L N OPLL and to the square of phase resolution of the interferomb{%PLL
L | [see Eq(3)] from the four noise zones &,.
g 20— —
S 30l ] S, zone (¢?(racf) ADZ,, (rack)
E 40 N [ 1x10°8 9x10°8
g r 1 I 20X 10°® 46X 1078
< -sor 7 I 6.7x10°5 23x10°8
-60 — — \Y 1.1x1072 34x10°8
70 . I \ I ) I ) i Total 1.1x1072 112x 1078
-10 -5 0 5 10

Frequency Offset (MHz)

FIG. 4. Closed loop beat note signal at 40 MHz. The servo bumps at 80¢,gjse zones 054} as zone 1,11, and IlI, respectively, while the
kHz and 3 MHz due to the slow and fast current loop are clearly visible. The . .
resolution bandwidth is 10 kHz. The plot is the average of 100 scans. servol\b/umps region, above 200 kHz, will be referred to as
zone V.

By integratingS, we obtain/(¢? =100 mrad in the 5
Hz—10 MHz bandwidth. The contribution t@? from each
one of the fourS, noise zones is reported in Table I.

A typical spectrum of the 40 MHz closed loop beat note  An atom interferometer measures the transition probabil-
is shown in Fig. 4. A numerical integration shows that theity p between two atomic states, expressed as
fraction of power in the carrier amounts to 0.985. 1

The closed loop square modulus of the single-sided P=2(1+Ccos®) 2

phase noise spectral densi; has been recorded by de- hereC is the contrast of the atomic fringes addlis the
modulating the 40 MHz beat note at the directional couplefg|ative phase accumulated along the two interfering paths.
output. The sensitivityAp depends then on the S/N ratio of the de-
In order to reject the DDS contribution to the phasetection AC and the phase resolutioh®. To evaluate the
noise, an analog mixer compares the beat Mb@ inpu  impact ofS, on Ad the procedure outlined in Ref. 22 can be
directly to a 90° out of phase copy of the DDS sigidl  followed. As a result, the contributiond?,,,, of the OPLL
input). The Fourier transform of the IF output, scaled to phase noise tad? is given by a weighted value of the,

VII. RESULTS

rac?/Hz, is shown in Fig. 5. integral
In the frequency range from 5 Hz to 200 kigz can be .
approximated b
pprox Y ADgp, = j s,(NIH(H[df, (3)
a,Jf if 5 Hz < f <200 Hz, °
S,=1B, if200 Hz< f <20 kHz, (1) where H(f) is the Fourier transform of the interferometer

y¢f2 if 20 kHz < f < 200 KHz, sensitivity functionh(t), given by

, woCOSwy(t+T)] for —T<t<-T+7,
with ,=3x 107 rac?, B,=1x 10" ra/Hz, and y,=2.5 I

% 10_25"ra0Q/HZ3. h(t) = woCowo(t—T)] for T-7<t<T, @)
Above 200 kHz, the servo bumps of the slow and fast —wgcodwt)  for —r<t<r,

current loops, at 800 kHz and 3 MHz respectively, are clearly 0 otherwise,

visible.

where ZI' and 7 are defined as in Sec. VI, whiley,=2=f,

. . . 2
In the following we will refer to the 1f, white, andf = /(27). Therefore, one gets

16fg
10-7 I||| T ||||III| TT IIIIIII T IIIIIII| T IIIIIIII T IIIIIII| T TTTITH |H(f)|2: 2 02 2Sir]2(7TfT)[Sir{7Tf(T_ 27-)]
3 (f - fo)
. I I V)] f 5
10 + —cos(wa)} . (5)
§ 10° - fo
2 As intuitively expected, both low frequency noise,fat f;
e 10" = =1/(«#T) and high frequency noise, dt>fy,=1/(47) are
y N heavily attenuated bjH(f)|2. Note that the apparent second
10 order pole aff =f; is not real since it is compensated for by
" a corresponding zero by the term in square brackets. For an
U0 1 100 100 1 100 10 evaluation ofAd2,, , approximate expressions for EG)
Frequency (Hz) can be easily obtained. Again, the contributionsA®?2,,

: . . . from the fourS, noise zones are listed in Table I. The zone |
FIG. 5. Square modulus of the single-sided phase noise spectral dgpsity ¢ . .
from 5 Hz to 10 MHz of the OPLL. The spectrum is divided in four different Value hfis been OV_er_eS“mated by extending the low fre-
regions according to the power laws that they follow. quency integration limit to zero.
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