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Elimination of clock jitter noise in spaceborne laser interferometers
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Space gravitational wave detectors employing laser interferometry between free-flying spacecraft differ in
many ways from their laboratory counterparts. Among these differences is the fact that, in space, the end
masses will be moving relative to each other. This creates a problem by inducing a Doppler shift between the
incoming and outgoing frequencies. The resulting beat frequency is so high that its phase cannot be read to
sufficient accuracy when referenced to state-of-the-art space-qualified clocks. This is the problem that is
addressed in this paper. We introduce a set of time-domain algorithms in which the effects of clock jitter are
exactly canceled. The method employs the two-color laser approach that has been previously proposed, but
avoids the singularities that arise in the previous frequency-domain algorithms. In addition, several practical
aspects of the laser and clock noise cancellation schemes are addressed.
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I. BACKGROUND waveform observed for the phase change reveals information

about the astronomical source that created the wave—thus

providing gravitational astronomy observations of the accel-
During the last ten years, work has been going on to degrated massive bodies that emit gravitational waves.

fine and design a spaceborne laser interferometer for the pur- The gifficulty in gravitational wave detection is the small-

poses of the detection of low-frequency (fHz—1Hz)  egq of the phase change expected from the reasonable as-

gravitational waveq1-3|. These interferometers work by tronomical sources one might expect to see. In one mission

passing laser signals between widely separated spacecr Bncept, the laser interferometer space antghifdA), the

rgading out the relgtive phases of the Signal.s’ and COmbinml%ngths of the arms are>510° m. Despite this long baseline
S|g.nals between different qucepraft to ehmmate laser pha Re amplitudes of the expected sources are so small that a
noise and enhance the gravitational wave signal. A typica 712 of 2 1-um

L

design concept is shown in Fig. 1. Three spacedi@f€) sensitivity” of 10 pm Hz ™, or 10 ucycle H .
move on trajectories that keep them at the vertices of ai/@velength laser, has been set as a requirement for the de-
equilateral triangle, and signals are passed in both directiorf&ctor- Unfortunately,_ the most stable lasers that can be built
along each of the three long arms thus formed. The passadi@ve phase fluctuations many orders of magnitude larger
of a gravitational wave through the system will create smalthan this. In ground-based gravitational wave detectors,
changes in the curvature of space through which the lase¥here the phase requirements are more stringent still, the
signals are passing, thereby advancing or retarding theroblem of laser phase fluctuations has been solved by cre-
phases of the laser signals. The amplitude of the phase sh#ting an equal-arm interferometer. In this type of instrument,
produced is proportional to the amplitude of the gravitational single laser signal goes down two arms, bounces off the
wave, proportional to the distance between the spacecrafgnd masses, and is recombined by allowing the returning
and dependent on the orientation of the arm relative to thasignals to interfere with each other. By maintaining the arm-
direction of propagation of the wave. The detection of thelengths strictly equal, the laser phase noise cancels when the
phase differences between the signals in the arms constitutesturned signals are combined. To see how this happens, we
the detection of the gravitational wave, and the detailectonsider two arms radiating from S/C 1 in Fig. 1. Let the
phase of the laser in S/C 1 h#,(t) and the gravitational
——————————— - wave signal in the arm of the detector between S/C 1 and
- ~ S/C 2 behy,(t). Then the signal received at S/C 1, assuming
that the signal is sent from 1, transponded with no change of
phase at S/C 2, and then beat again against the laser in 1, is

A. Introduction

LIt has long been the practice of the gravitational wave community

L Ly / to characterize noise or sensitivity in terms of the “root spectral
‘\ 13 / density.” The relation between the variance and the spectral density
AN, of a time series is given by(n?)= [, S,(f) df, whereAf is the
ya1(t) = signal from S/C 2 bandwidth ands, is the spectral density with units units)? Hz™ .
received at S/C 1 The root spectral density is simply'S,(f) and has units(n

units Hz¥2. Over a bandwidth where the spectrum is flat, the re-
FIG. 1. Geometry and notation for the constellation of threelationship between the rms amplitude ofand the root spectral

spacecraft. density ofn is nyme= S, (f ) VAT.
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Yor(1) = by (t—2L10) — by(t) +hoo(t) +10y(t), (1)  integer? so the gravitational wave detector will be relatively
insensitive near these frequencies. In addition, this method

wheren,(t) is the total nonlaser phase noise in S/C 1 Wher{equires a Fourier transform, with all its sensitivity to biases
tracking S/C 2 and where the light travel time in the arm iSand aliasing, before the laser phase correction can be imple-

L,,. The signal received from S/C 3 is written by letting 2 mented. Fortunately, a new method has recently been discov-

—3 in Eqg.(1). When the signals received at S/C 1 from theered that works entirely in the time doméfia] and avoids

spacecraft at the ends of the two arms are subtracted tﬁgese difficulties. This f.“etho‘?' consists (_)f combining the sig-
resulting interferometer signal is " “nals from each arm with a time offset in such a way as to

undo the inherent time offsets at the light times. (2 in Eq.
(2). The combination is namex(t) and is given by
Z;(t)=Y21(t) = y32(t) = p1(t—2L 15 — p1(t—2L13)

+ hyo(t) —hyg(t) + npy(t) — Ngy(t). 2) X(t) =Y21(t—=2L13) = Ya1(t—2L 1) = Y21(t) +y31(1). (6)

If the two arms are exactly the same length /=L 1), the A little algebra will show that the combination of signals in

laser phase noise will disappear. However, when the ends A%Q- (6), using Eq.(1) for y; (), will exactly eliminate the

the arms are free-flying spacecraft, the armlengths cannot qnlg[)retgg:ts. ;—hgii Alrnmligro(r?) rgg{nggct)kroggg—_trrl[r%l;srl]%r\\/aels.
controlled to maintairh ;,=L 5. In this case another method Paper, 9, ’

must be found. qsed one-way S|gnalsl ar?d |dgnt|f|ed several more cqmblna-
tions of signals that will likewise cancel out thfg(t) noise
terms without canceling the gravitational wave signals.
B. Unequal-arm interferometer algorithms

Such a method was discovered by Faller, and refined and C. High doppler rate algorithms
published in 19964]. In this method it was recognized that,
since the laser phase noisedn(t) is many orders of mag-
nitude larger than any of the other noise sources, the sign
in one arm of the interferometéEq. (1)] can be used to

As a result of these procedures, laser phase noise can be
ssentially eliminated as a noise source. However, there re-
ains another noise source, whose level is likewise many

rorders of magnitude greater than the desired noise floor, that

of the noise can then be used to correct the interferomet hﬁﬁs; be addr.essed. Th|s.n0|se arses dug to the fact that the
) Felative velocity of free-flying spacecraft will produce a Dop-

signal[Eg. (2)] for the fact that the arm lengths are not equal. ler shift in the frequency of the signal received at each

Working in the frequency domain, one writes the Connectiorgpacecraft, so that the beat frequency between the received

betweend, andy,; as laser signal and the local laser signal will amount to tens of
_(1_ o MHz. In addition, if the lasers in the two spacecraft are each
Yal ) =(1=ex =2mifl iz fa(F), @ independently stabilized by their own Fabry-Perot cavities,
then the frequencies of the two lasers, being determined by
the lengths of the cavities which cannot be made exactly
equal, will differ by even more, probably by several hundred
* : MHz. The gravitational wave will appear as a tirfy-10
yalf)= fo ya(t)exf 2mift]dt  and ucycle Hz %) shift in the phase of this beat signal. As we
discuss in the next section, the measurement of phase to this
precision in a signal at this high a frequency will require a
by(f)= fw¢1(t)ex;{27rift]dt. (4) frequency standard with relative frequency stabilXy/v
0 =101 over a time equal to the period of the gravitational
wave we are trying to dete¢t~1000 3. This is beyond the

The Fourier composition of the laser phase noise is thef@Pability of the best laboratory frequency standards, or

found by dividing the Fourier decomposition of the observed ¢10cks,” and well beyond the capability of those that can
y,1 by the transfer function reasonably be used in space. So what is to be done?

In a companion papef7] to the frequency-domain
unequal-arm algorithm papg#], a frequency-domain proce-
by(f)= y21(f)_ (5) dure was presented that would eliminate this clock noise.
1-exg —2mifL ] This method required that a second laser signal be used
along the arms of the interferometer. Each spacecraft must
and the time series fap,(t) is generated by Fourier synthe- therefore broadcast two laser signals, the main signal and a
sis fromg4(f). Onceg,(t) is known, its contribution to Eq.
(2) can be synthesized and subtracted from the observed
z,(t) to give an interferometer signal that is free of laser 2gquation(5) is also singular at=0 (whenn=0), but the laser
phase noise. phase noise in the interferometer sigfat). (2)] goes to zero a
The problem in this procedure, however, is that E5). 0, so the detector sensitivity remains unimpaired in the low-
has singularities at frequenciés-n/L, wheren is a positive  frequency limit.

where the Fourier decompositions are given by
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second signal that is frequency offset relative to the mairin the laser receiver at S[39]. We further separate the laser
signal by an amount tied to the local clock. Thus, whatevephase into a part that is a pure constant frequency and a part
phase reference is being used at one spacecraft is sent offtfeat is random phase noise

the far spacecraft where it is measured and recorded. Then,

working in the frequency domain, an inversion like that in ¢i(t) =vit+p;(t), ®

Eq. (5) may be performed, and a time series giving the jitter

in each clock may be formed by Fourier synthesis. In thisWhereVi is the constant laser frequency in S/@ndp;(t) is

o : the phase noise in this laser. If we also write the armlength as
way, whatever error is induced by reading laser phase rela:

tive to a noisy frequency standard may be simulated an§" initial distance plus a constant velocity,

corrected. This frequency-domain method, however, suffers Lo=Li Vit 9)
all of the limitations noted above for synthesizir(t), LA R
including the poles af=n/L. then Eq.(7), with Egs.(8) and(9) included, becomes

It is the main purpose of this paper to present a set of
time-domain algorithms that may bg used to process the Yii (0 =[(vi—v; = VijviJt+pi(t—Li;) —p;(t) + hij (1)
dual-frequency laser data and eliminate the noise due to
clock jitter. These algorithms will be developed in Sec. Il +n;(t), (10)
and will represent the clock-jitter counterparts of the laser )
phase noise algorithms reported in Ré8. and[6]. In Sec. where we have dropped the constant phase offset associated

[Il, we also present several practical aspects of the data prdNith Lijo-

cessing that have not previously been addressed. Now let us estimate the sizes of the various terms in Eq.
(10). The magnitude of the first tern; — »;, will depend on

Il TIME-DOMAIN ALGORITHMS how closely tuned the frequ_enmes of the I_asers in the two

spacecraft may be, considering that each will be locked to its
A. Instrument concept own Fabry-Perot cavity. For the OMEGA missif81, which

We assume an instrument labeled as in Fig. 1, with thre@"0PoSed using independent Nd yttrium-aluminum-garnet

identical spacecraft numbered 1, 2, and 3. The signal relYAG) (1064um wavelength lasers in each spacecraft in
ceived at timet by S/C 1 from S/C 2 will be denoted as this way, a reasonable estimate was found to be 300 MHz. In

vo1(t). In the previous section, our expressions for the sig@1Y event, the next ter;; »;, will be of order~10 MHz,

nals assumed that the lasers in S/C 2 and S/C 3 were phaS the receiver design must accomodate this fundamental
locked to the incoming signals from S/C 1, so that whatevefréauency fory;;, even in the case of nonindependent end
phase S/C 2 received was simply bounced back toward S/8Sers. The size of thp; terms in Eq.(10) will depend on

1. While this assumption simplifies the formulas in the casd'oW accurately the lasers are locked to the cavities in each
of a single interferometer with a single central spacecraftSPacecraftsee Sec. Il A for an estimateThe smallest de-
there are reasor$,8] for keeping the lasers in each space-€ctablen;;(t) grayggﬂonal wave phase signal is required to
craft independent of the others. Indeed, if data from a seconB€ 10 ucycles HZ ™, so uncanceleg;(t) laser noise and
interferometefwith vertex at one of the other spacecyaite  Othern;;(t) phase noise must be less than this. Therefore, in
to be collected simultaneously with the first, then the formsorder to detect a gravitational wave with perieg 1000s in

of the signals for the second interferometer are not the simpl@ bandwidth Af=1/7, a phase shift ofd¢=S,JAf
expressions given in Sec. I. In the remainder of this paper we 0-3ucycle must be detected in a total phase of 300 MHz
will assume that the laser in each spacecraft is locked only té< 1000 s=3x 10" cycles. If we recast this requirement in
its own Fabry-Perot cavity. The case where some lasers atgrms of frequency, we see that this correspdtalsletecting
locked to incoming signals may be recovered as a specid@ 2 NHz frequency shift in a signal of 300 MHz. In order to

case of the expressions we derigee Sec. |1l D. measure a frequency to a this accuracy, a frequency standard
We write the phase of the signal sent by 9/@nd re-  With frequency stability 2 nHz/300 MHz10™ 7 is required.
ceived by S/g as Since there presently exists no space-qualified frequency
standard with such performance, clock jitter will be a major
Yij (1) = ¢i(t—Lj;) — (1) + hy; (1) +ny (1) (7)  noise source in the detectors unless it is dealt with in some
other way.
The notation is the same as in Ed), except thah;; andn;; B. Clock jtter

have changed their meaning slightly. In Ed), these quan- - i

tities were the total signal and the total nonlaser noise gen- 10 S€e how clock-jitter noise enters the readout of the
erated during the round trip of the signals, including what-/@ser phases, let us consider the detection process in more
ever noise S/G contributed while it was transponding the detail. We will anticipate our final solution to this problem
signal. Here, in Eq(7), h;; represents the gravitational wave

signal generated during the one-way trip from $4G j, and

n;; represents the noise that arises one way, dominated at low’The spectral density of frequency noise is related to the spectral
Fourier frequencies by equal amounts of position noise injensity of phase noise b§,= w?S;=47?f?S,, so the rms fre-
both spacecraft and at high Fourier frequencies by shot noisguiency noise i$5v,ns= 'S, VAf=27f Sms.
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L12,0 + V12 t

FIG. 3. Details of the laser receiver showing the four signals
falling on the photodiode and the two 300-MHz radio frequency
Vi signalsy,; andy;, that are the beat frequencies between the four.

.v1+f1 The frequency synthesizer produces a frequemgy, that mixes

both y,, and s}, down to baseband signass, ands};, with a,;

FIG. 2. Geometry of a single one-way link showing the laser~ (v,— v1—Vw,)/f;.

frequencies generated on each spacecraft.
both composed of constant-frequency terms plus phase fluc-

by discussing the two laser signals that will ultimately petuations. . .
needed. Figure 2 shows symbolically the signals that are sent The procedur,e for reading out the phases of the wo sig-
and received by the two spacecraft at the two ends of a singl'éalIS y21(t) andy;(t) may best be understood by reference

arm. The fundamental laser frequency in S/C 24sand the ]Eo”Fig. 3. TzettV\(/jQ igcoming sigdnaslfgrim SACaQt’hand.‘ﬁf’ ;
laser phase noise [3(t). In addition, a second laser signal all on a photodiode on boar ! V\,/ ere Iney Interiere
\{\ch a portion of the two signalsp, and ¢;, that are being

is superimposed on the same beam, either by merging signab
- : roadcast from S/C 1. If, as has been propdsgdthe rf
from two separate lasefsis in OMEGA|[3], with the beat lock signalsf; are at much higher frequency than the 300

frequency between the two acting as the local spacecra - , i

clock) or by modulating the main laser signal at a frequenc si;nzalgfir11}2thi;lf,retgsgniﬂ(gar%;geyggf) [;\]”"E?qe (tl%a] (::]Ié/
equal to the fundamental frequency of the uItrastabIe_oscn\-NiII not be confused Witr): any other of lthe, Six lbeat frequen-
lator (USO) that SEIves as the local spacecraft clgek in cies on the photodiode, generated by mixtures of the four
the current LISA design2]). The frequency of the local input frequencies

clock isf, and it is assumed to have phase jitig(t). Thus In order to read out these rf frequencies, a local oscillator
SIC 2 will send laser signals,t+p,(t) and w2+f2)t (Lo is first used to beat the signals down to a low baseband
+P2(t) +0a(t), while S/C 1 has local laser signalgt  \here they may be sampled and fit to determine an average
+pa(t) and (v1+f1)t+ps(t) + gy (t). The phases of the two phase. For the clock-jitter cancellation procedure to work,

signals from S/C 2, as received as S/C 1, are the LO must be phase-locked to the lodalclock, as we
B show below. The LO could be a piece of hardwéilke the
$2(1)=v2(1=Vip)t+ pa(t—Lig) +hay(t) + Nz (t) phase-stable frequency synthesizer developed for the

(113 OMEGA mission[10]) or a piece of software in a digital
processoras long as the clock cycles for the processor are
tied to the spacecraft time standartiVhatever the realiza-
ey -~ _ _ tion of this frequency subtractor, however, it is important for

$2(1)=(v2+ T2) (1 =Vt pa(t=Lip) +A2(t = L)) the method of this paper that the same frequency be sub-

+hyy(t) +njy(t). (11p  tracted from bothy,y(t) andysy(t).*
The LO will produce a frequency that is close to the fre-

Thenj, in Eq. (11b) may include some noise, like spacecraft quencies of the two signays;(t) andyz(t). This frequency
position noise, that is the same asrig;, and other noise, Will be tied to the local spacecraft clock by making the LO
like shot noise, that will be different from the shot-noise partfrequency some rational fractica,, of the local clock fre-
of n,;. When these signals are beat against the local laser §t€ncyf; . The functional forms of the two baseband signals

and

S/C 1, two signals result: coming out of the mixer will then be
Vo1(1) = bo(t) — (1) Sa1(t) =You(t) — @z f1t+qe (1) ]
=[(vy—v1) — ViovoJt+ pa(t— L) — pa(t) =[(va—v1) = Vigro—anfit+pa(t—Lip) —pa(t)
+ha(t) + Nyy(1) (129 —ap101(t) +hay(t) +nay(t) (133
and

) , ) 4An example of a receiver that does not satisfy this requirement
You() = (1) — (1) would be one that processed the rf signals directly to measure their
_ phase. Such an instrument can be thought of as an LO that beats
=[(ry=wy) + (o= 1) = Vi(wat f2) Jt+pa(t—Ly)) each signal separately down to dc. In order to do this for eift)
—D1(t) + o(t—L 1) — 03 (t) + (1) Nie(1), and ys,(t), a different frequency would have to be mixed with
P1(t)+ax( 12) 7 Ga() F hg(t) + N2y Y,4(t) than withys,(t), and the clock-jitter cancellation procedure
(12b) we describe here will not work at the required accuracy.
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and Consider, then, the combination f (t) defined by
Sp1(t) =Ya1(t) =@zl f1t+as(t)] X() =yt —L1p=2L13) —y1a(t—L13—2L 1)
=[(va= vy +(fa— 1) = Vvt fy) —anfit +Yo1(t—2L13) —Ya1(t—2L 1) +y13(t—L13)
+P2(t—L12) = pa(t) +aa(t—L1p) — (21 + 1)gy(t) = Y1t —L12) +Yaa(t) —yau(t). (143
+hoq(t) +ngy(t), (13b It may be noted thaX(t) is formed from signals that travel

only along the two arm& 1, andL 3, with no data included
wherea,; has been chosen so tha,f;~v,—v1—Viw,.  from thel,; arm. If there were ever a failure in the space-
Equation(13a is the main signal, which will be present even craft such that one arm of the interferometer would no longer
if there is no second laser frequency in the beam. The clockye operative, that arm could be designatedlthearm, and
jitter problem we are trying to solve is apparent in this equathe other two arms could still be used to provide a laser-
tion. When any laser signal is detected and read out, thghase-noise-fre&X(t) signal. Functions analogous %(t)
di(t) jitter in the local clock in the receiving spacecraft will may also be formed by permuting each subscript in (E4)

produce a phase nois®;q;(t) in the result. Assuming a (1—2—3) to define a signa¥(t) that requires no data from
standard space-qualified USO, this term will correspond tq ;.

frequency noise-1 uHz. This is three orders of magnitude
larger than the 2 nHz accuracy needed for the gravitational — Y(t)=Yo3(t—Ly3—2L15) —Yoi(t—L1,— 2L 53)
wave requirement. Therefore, even after ¥ig) combina-
tion is formed and thep;(t) terms drop out, there will be FYat=2L10) —y1Adt=2L29) TY2u(t—L1o)
a;jq;(t) terms that will remain and will dominate the noise in —Yoa(t—Log) +Yio(t) = Yaut) (14b)
the detector.

and again to giveZ(t) which requires nothing fronh,,.

Z(t)=ya(t—Li3— 2L p3) — Y3t —Log—2L13)

Before we discuss the algorithms that will cancel dig)
clock-jitter noise terms in Eq13), let us review the combi- +Y13(t— 2L 53) = Vo3t — 2L 13) + Y3t —L2g)
nations of they;;(t) S|gnal_s that are used to cancel laser —Ya(t— Ly + Vo) — Voa(t). (149
phase noise. We summarize the results from the papers by
Armstrong, Estabrook, and Tin{®,6], but we use notation To see how the these combinations work to eliminate laser
(for numbering spacecraft and anreonsistent with Fig. 1 phase noise, we expand Ed.4a using Eq.(7) to express
and Eq.(7). they;;(t) in terms of their elements, and find

C. Laser and clock noise cancellation algorithms

X(t)=1(t=2L 15— 2L 13) = da(t—L1p— 2L 1g) + hyat—L1p— 2L 13) + Nyt =L 1o~ 2L 13)
= ¢1(t—2L13—2L19) + p3(t—L1z— 2L 1) —hya(t—L13=2L15) —Nya(t—L13—2L 1)
T a(t—2L 13— L1p) = 1(t—=2L13) +hyp(t—2L 13) +Npa(t—2L13)
= ¢p3(t—=2L 15— Lig) + Pa(t—2L15) —hyg(t—2L 1) —Ngy(t—2L 1)
T ¢1(t—2L13 — da(t—Lyg) +hyg(t =Lz +nya(t—Ly)
= ¢1(t=2L19) + ot =Ly —hyp(t—Lip) —Nyp(t—L1o)
+ ¢3(t—L1g) = d1(t) +hys(t) +nzy(t)
= ¢a(t—L1o) + d1(t) —hyy(t) —nyy(t). (15

As may be seen by inspecting the first two terms on each linebservables;;(t) to form X(t), there will be unavoidable
of Eq. (15), the laser phase noise terms cancel in pairs. Simielock-jitter noise included from each of the spacecraft. Thus,
lar expansions may be used to see the cancellation(iph  the creation of
andZ(t) by permuting 1-2—3 in Eq. (15).

However, as we saw in the last section, it is not y})ét) X()=812(t—L1p=2L15) = S1a(t— L1352l 15) +8p1(t = 2L 13)
signals that are directly measured on each spacecraft, but, _ _ _ _ _
rather, thes;;(t) signals that contain clock-jitter noise in ad- Sa1(t= 2L 1) + 813t~ Lag) = S1at 1) +Sa()
dition to the other noise terms. Because one must use the —Syy(t) (16)
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yields a signal with clock jitter
X(t)=asd ga(t—Lip) —ga(t—L1o—2L3)]
—ayd Ga(t—L13) —03(t—Lig—2L15) ]+ ax[gs(t)
—Q1(t—2L13) ] —azlqi(t) —qs(t—2L 1) ]

+signak-noise,

17
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J(t)=Z(t) —agr13(t—2Lz3) +agl »3(t—2L 13)
— (gt az)rat—Log) + (st az)ra(t—Lia)
+ (a1t aztagy)rist) —(astajztaz)rat)

(200

will produce signals based or(t) andZ(t) that are cleaned
of clock-jitter noise. It is also apparent that, if thg coef-

where the signal and noise terms are the combinations of thgsients are much less than unity, the additional némeand

hi;(t) andnj;(t) terms given in Eq(15), and where terms

representing constant phase shifts have been dropped. Tlgé

permutations +-2—3 in Eq. (17) give the residual clock-
jitter noise terms iny(t) andZ(t).

The key to the elimination of tha;;qy noise terms in Eq.
(17) is found by reference to Eqg13). When thesi’j(t)
secondary laser signdEq. (13b)] is subtracted from the

main laser signas;; (t) [Eq. (138] the resulting difference
M (O =s;;(t) =sj(t) = (fi = f;+ Vi ft+a;(0)
—qi(t—Ljj)+nij(t) +nj;(t) (18

will contain a combination of the two clock jitters. The clock
frequencied; will be known a priori and the orbits will be
known well enough to determin®;;. The constant fre-
quency part of Eq(18) may therefore be subtracted off by
hand, leaving a signal that contains only theéerms plus the
instrumental noise terms:

(O =rij(t) —(fi—f;+Vyft
=q;(t)—aqi(t—=L;))
+n;;(H) +nf;(1). (19
A little algebra will then verify that the combination
E(t)=X(t) —agl 2(t—2L 13) +asar 32(t— 2L 1)
—(agataz)ria(t—Lig) +(agztas)rit—Lio)
+ (gt agatazy)roi(t) — (argtaptaz)raa(t)

(209

will exactly cancel out they; terms in Eq.(17). Similarly,
combinations given by

Y1) =Y (1) —ayar 3ot —2L15) + @zl 1(t—2L 3
— (@t ag)ra(t—Liy+(aptaz)rat—Lo)

+ (@t agtaz)rat) —(az+azt+az)rit)
(20b)

and

SItis here that the need for a common LO frequersgyf; , mixed
with both they;; and theyi’j signals, becomes apparent, for only

then will thea;; q; terms cancel exactly, leaving the simple combi-

nation ofq; given in Eq.(18).

n/;) contributed by adding in the; signals will be negligible
mpared to that already present in the sign&ly), Y(t),
and Z(t). In fact, thesi’j signals only appear multiplied by
a;j, so, with a; small enough, their phase noisx-é1 can
actually be much larger tham; without adding appreciably
to the noise in the final signals.

In order for the phase combinations of EQO) to be
calculated, the ratios;; will have to be known. If these
ratios are determined via phase-locked loops on board each
spacecraft, then those values will have to be telemetered
from each spacecraft so that the combinations in E2@.
can be formed. However, since the LO on each spacecraft is
only required to beat the frequency down to a baseband of,
perhaps, a few kHz, accurate enough valuesafpmay eas-
ily be determined on the ground from knowledge of the
clock frequencies and of the spacecraft orbit. In this case the
proper ratios, including Doppler shifts, may simply be up-
loaded from the ground and stored in memory on board each
spacecraft.

In addition to theX(t), Y(t), andZ(t) signals, the recent
paper by Armstrong, Estabrook, and Tiri&] has identified
several other combinations of the six one-way signals from
the three arms of the interferometer that are also free of laser
phase noise. One such combinafiin

A(t) =y31(t) = Y21(t) T Yo5(t—L13) — Y3t —L1o)

+Y1t—Lig— Loy —yist—Lio—Log). (21

Other laser-noise-free signals may be found by permuting
indices 12— 3 to giveB(t) and thenC(t). As before, it is

not they;; that are observable, but tisg . Using Eq.(1339

for thes;;, Eq.(21) becomes

A(t)=ap0;1(t) —a;a(t—Liz—Lag) +a1g0s(t—Lip— L)
—az101(t) Faz0x(t—L1o) —gpxds(t—L13)

+signak-noise. (22

An important difference between E(2) and Eq.(17) may

be noted. In Eq(17), eacha;; multiplies a difference be-
tween twoq; terms taken at different times. This is the prop-
erty that made it possible to find a linear combination of the

5This signal is denoted(t) in Ref.[6], but we would like to use
Greek letters for the signals after they are cleaned of clock jitter, so
we useA(t) for the laser-phase-noise-free signal given in &1)
and reservex(t) to represent its clock-jitter-canceled counterpart.
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ri; [Eg. (19] that reproduced the difference and corrected forEq. (22) identically, can nevertheless reduce them to a level

it. In Eq. (22), however, eacl; multiplies a singleg; term,

where they are negligibly small. Similar derivations and

and there is no way, short of the frequency-domain methogimilar conclusions hold for thg(t) andy(t) given in Egs.

of Ref. [7], to determine a singlg; time series by itself.

(23b) and(230).

Therefore, simple time-domain combinations of signals that

will eliminate clock jitter fromA(t), B(t), andC(t) do not
exist.

Nevertheless, let us consider the following combination of

A(t) andrj; signals:

a(t)=A(t)+agf5(t—Lig —asgra(t—Lgp)

+(aptaz)rat) —(aztapra(t) (233
along with its permuted counterparts
B(t)=B(t) +azrs(t—Lip)—axris(t—Lss)
+(agztagy)rit) —(axn+tapra(t) (23b
and
Y(1)=C(t) +azr 1ot —Log) —az21(t—L13)
+(ag;tan)raat) —(aztaz)rst). (239

When Eqgs(19) and(22) are used in Eq(23a, we find

a(t)=—(az—ax+az—ag+ag—az)d(t)
+signak-noise. (24

Now let us remember that tha;; are determined by,

IIl. DISCUSSION AND APPLICATIONS
A. Time resolution requirements

The algorithms for producing laser phase noise cancela-
tion [Eqgs.(14)] and those for canceling clock jitt€Eq. (20)]
require that the observed signals be available at exactly the
right times so that they may be properly combined. There are
two parts to this requirement. First, the light times must
be known with sufficient accuracy and, second, the signals
must be available with sufficient time resolution for the sig-
nal with the correct time offset to be found. The light times
will only be known to some finite measurement accuracy and
the s;; andrj; signals will only be sampled at some finite
time resolution. In this section, we will calculate what the
requirements for the light-time measurement and signal time
resolution will be. The following two sections will discuss
how the time resolution may be achieved without excessive
data rate requirements for the spacecraft telemetry systems
and how the light time may be measured to the required
accuracy.

Let us assume that an errét ,, is made in our knowl-
edge of themnth arm of the interferometer, or, equivalently,
that one of the signals is not known at exadttyL ,,,, but
only att—Ly,—dLy,. Then a portion of thep;(t) laser
phase nois¢Eg. (8)] will remain uncorrected. To see how

~(vi— ;= Vjj»y)/f;. When thef; clock frequencies are in- is arises, we write each of the (t) as a Taylor series,
dependently set on each spacecraft, there is no reason thg)(panding Eq(133 at timet—L,,, to read
mn

should have any particular relationship to each other, an
there is therefore no reason for the combinatiom;pfin the
coefficient ofq,(t) in Eq. (24) to be particularly small. On
the other hand, a careful choice of these frequencies might
accomplish just that. One such choice is to make efach
proportional to the laser frequency on that spacecraft. In factvhere we have dropped all contributionssfpexcept for the
this condition is automatically satisfied when the local clockP; terms. It is the laser phase noise that dominates, so if we
is formed by beating together two lasers that are phasBave sufficient light-time knowledge and time resolution to
locked to nearby modes of the same cavity. Whether thé&atisfy the laser phase noise cancelation requirement, we will
proportionality is achieved via two lasers or simply by tuning@utomatically have sufficient for the clock-jitter cancellation.

Lmn) 5|-mn
(26)

Sij(t—=Lmn) =pi(t—Lijj—Lmnn) +Pi(t—Lj;—
_pj(t_Lmn)_pj(t_Lmn)5Lmnu

each USO to a frequendy= X\ v; , where\ is some constant, When Eq.(26) is used for all thes;; terms in Eq.(16), X(t)

the coefficient ofg,(t) in Eq. (24) becomes
i~ At az—astag—as
=[(1=Vax)vi(vat+v3)(vs—vy)
+(1=Vig)va(vi+v3)(v1—v3)
+(1=Vivs(vi+va)(vo—v) [/ (Nvyvavs).
(25
The terms containingv;; will each be of orderVj;(v
—vj)/fi~Vjja;, which, assuming typical valuea;;~0.1
andV;;~10"’, will make contributions of order 1. The
terms without V;; add up to @,—vi)(v3—vo)(vs

—v1)/(Avyvov3), which is small of order 10'3. Thus, the
a(t) given by Eq.(23), while not eliminating they; terms of

becomes
X(t)=(0L1o— 6L13)p1(t—2L 15— 2L 13)
+ 6L po(t—Lio—2L15) —pa(t—L12)]
— 0L Pa(t—Liz—2L1) —pa(t—Lyg]. (27)

If the measurements df,, andL ;3 are independent and of
order 6L, then the relationship between the spectral density
of laser phase noise (t) and the spectral density @f is

Sy=[2+4 sif (2wl 1) +4 sif (2wl 15)](5L)%S,,,
(28

where S,,=S;, is the spectrum of frequency fluctuations.
The time-domain differences @; in Eq. (27) produced the
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TABLE I. Signal requirements for the sg(t), #(t), and{(t). TABLE II. Signal requirements for the set(t), B(t), and
The times listed for each signal are those at which the signal musg(t). The times listed for each signal are those at which the signal
be accumulated on board each spacecratft. must be accumulated on board each spacecraft.

Signals Times Signals Times

S21 t—L1p— 2L t—Ly t—2L43 t S21 t—Li3—Los t—Lys t
I’21 t_le t_2|_13 t r21 t_L13 t
S31 t—Li3—2L,3 t—Lq3 t—2L4, t S31 t—Lio— Lo t—Lqo t
ra1 t—Lq3 t—2L4, t ra1 t—Lqy t
S12 t—L3p—2L33 t—Ly t—2L 53 t S12 t—Lis3—Lo3 t—Los t
I t—Lqo t—2L,y; t I t—Loys t
S3» t—Lys—2L43 t—Lys t—2L4» t S32 t—Lip— L3 t—Lqy t
S23 t—Las—2L1 t—Los t—2L,3 t S23 t—Lip—Li3 t—Lys t
I3 t—Lys t—2L45 t lo3 t—Lq3 t

sirf(2wL) terms as transfer functions in E8). If we av-  the phase to the required accuracy, would require a data rate

erage Eq(28) over all frequencies, we find on the order of 100 Mb/s. This is prohibitively high for the
space missions that have been proposed. Fortunately, it is
§x=7-66( 5L)%S,, (29 also unnecessary, as we shall now show.
In order to detect gravitational waves in the LF frequency
giving a requirement oA L of band, a sample time aft=1 s is all that is required in the
X(t) and other signals. The only reason for using a higher
Sy sample rate than this would be to provide the higher resolu-
SL=0.36—==3.6x10 ©s, (30)  tion necessary to correctly creaxét) and the other signals
\/gv by combining data from the various spacecraft with the

_ ) proper time offsets. However, one-second sampleX(oj
where, in the evaluation of Eq30), we have assumed the ¢an he generated by averaging a higher-resolution time se-

usual phase noise requirement of 2@ycles Hz *? and as- ries. If we average Eq16) over the desired sample tindg,
sumed that the spectrum of laser frequency stability observege fing

in the laboratory S, ,(f )~1 HZHz ! at a frequency of 1
Hz, can continue to lower frequency when the Fabry-Perot 1 (tarAt
cavity has the thermal stability it is expected to have in Xn= 737 f X(t) dt

space. If this is indeed the case, a time resolution @fsl

would reduce the residual laser phase noise to a negligible 1 ot At

level. If this stability is not achievable in space, a finer time = E[ ft Sp(t—L1p— 2L dt
resolution would be needed for sampling theandr;; sig- "
nals, and a more precise knowledge of the light time between Jt ntAt

spacecraft would be required. Sia(t—Li3— 2Ly dt

n

B. Signal requirements ta At

th+At
+ S21(t 2L13) dt— f S3l(t_ 2L12) dt
tn

As was discussed in the previous section, the signals must th
be sampled on board each spacecraft with aslor better {4 At {4 At
resolution. However, Eq€14) and(21) show that the com- +f S1a(t—L1a) dt_f Sp(t—Lyp) dt
binations needed to eliminate laser noise require signals from th tn

all three spacecrafi.e., the formation ofX(t) requiress,, AL t AL

S13, ands,;—s31]. As we will show in Sec. Il D, even in the +J ’ S3(1) dt—f " Sy4(t) dt}, (31
case where some of the lasers are locked to the incoming th th

signals, signals from multiple spacecraft are needed in order

to form the complete unequal-arm interferometer combinawhere X, is thenth sample, taken at timg,=nAt. There-
tions. Thus, the signals read out on board each spacecrdfire, if thes;; signals are available on each spacecraft with
will have to be telemetered to the ground or to other spaceus resolution, all that is required in order to allow tKét)
craft in order to create the required combinations. Thecombination to be formed is the integral of each of the eight
straightforward communication of the time series$grand  terms on the right-hand side over th¢ interval. In fact, all

rij with us time resolution, and with enough bits to definethat is required, for example, from S/C 2 is the combination
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1 [ty+At craft and for the complete set of variablggt), ¢(t), and
at [s1a(t—L1p—2L1g —si(t—Lyp)Jdt. (32 f(t), the data requirements shown in Table | may be formed.

: As may be seen, each spacecraft is required to produce
four 1 s averages of each incomisg signal and three of
—15.7763391 s and ;= 15.8227142s. At a timds e, eachrij signal, each with its particular_time offset._Since the_:
—7184s, S/C 2 would need to have available the average ofi s!gnals are reqL_ured at the same times as the|r respective
s;, from t=7136.578 233 i.e., t,— L1y~ 2L ;5 with 1 us Sij &/gnals, all that is requ_lred to produce them is to_generate
resolution to 7137.578 233 st(— L ,,— 2L 5+ At). The av- thes;; at the three times given above for theand to simply
erage ofs,, from 7168.223661t,—L,,) to 7169.223661 subtract to get;;=s;; —sj; as in Eq.(18). The 14 pieces of
(t,—Li,+At) would also be needed. The difference be-data at each spacecraft are then combined into three signals
tween these te 1 s averages is the signal required from S/Cthat are telemetered to other spacecraft or to the ground in
2 in order to formX(t). order for they(t), #(t), and{(t) set of signals to be formed.

If we consider the total data requirements from all spaceThe data required from each spacecraft are

Consider, for example, a case with light timds;,

D1, =S21(t—2L 13) = Sp1(t) = S3a(t— 2L 1) +S31(t) — Az1l 21(t = 2L 13) + (Q12+ @13 @30T (1),
SIC1: { Diy=sau(t—L1p) —=Sau(t—Lio—2L23) — (azstasz)loa(t— L), (333
D1;=Sa1(t—L13) = Sai(t—L13— 2L 23) — (@t ag)ra(t—Lia),

Dy =83t —2L19) —S3At) = S1t— 2L 53) +S15(1) — Az 3t — 2L 1) + (azst @+ ax)rsut),
SIC2: Dos=8gt—Ljg) —Sgt—Loz—2L 13 — (At azg)rat—Lyg), (33b)
Doy=s1at—L1p) =St —L1p— 2L 13 — (ayztaz)rit—Lyo),

D3 =513(t— 2L 3) = Sy(t) = Spa(t — 2L 13) +Sp3(t) —@y3r15(t— 2L 29) + (azy+ a3t @z raa(t),
SIC3: { D3y=s1a(t—L1g) —sS13(t—L13—2L1p) — (arp+az)riat—Lia), (339
Day=Saa(t = L2g) = Spa(t — Loz— 2L 15) — (@12 A2) M 23(t— L 23).

It should be noted that all six values of tag must be known by each spacecraft in order to form these combinations on board.
It can easily be verified thag(t), #(t), and{(t) are formed by adding together just these nine pieces of data, so this set of
signals represents the data rate requirement for this type of mission.

The set of data needed to fora(t), B(t), andy(t) is summarized in Table Il. In the case of th¢t), B(t), and y(t)
combinations, there are fewer time offset signals that must be accumulated on each spdeeasjtinstead of four and two
rij instead of threg but the times are not all the same as those in Table I. Thus, if bothyges,i(t), and(t) anda(t),
B(t), and y(t), are desired, then more data must be accumulated in the laser redsixesg and fourr;;). The data
combinations needed to form th&t), 8(t), y(t) set are

D147 S31(t) =S2a(t) + (az1+ @z3)r31(t) — (a3t az)r (1),
SIC1: { Dig=sgi(t—L1p)—=Sp(t—Ljiz—Lag) +anssi(t—Lyo), (349
D1,=Ss1(t—Lio—Log) = Spi(t—Lyg) —asl o(t—Lia),

Dap=s12t) =S3(t) +(@ztagyr12(t) — (a1t az)raoft),
SIC2: { Da,=s1a(t—Lag) = Ssx(t—Liz—Lip) +asirit—Lo), (34b)
Doa=S1at—=Lig—Lyg) =Saat—L1p) —asaraat—L1o),

D3, =S3(t) = s13(t) + (A @) 3(t) — (agxtax)riat),
SIC3: { D3a=Sas(t—L1g) —Sig(t—Lio—Laog) +aalog(t—L1a), (349
D3p=Ss3(t—L1o—L13) =~ S1a(t— L) —@nr1a(t—Log).

As was the case fog(t), ¥(t), and{(t), each spacecraft the x(t), #(t), and{(t) and thea(t),B(t), y(t) data sets are
must know all of thea;; from the other spacecraft before the desired simultaneously, the data rata requirement is doubled.
a(t),B(t), y(t) combinations can be formed. The data re- Assuming that each data point requires, say, 64 bits to
quirement fora(t),B(t), y(t) is again nine pieces of data, accurately represent the phase in microcycles, the data re-
three from each of three spacecraft. The signal combinationguired from the spacecraft has been reduced, as a result of
in Eq. (34) are independent of those in E@3), so, if both  the considerations in this section, from 100 Mb/s te &4
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=576 b/s. The laser phases will be sampled with microsec- ! I '

ond accuracy and then averaged to form tdells phase a

measurements given in Tables | and Il. These are then adde o5} -
together in the proper ratios to produce the signal combina-
tions of Eq.(33) or Eq. (34), and this is all that must be
telemetered to the ground. There remains, however, one im
portant use for the high rate data. This is the subject of theX
next section.

(#) (rads)

C. Measuring the L; 0 50 100 150

Let us consider the cross-correlation functionsgf and t (ms)
Sq over a record of lengtf:

1 (T2 0.006 T T T
Cim)= $J Sa1(t—7)s15(1) dt. (39 b A
~T/2 Lyp =133.396
o~ 0.004
When thes;; are expanded, keeping only the dominant Iaser?é;
phase noise terms, E(35) becomes o 0002
Cul=1 [ [patt—Lizm—pa(t= ] o AR -
-T/2
- | 1 |
X[p1(t—L1p) —po(t)]dt 00025 50 100 150

1 (T2 T (ms)
gl

_L —
7T/2p2(t 127 7)Pa(t) dt FIG. 4. (a) Segment of the 10 s time series for pseudorandom

phase noise an¢b) the cross-correlation function fa, and s,

1 (TR i -
f lzpl(t_T)pl(t_le) dt. 36 with L,,=133.4 ms.

T

One practical problem in the procedure we have just de-
where thep; p, terms have been dropped since the statisticakcribed is that the solid-state lasers we have assumed for the
independence gf; andp, will make them negligibly small.  space missions are, in fact, very low in phase noise at a
The two remaining integrals in E36) are just the autocor- sample time of 1us. The products of the, laser phase

relation functions ofp; andp, with time offsets noises risk being swallowed up in timg shot noises in the
phase readout system. There are two things that may be done
Cadm)==Ap,(TH L) = Ap (7~ L)) @7 1o get around this problem. First, since there is always a

phase modulator in the main laser beam that is used for the

Thus, the cross-correlation function will have peaks-dt;,  phase locking to the Fabry-Perot cavity, that phase modula-
and — L5, corresponding to the zero-lag peaks in the autotor could be used to impesa 1 MHz pseudorandom phase
correlation functions op, andp,. Examination of the cross- noise code on the laser signal. The resulting phase shifts
correlation function and identification of these peaks will could be as large as desired and could be much larger than
therefore provide a measure of the light timg,. the shot-noise floor. Alternatively, the process of averaging

The measurement of the; will not need to be performed the raw data rate over several samples will give a laser phase
on a continuing basis, since the observed Doppler ragg in noise at what is effectively a longer sample time. The noise
will give the change in range between spacecraft. The meaat this sample time will be greater than that at the raw rate of
surement will therefore only be needed once initially andl us since lasers typically exhibit aflhoise spectrum in
again whenever a check of the integrated range is desirethis frequency range. This noise may be great enough by
For each range measurement, themay be sampled at a itself to be detectable above the shot noise, and the true value
raw rate of one every microsecond and the raw data fronof 7 could be determined by interpolating the correlation
several seconds of measuremengpfands;; can be teleme- function. In Fig. 4, a simulation of this general technique is
tered to the ground at a low data rate over a long period ofhown fa a 1 ms(instead of a lus) time resolution. A total
time. Once both signals are available, the identificatiob;pf ~ of 10° points of pseudorandom;(t) phase noise data were
will consist simply in formingC;; and finding the unique generated with a fundamental time resolution of 0.1 ms. The
value of 7 where the two maxima of the cross-correlation data were then lagged by the proper amounts to repreggnt
function occur. If the data are averaged over several sampkend s,; to 0.1-ms resolution. The;; were each averaged
times, in order to reduce the data required for form@g, over ten-point bins to form a total of 10 s of 1-ms-resolution
then interpolation between the two maxima on either side ofignal. A sample of the time series 8f, is shown in Fig.
7=*L;; can determine the correct value. 4(a). Finally, the cross-correlation functiolC5(7) was
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Y(t) =Yoa(t—Log=2L19) = Yor(t—L1o—=2L5)
Y3t =2L 1) +Yo1(t—L1o) = Yos(t—Log) —Yaut)
(38a

and

p(?) (mrads)

Z(t)=Ya1(t—L13— 2L 23 — Y3t —Lo3— 2L 13)

) ) | | —Y23(t—2L13) + Y3t —Log) —Yar(t—Lig) T yas(l).
0 200 200 600 800 (389

t (ms)

One point to be noticed here is théft) andZ(t) cannot be
written by permuting indices in Ed6), since there is a fun-
T T T damental difference between an independent central laser
1o = 133.404 sending out two beams that are reflected and returned and a
12 ‘ .. . .
central laser that is itself locked to an incoming beam whose
phase is independent. Thus, even when the end lasers are
phase locked, the only way to form combinations beyond
X(t) that are laser-phase-noise free is to use the formulas in
Eq. (38). As is explicitly shown in Eq(38a), the formation
of Y(t) requires a combination of signals from S/Cy34(t
. ' | —Loz—2L49) —Yo3(t—Ly3), and from S/C 1,y,(t—Lq,
w0024 50 100 150 =229 —VYa(t—Liy), in addition to the signal,ys(t
—2L19) —y3o(t), from S/C 2. Different combinations are re-
quired, again from all three spacecraft, in order to fatth).

FIG. 5. (a) Segment of the 10 s time series fof itherent laser When the lasers in S/C 2 and S/C 3 are locked to the
phase noise antb) the cross-correlation function far,, and s,; incoming phase of the lasers from S/C 1, the correct formu-
with L1,=133.4 ms. las for the generation of(t), ¥(t), {(t), «(t), B(t), and

v(t) are found by setting,; andy,, identically to zero at all

times in Egs(14) and in Eq.(21) (with its permuted exten-
formed [Fig. 4(b)], and an interpolated estimate bf, was siong. To see the data_l requirements from each sp_acecraft,
made, as given in the figure. A similar set of graphs is showr{1€ Samesyz ands,, variables should be set to zero in Egs.
in Fig. 5 for assumed 1/noise. In each case, with only 40 (33) and(34). As may be seen in EqGSS), t_he data rate from
data points in the cross correlation, the interpolation has d gach spacecraft is the same, with or without the end lasers

termined the correct value df,, (133.4 m3 to about 0.4% Socked to their incoming signals. Only if the clocks on board
of the 1-ms resolution 12 ' ' each end spacecraft were also phase locked to the incoming

difference betweess,;; ands;; (so thatr,=r,3=0), would

the two signalsD,, and D3, in Eq. (33) not need to be
telemetered from the two end spacecraft. And, in the case of
a(t), B(t), andy(t) there can be no reduction in data rate at

The implementation of the space interferometer that mos?”'_l_ e th . thi ith locking th
resembles the laboratory Michelson interferometer is that 0 summarize, theré IS nothing wrong with locking the

where two of the spacecraft act like active mirrors, transpon—end lasers in the way that has been proposed. Such locking

ding without anv chanage of phase whatever sianal the re\_/viII probably be required if there is a desire to reduce the LO
'9 y ge of ph . 9 y frequency to the minimat-10 MHz that is obtained when
ceive. For example, S/C 1 in Fig. 1 might contain the maste

the only frequency offsets are the unavoidable Doppler fre-
laser and the lasers on S/C 2 and S/C 3 would be phasgency shifts. However, this approach provides essentially

locked to the signal they received from S/C 1. As we have,q gimplification of the data taking nor reduction of the data
shown in Eq.(2) and Eq.(5), the forms of the Michelson e requirements for the mission.

signal z;(t) and the interferometer signl(t) are particu-
larly simple in this case and may be completely formed with
signals that are available on S/C 1. This simple form may
also be found, beginning with the fundamental formula for ~As a result of the algorithms we have presented, we find
one-way armgEq. 14a)] by settingy;3 and y;, to zero, that it is possible to completely eliminate the clock-jitter
reflecting the fact that the phase-locked lasers on S/C 2 anmubise at all frequencies for the case of %é), Y(t), and
S/C 3 will be locked in such a way that this condition is Z(t) variables by use of the data combinations in Exf).
always met. However, when these two quantities are set tBor the case of thé\(t), B(t), and C(t) variables, it is
zero in the formula fory(t) andZ(t), the results are possible to reduce the clock-jitter noise to a negligible level

—Cp,(1) (mrad?)

1 (ms)

D. Lasers phase locked to the incoming signals

IV. CONCLUSIONS
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by use of Eq.(23) and by a judicious choice of the clock and y(t). From these requirements, we derive a minimum
frequencies on board each spacecraft. We have also investlata accumulation rate of 576 b/s for the set of all three
gated the timing precision and resolution required for crespacecratft. In the case where two lasers are phase locked to
ation of the laser phase noise elimination and for the clockthe incoming signals from one master laser, the data rate for
jitter elimination[Eq. (30)] and have suggested a method for the x(t), ¢(t), and{(t) variables can be reduced to 488 b/s
measuring the time-of-flight of the laser signals to this accuyif the local spacecraft clocks are likewise phase locked to
racy. Finally, we have specified how the data rate requirethe master spacecraft clogkut there is no reduction pos-

ments for the mission can be minimized by use of approprisible at all for thea(t), B(t), andy(t) set of variables.
ate simultaneous time-offset averages on each spacecraft.

The data that must be generated by the laser receivers is

given in Table | for they(t), #(t), and{(t) variables and in

Table Il for thea(t), B(t), andy(t) set. The data that are to
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