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‘If one writes well and has the patience, someone will come from among the runners and read 
what one has written quickly, and go away quickly, and write out as much as he can remember in 
the language of the highway.’

William Butler Yeats
Quoted in: Essays on Poetry By John C. Squire, 1977

While NTP has been deployed on the seabed, onboard ships and on every continent, it is probably 
not widely known that it has been deployed in space. NTP first flew on an AMSAT satellite in the 
early 1980s and on another AMSAT satellite in 2000 [19]. It flew on at least two NASA Shuttle 
missions and in simulation experiments for future Moon missions. This and the next chapter 
discuss issues on time synchronization for space vehicles and space missions. In the discussion to 
follow, the emphasis is on methods for time transfer between spacecraft in orbit around a planet or 
between spacecraft and the surface vehicles.

In this book we have discussed principles familiar, in one degree or another. to a computer 
scientist or electrical engineer. This chapter discusses principles of physics and astronomy, 
including general relativity and astrodynamics - the mechanics of bodies rotating about their axis 
and revolving around a planet or the Sun. There is a certain amount of vector calculus, spacecraft 
navigation and communications engineering included to facilitate the discussion, but not nearly 
enough for a definitive treatment. Readers can find further information in the citations at the end 
of this chapter.

Time transfer is usually determined using packets exchanged over space data links, but there are 
other methods based on the navigation function. It is vital to understand that spacecraft navigation 
and timekeeping are intimately entwined. Spacecraft navigation requires many sets of precision 
position and velocity measurements in order to accurately determine orbital parameters and 
surface position. For instance, navigation accuracies to the tens of meters for Mars landers can 
only be achieved by refining repeated observations over several days [7]. As explored in the next 
chapter, it may be possible to piggyback a precision time transfer function on the navigation 
function or, as explored in this chapter, it might be possible to piggyback a coarse navigation 
function on the time transfer function.

The NASA/JPL space community has established three regimes of time synchronization accuracy 
requirements: precision (1 ns to 1 s), fine (1 s to 1 ms) and coarse (1 ms to 1 s). In space all 
three regimes require some form of hardware assist, as the errors due to packet transmission times 
can be relatively large compared to the current Internet deployment on Earth. But, it is important 
to understand that these regimes are relative. For instance, precise navigation requires 
measurements of range to the order of 10 ns, but does not require synchronization to a common 
timescale. Spacecraft clocks, such as those onboard Mars orbiters, have a granularity of about 4 
ms, so cannot schedule events more closely than this. However, for the purposes of the following 
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discussion, the spacecraft clock is assumed to be interpolated as described in Section 15.2 and 
accuracy goal is at the lower limit of the fine regime.

By far the most important consideration in space timekeeping is that distance and roundtrip light 
time (RTLT) can become huge. A RTLT to the Moon takes over 2 s, while a RTLT to Mars takes 
up to 40 m and a RTLT to Voyager 2 at Uranus takes over 8 h. In principle, NTP can work well in 
the fine and coarse regimes within the Earth-Moon system and within other planetary systems, but 
something quite different might be required for missions between planets. Nevertheless, many of 
the fundamental algorithms intrinsic in the NTP architecture and protocol suite are well suited for 
planetary and deep space missions, but packaged in a different way.

The discourse begins with a discussion on several topics necessary to understand the principles of 
time transfer in space. It includes an overview of the principles of orbit mechanics and state 
vectors which determined the position and velocity of a spacecraft relative to an inertial frame. It 
continues with an overview of general relativity and its effects on clocks moving in a gravitational 
field. Following this is a description of current spacecraft clocks and then a description of the 
Proximity-1 protocol used to communicate between spacecraft in the vicinity of Mars and, in 
future, in the vicinity of the Moon. Application of these principles to specific deep space missions 
is presented in the next chapter.

Before we lift off, please note that, as in most space science, the units are in kilometers, kilograms 
and seconds.

17.1 Orbit Mechanics

One of the first things to learn about time transfer in space is that everything orbits something 
else. The Moon and Earth satellites orbit Earth, the Earth and other planets orbit the Sun, and the 
Sun orbits the Milky Way. Even a deep space mission to Pluto is in orbit about the Sun, although 
its motion is perturbed by everything including the mass of Jupiter and even leaking propellant. In 
most cases considered here, the mass of a primary body such as the Sun or its planets is large 
compared to the mass of its satellites, so this presents a two-body problem that can be analyzed 
with the mathematics of astrodynamics as told in [1], a widely cited textbook used by the U.S. Air 
Force Academy.

Figure 17.1 shows a three-dimensional rectangular coordinate system with origin the center of the 
Earth, but does not rotate with it or as it proceeds along the heliocentric orbit. Later, we will 
interpret this as an inertial frame. The X-Y plane coincides with the Earth mean equator plane. 
The line of nodes is formed by the intersection of this plane and the plane of the Earth orbit, called 
the plane of the ecliptic, inclined at an angle of about 23.5°. The positive X axis points to the Sun 
(more precisely the first point of the constellation Aries) at the vernal (Spring in the northern 
hemisphere) equinox, the Z axis coincides with the Earth spin axis and points North, and the Y 
axis completes a right-hand coordinate system. The node where a point on the equator passes the 
line of nodes going North is called the ascending node; the opposite point is called the descending 
node. The time of the ascending node at the vernal equinox; that is, when the line of nodes 
coincides with the X axis can be determined with exquisite accuracy. Astrodynamicists call this 
the Earth-Centered Inertial (ECI) coordinate system. Astronomers might find the rectangular ECI 
rather cumbersome, as they are used to right ascension, declination and hour angle. Geographers 
267



Time Transfer for Space Data Links Orbit Mechanics
are used to latitude, longitude and altitude above mean sea level. Transformations between these 
systems are readily possible, but we won’t need them here.

Figure 17.2 also shows a typical satellite orbit defined by a plane that intersects the equator along 
the orbit line of nodes, one ascending, the other descending. The orbit geometry is defined by a set 
of six parameters called Keplerian or osculating elements defined in Table 17.1. The periapsis 

distance rp is defined as the lowest point in the orbit. The orientation of the orbit plane is defined 
by the longitude of the right ascending node , argument of periapsis  and inclination i with 
respect to the equator plane. The shape of the orbit is defined by the eccentricity e. The epoch t of 
the orbit is defined as the time of periapsis passage.

Symbol Units Parameter

 rad Longitude of Ascending Node

i rad Inclination

e dimless Eccentricity

rp km Periapsis Distance

 rad Argument of Periapsis

t s Epoch of Periapsis (since J2000)

Table 17.1 Keplerian Elements

Y

Z North

r

v

X Vernal Equinox

Periapsis

Equator

i
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Line of Nodes
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Figure 17.1 Earth Centered Rectangular Coordinate Frame
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Figure 17.2 shows a typical satellite orbit defined by two foci, apofocus Fa and perifocus Fp for a 
major body such as Earth. The orbit itself is defined as the locus of points such that the sum of the 
line lengths ma + mp is constant. In the figure a is the semi-major axis, b the semi-minor axis, ra 
the apoapsis (apogee for Earth) and rp the periapsis (perigee for Earth). The eccentricity is defined

.

An eccentricity near zero implies a near-circular orbit, while an eccentricity near one implies a 
highly eccentric orbit. While not of interest here, e = 1 implies a parabolic orbit and e > 1 implies 
a hyperbolic orbit. Thus, the orbit is completely defined by the six parameters in Table 17.1; 
however, other formulations are possible. Orbits defined in this was are called conic sections.

In the following, vectors are indicated in boldface. The position and velocity of a satellite in orbit 
is defined by a state vector consisting of a three-element position vector r and a three-element 
velocity vector v at a defined epoch t. While the state vector changes over the course of the orbit, 
the orbit is completely defined by the planet gravity-mass product GM and state vector sampled at 

any point in the orbit. For Earth, GM is  km3/s2. State vectors can be determined 
from Earth or a spacecraft by radiometric observations of range and range rate (Doppler) at three 
or more different times in the orbit.

A state vector defines and also is defined by the six parameters in Table 17.1 at a particular epoch 
t. That is, a set of Keplerian elements for a particular epoch t defines a state vector for that epoch, 
while a state vector at a particular epoch t defines a set of Keplerian elements for that epoch. For 
the purposes of orbit classification for Earth satellites, only four of these elements are relevant: 
inclination, eccentricity, altitude at perigee and epoch of perigee.

Equatorial orbits have inclinations near 0°; polar orbits have inclinations near 90°. Most satellites 
have circular orbits with eccentricity near zero; some have highly eccentric orbits with perigee 
near 800 km and apogee near 58,000 km. Satellites used for planet mapping and weather 
observation usually operate in circular, polar, low-Earth orbit (LEO altitude 800 km) with period 
about 1.7 h. GPS satellites operate in circular, medium-inclination (55°), medium-Earth orbit 
(MEO altitude 20,000 km) with period 12 h. Communications and broadcast satellites operate in 
circular, equatorial, geosynchronous orbit (GEO altitude 42,000 km) with period 24 h. Similar 
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Figure 17.2 Orbit Parameters

e
ra rp–

ra rp+
----------------=

3.986005
510
269



Time Transfer for Space Data Links Clock Comparisons and the Effects of
General Relativity
orbits are possible at Mars and other planets. For example, two Mars orbiters are now in circular, 
polar orbits at 300-400 km altitude and period about 2 h, while a third is in a highly eccentric, 
medium inclination, orbit and period about 7 h. Additional examples are presented in the next 
chapter.

In principle then, if we know the state vectors for the solar system planets at a particular time and 
know the GM of the Sun, we can calculate the planetary positions at some future time and thus the 
geometry of the ray paths between them. Knowing the distances along a path and the velocity of 
light, we can determine the time delay, called light time, and thus set the planetary clocks to a 
common timescale.

Not so fast....

17.2 Clock Comparisons and the Effects of General Relativity

Time transfer between vehicles in space and on the surface of planets is complicated by the effects 
of general relativity, including time dilation and redshift, relative to an inertial reference frame. A 
comprehensive tutorial on general relativity is in [17], while its application to time transfer in the 
solar system is in [16]. A full treatment requires the use of tensor mathematics and space-time 
variables, but this is beyond the scope of this book. This section contains an overview of general 
relativity phenomena and practical applications to space missions.

The purpose of the time synchronization function on Earth is to align clocks to a common 
timescale, such as UTC. This assumes the clocks all run at a common rate; that is, one second on 
one clock is the same as one second on any other clock. In planetary systems things are not that 
simple. Precision timekeeping in space must account for relativistic effects as well as planetary 
motion during measurements. In extreme cases timekeeping must account for the effects of the 
Earth troposphere and ionosphere, solar wind and the influence of other objects in the solar 
system. Due to relativity effects, moving clocks in a gravitational field are not syntonic; that is, 
over an orbit they may gain or lose nanoseconds or even microseconds. It is even more 
complicated because the degree of gain or loss can vary as the velocity or gravitational potential 
varies over the orbit.

Before launching the mathematics, you should be aware that comparing clocks between solar 
system objects is a tricky business. The bad news is that time transfer from one object to another 
might require integration from an eclectic epoch at which by magic all clocks in the Universe 
were set to the same time. The good news is that the effects can be accurately determined using 
simple models including a secular (constant) term, plus cyclic contributions from a small number 
of other objects. We leave as an exercise for the reader to actually do the messy integrations.

An inertial reference frame is a rectangular coordinate system which is non-rotating, free-falling 
and with origin at the barycenter (zero gravity) of a planetary or solar system. In such a frame 
Newton’s laws are valid and objects are unaffected by outside forces such as other planets or 
rotations. The major advantages using inertial frames is that most include a single massive object, 
such as the Earth or the Sun, and the other objects of interest have either small mass or are too far 
away to have much influence. Thus, an Earth-centric inertial (ECI) frame at the center of the 
Earth, such as in Figure 17.1, is handy for Earth satellites, but ignores the Moon and the Sun, 
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while a barycentric inertial (BCI aka J2000) frame at the barycenter of the solar system is handy 
for interplanetary missions. Inertial frames exist for other planets as well.

Transforming a geographic position on the Earth surface (Earth-Centered Earth-Fixed frame) to 
position and velocity in the ECI frame is complicated by polar motion due to precession, in which 
the north pole precesses over a cycle of about 25.8 thousand years, and nutation with principal 
affect an 18-year oscillation with amplitude about 1 s [15]. In the extreme, the Earth is very 
slowly spinning down and the day becoming longer. As the Earth revolves around the Sun, the 
ECI frame is not inertial for interplanetary missions. For these missions, the position and velocity 
of the ECI frame itself must be determined in the J2000 frame, which must take into account the 
Earth orbit and eccentricity. Thus, any transformation must specify the epoch of ephemeris time 
so that these effects can be determined.

Armed with position and velocity, we now consider general relativity effects. For an object A at 
position rA moving at velocity vA in an inertial frame, the clock rate of A relative to a clock at rest 
at the barycenter is

, (17.1)

where U(rA) is the gravitational potential at position rA. Note that for a vector v, , where 
|v| is the norm of v and is a scalar independent of direction. The second term on the right is the 
time dilation effect; the higher the velocity of an object, the slower its clock appears relative to a 
clock at the barycenter of the frame. The third term on the right is the gravitational redshift; the 
higher the gravitational potential, the slower its clock appears relative to a barycentric clock. 
Acute observers will note the similarity to non-relativistic Newtonian mechanics by simply 

replacing the c2 term in the denominators by unity.

The gravitational potential energy at point rA is

,

Where GM is the gravity-mass product for the primary (orbited) body.
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 Table 17.2 shows the nomenclature used by the astrodynamics community for the various 

timescales and frames used in the rest of this chapter. Proper time is the time displayed by a clock 
on the surface of a planet or the body of a spacecraft. Coordinate time is the time displayed in an 
inertial frame such as the ECI frame. Proper time on Earth is called Terrestrial Dynamic Time 
(TT). while the time in the ECI frame is called Geocentric Coordinate Time (TCG). A clock on 
the Earth equator at sea level is moving at 0.463 km/s at a mean altitude of .047 km runs slower 

than TCG by 60.0 s/d due to time dilation and by 0.1 s/d due to redshift.1 Similar features apply 
to the other planets orbiting the Sun.

A GPS clock moving at 3.882 km/s at an altitude of 20,135 km runs slower than TCG by 7.2 s/d 
due to time dilation and by 14.5 s/d due to redshift. Since proper time comparisons can only be 
done in a coordinate frame,

(GPS  TCG)ECI  (TT  TCG)ECI = GPS  TT

is the time of the GPS clock relative to the TT clock. Thus, the GPS clock runs (14.5 + 7.2) 
(60.0 + 0.1) = 38.4 s/d slower than the TT clock. The net rate 38 s/d blueshift is programmed 

in the spacecraft before launch.2

For the most precise timekeeping and navigation, additional effects need to be included. With a 
GPS orbital eccentricity of 0.02, there is a relativistic sinusoidal variation in the apparent clock 
time of 46 ns at the orbital period of 12 h. Also, as described in the next chapter, a Sagnac 
correction up to 133 ns must be included, depending on the satellite and receiver positions. 

Abrev. IAU Name Reference Frame
TCB Barycentric Dynamic Time J2000
TAI International Atomic Time Earth-Centered Earth-Fixed
UTC Coordinated Universal Time Earth-Centered Earth-Fixed
TT Terrestrial Dynamic Time Earth-Centered Earth-Fixed

TCG Geocentric Coordinate Time Earth-Centered Inertial (ECI)
LT Lunar Dynamic Time Moon-Centered Moon-Fixed

TCS Selenocentric Coordinate Time Moon-Centered Inertial (LCI)
MT Mars Dynamic Time Mars-Centered Mars-Fixed
TCA Aerocentric Coordinate Time Mars-Centered Inertial (MCI)

Table 17.2 Body-Fixed and Inertial Frames

1. The time dilation and redshift values for Earth and its satellites other than the Moon were 
calculated using the space fleet simulator described in Section 18.4; the values for the Moon 
and Mars are from [16].

2. This raises interesting issues should GPS be used for navigation other than on or near the 
Earth surface.
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Additional corrections are due to ionospheric and tropospheric effects. These corrections must be 
calculated in the receiver.

Proper time transfer from the Moon to Earth is subject to the same relativistic effects. As with 
GPS, the approach is to transfer proper time on the Moon surface, called Lunar Dynamic Time 
(LT) to TCG and then TT to TCG and compare in the ECI frame:

(LT  TCG)ECI  (TT  TCG)ECI = LT  TT

is the time of the LT clock relative to the TT clock. Here we are neglecting the effects of the Moon 
gravity and note that the velocity of any point on the Moon surface in the ECI frame is virtually 
the same. Considering all relativistic effects, the LT clock runs faster than the TT clock by 56 s/
d with periodic variations of 0.48 s at the Moon orbital period of 27.3 d.

Proper time comparisons between Mars and Earth can be determined in a similar way, except that 
relativistic effects must be determined relative to the J2000 inertial frame. The procedure is to 
compute the relativistic effects for proper time transfer from Mars Dynamic Time (MT) on the 
surface of Mars to Ares coordinate time (TCA) in Mars inertial coordinates and then transfer TCA 
to TCB in J2000 inertial coordinates. In a similar manner shown in Figure 17.3, transfer proper 
time TT on the surface of Earth to TCG in ECI coordinates and then to TCB in J2000 coordinates. 
The time difference between a clock on the Mars surface and a clock on the Earth surface is

((MT  ATC)MCI  TDB)J2000  ((TT  TCG)ECI  TDB)J2000 = MT  TT.

Considering all relativistic effects, the Mars clock runs slow relative to the Earth clock by 0.49 
ms/d with irregular variations up to 13.1 ms.

There is another way of looking at this problem that may be helpful. A clock on the Earth or Mars 
surface runs slower than at the barycenter of the associated inertial frame due to the gravity in that 
frame. But the inertial frame itself is moving in the gravitational field of the J2000 frame, so runs 
slower than a barycentric clock. The two effects are additive and can be accounted for separately. 

TCB

MT

TCG

TCA

TCB - TCG

TCB - TCA

TT

Sun

Mars

Earth

J2000

ECI

MCI

Figure 17.3 Compare Times on Mars and Earth
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However, the proper procedure when computing the time dilation is to consider the velocity in the 
J2000 frame, which is the vector addition of the of the planetary velocity vector and the surfacy 
velocity vector. In general, the magnitude of the planetary velocity dwarfs the magnitude of the 
Earth surface velocity, so the latter can be ignored.

17.3 Time Comparisons Between Clocks in Space

At this point in the narrative we have the tools to construct a common timescale for a number of 
orbiting spacecraft in an inertial frame. If we have the gravity-mass constant GM for a planet and 
the state vector for each spacecraft in orbit at a common epoch t0 in coordinate time, we can 
determine the orbit parameters and calculate the new state vector at any other coordinate time t 

using the prop2b_c() routine of the SPICE Toolkit.1 Consider two spacecraft X and Y orbiting a 
planet in an inertial frame. Let  be the state vector for X and  be the state 

vector for Y, both at coordinate time t. Here, r is the position vector and v the velocity vector in 
the inertial frame and the time dependence in both vectors is implicit.

If x is the position vector of one spacecraft and y is the position vector of another spacecraft, the 
light time for a ray between them is

.

Let tx be the coordinate time of transmission at X and ty be the coordinate time of reception at Y. 

In an naive analysis ; however, Y is moving as time flies along the ray, so an iterative 

light time procedure such as shown in Figure 17.4 is required. In the procedure the conic() routine 
is an abstraction of the prob2b_c() SPICE routine that propagates the position y at ty to the 

position at . In practice and as demonstrated in Section 18.4, with  ns and 

, the procedure converges in six iterations or less.

From the GM and state vector for each spacecraft, we can calculate the time dilation and redshift 
using (17.1) at any point in its orbit. Note that all the operations done so far are in coordinate time 
t. However, the spacecraft clock runs in proper time . Let pt be the period of the orbit of a 

1. http://naif.jpl.nasa.gov/naif/toolkit.html
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Figure 17.4 Iterative Light Time Procedure
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spacecraft measured in coordinate time and p be the period measured in proper time. Then, the 
secular rate of the proper clock relative to the coordinate clock is

, (17.2)

which is always less than one. A spacecraft can measure its own orbit period in proper time by 
noting the proper times at the point of maximum velocity, which is the epoch of periapsis, but it 
does not have the coordinate time, unless provided by external means. However, the proper clock 
rate is not the same over the entire orbit. We can interpret (17.1) as the rate of the proper clock 
relative to the coordinate clock at coordinate time t,

. (17.3)

Let 0 be the proper time from the spacecraft clock at the coordinate time  produced by the 

iterated procedure. At some other coordinate time t the proper time is

. (17.4)

Note this expression remains valid whether the upper limit of integration is earlier or later than t0. 
As a practical matter, the integral is most easily determined by numerical integration, as in 
Section 18.4. In principle then, if tx can be determined accurately at X, t0 and 0 can be 
determined within 100 ns at Y.

Finding accurate coordinate time when only proper time is known from the spacecraft clock 
requires careful consideration. Ordinarily, the time transfer techniques considered in this book 
require periodic transmission of time values. With respect to time transfer over space data links, 
this means propagating state vectors and computing the proper time - coordinate time 
correspondence on every transmitted update. In the scenarios considered in this book, this occurs 
at intervals of about one minute in coordinate time. However, the time between received updates 
can be relatively long, since a particular pair of spacecraft might not see each other for up to a day. 
During one minute, which is a small fraction of the orbit period for planetary orbiters, the proper 
clock rate can be considered a constant given by (17.3).

Let  be the initial offset of coordinate time relative to proper time at the last received 

update. At regular transmitted update intervals T, which correspond to proper time intervals 
, compute R(t) as in 17.3 and add  to . Then, at proper time intervals of  the 

transmitter sets , where  is read directly from the system clock. In principle tx can be 

determined in this way to less than 100 ns over an orbit period where the non-secular rate terms 

can vary up to several microseconds.1 The  can be used by application programs needing 
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coordinate time to synchronize experiments between spacecraft. Its value changes very slowly 
over the minute and need not be interpolated.

The above techniques can be used to transfer time from X to Y with precision less than one 
microsecond, but it can also be used to transfer time from Y to X. An exchange of one message 
from X to Y and another from Y to X generates the four timestamps necessary to calculate clock 
offset and roundtrip delay as in (15.1). Assuming the hardstamps described in Section 15.3 are 
available, the interleaved symmetric mode described in Section 16.3 is used and the spacecraft 
clock is constructed according to the principles of Section 15.2, time transfer over space data links 
should be accurate to within a few microseconds. However, there may be small differences 
between the proper time 0 determined from a received update and the value integrated from the 
last received update. Without further analysis in each specific case, it is not clear whether this 
error might be due to spacecraft clock frequency fluctuations, orbit perturbations or navigation 
errors.

17.4 Time Transfer from Earth to the Solar System Barycenter

The following example shows an application of these principles where the integration is replaced 
by an analytical expression based on orbital parameters. First, in order to understand the 
principles involved, consider a gedanken experiment involving three clocks, one on the Earth 
surface (TT), one dropped down a hole bored to the center of the Earth (TGI) and third flown to 
the solar system barycenter (TCB). We know the TGI clock runs faster than the TT clock by a 
constant rate of 60 s/d, so, we fiddle with the escapement to slow it down to apparent TT and set 
its hands to agree with TT. We know the TCB clock runs faster than the TGI clock, so we do the 
same thing to the TCB clock.

The problem with the TCB clock is that it does not run at constant rate due to variations in 
velocity and gravitational potential over the slightly eccentric orbit. We could fix this by 
integration of the Earth state vector as in Section xx, but this would be expensive and can be 
replaced with methods based entirely on celestial mechanics. A detailed explanation on how to 
transfer proper time on Earth TT to the solar system barycenter TCB is given in [13] and [14]. The 
method is encapsulated in the a set of files in the JPL SPICE Toolkit documentation.

As explained in Chapter 13, the fundamental timescale for astronomy and space missions is based 
on International Atomic Time (TAI), which is disciplined by a herd of as many as 250 cesium 
clocks in national laboratories all over the world. Proper time TT on Earth is defined as the time 
of a clock at sea level TT = TAI + 32.184 s, where the additive term accounts for the offset from 
Ephemeris Time (ET) at a prior epoch.

The NASA/JPL space missions represent TCB as ephemeris time (ET), which can be confusing. 
For historical reasons [15] JPL mission times are reckoned in UTC, which makes time transfer 
quite awkward. First, the offset L = TAI  UTC is determined using a table of historic leap 

1. See Table 18.1 in the next chapter for a tabulation of secular and non-secular terms for a 
number of Earth-orbiting satellites.
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seconds derived from data provided by the International Earth Rotation Service (IERS). Finally, 
the ET is determined from relativistic effects as 

,

where K = 16.571 ms is a constant and e is the eccentric anomaly of the heliocentric orbit of the 
Earth.

The eccentric anomaly is given by

where EB = .0671 is a constant, and M is the mean anomaly

,

where M0 = 6.239996 and  are constants, and t is the number of ET 

seconds past J2000. The procedure for planets other than Earth is similar, but with different 

constants. This equation, which ignores short-term fluctuations, is accurate to 30 s.2

17.5 Spacecraft Electronics

With few exceptions, no two spacecraft are alike. Some have a frightfully expensive Ultra Stable 

Oscillator (USO) with stability in parts per 1012, while others have a Sufficiently Stable Oscillator 

(SSO) with stability in parts per 1011. Some are powered by photovoltaics with battery backup; 
others by radioisotope thermal generators (RTG), which use thermocouples and heat generated by 
the decay of a Plutonium isotope. NASA spacecraft use one kind of spacecraft data bus; ESA 
spacecraft use another. The spacecraft we are interest in carry a Proximity-1 capable transceiver, 
which is the means for communications in the vicinity of Mars.

This section describes typical spacecraft electronics used for science data and telemetry 
communication. The emphasis is on those components important to maintain the spacecraft time. 
Figure 17.5 shows a spacecraft computer (SC) a number of science instruments, communications/
navigation transceivers and a mission-elapsed time counter space sailors call the SCLK 
(pronounced “essclock”). These devices are interconnected by the MIL STD 1553 low-speed 
telemetry bus [12] and a low-voltage, differential-signalling (LVDS) high-speed data bus. In the 
case of Mars orbiters and some landers, the Deep Space Network (DSN) transceiver is used for 
navigation and communications with Earth, while the Proximity-1 transceiver is used for 

1. The constants given are from the JPL Navigation and Astronomy Information Facility 
(NAIF).

2. As stated in the mro.lsk kernel file for the Mars Reconnaissance Rover (MRO).

ET TT L K e sin+ +=

e M EB M sin+=

M M0 M1t+=

M1 1.990687
7–10=
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navigation and communications with other vehicles in Mars orbits or on the surface. Some landers 
carry X-band transceivers for direct to Earth (DTE) communications, but recent landers carry 
only Proximity-1 transceivers and can communicate with Earth only via the orbiters.

The Consulting Committee on Space Data Systems (CCSDS) has produced a set of 
recommendations on bus protocols, interfaces and formats. A description of ongoing CCSDS 
standards work to adapt the OSI reference model to the 1553, SpaceWire and CAN busses is in 
[18]. A detailed discussion on the 1553 bus and its influence on spacecraft engineering and 
standards development is in [8].

The 1553 bus operates at 1 Mb/s with Manchester encoding, where each device derives bit timing 
independently. The bus controller (BC) function is implemented by the SC. The remaining 
devices function as remote terminals (RT). The BC initiates all transfers and polls for responses. It 
can read from an RT, write to an RT or instruct one RT to write to another RT. RTs neither initiate 
transfers on their own nor interrupt the BC. Commands and data messages consist of up to 32, 16-
bit words at 1 Mb/s, so a message cannot be longer than 0.5 ms. Each message is addressed to a 
single RT or broadcast to all RTs. In this design the accuracy for time transfers to science 
instruments via the bus will be limited to the order of 1 ms.

The SCLK is implemented in various ways depending on the particular spacecraft architecture. 
The most common design consistent with CCSDS time format [3] uses two counters: one for the 
seconds and the other for the fraction of the second. For instance, the Mars landers count only the 
seconds and have no provision for the fraction. The NASA Mars orbiters implement a 256-Hz 
clock, so have eight bits for the fraction. If the SCLK fails for some reason, the mission is 
probably lost. In the Mars landers it is implemented as a separate, ruggedized device accessed via 
the telemetry bus and runs even when the rest of the spacecraft is shut down during the Martian 
night. While not clear from available documents, the SCLK for the orbiters is most likely the SC 
time of day clock driven by a counter/divider with battery-backup RTC, as described in Section 
15.2.

For practical and historical reasons, the SCLK counts the elapsed seconds and fraction since some 
time before launch, so each SCLK in the fleet will have a notionally constant frequency, but 
different offset with respect to any other spacecraft or to Earth. During the mission the SCLK is 
not reset or adjusted and runs at its intrinsic frequency. However, the SCLK is subject to the 
whims of relativity and environment effects, especially temperature changes [21]. JPL mission 
databases include what is called the SCLK kernel file, which characterizes the clock type, tick 
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interval and a table of clock time offsets from UTC, together with corresponding frequency 
offsets. These are in the form of segmented intervals that may or may not be concurrent or 
continuous, due to differences between mission phases or extended shutdowns during Mars 
winters. These segments allow scheduling software on Earth to interpolate and adjust telemetry 
commands and data events with acceptable accuracy.

At least some NASA and ESA spacecraft generate a pulse-per-second (PPS) signal which is sent 
to all devices as necessary. If a device needs time resolution less than one second, it implements 
an interpolation counter phase-locked to the PPS signal. The PPS signal can be generated by a 
numeric controlled oscillator (NCO), such as the Analog Devices AD 9854 chip shown in Figure 
17.6. It consists of an accumulator, phase increment, lookup table and DAC. The device produces 

a sinewave output equal to the clock frequency, in this case 300 MHz, divided by the factor 248 /
N. Thus, the device can produce any frequency from zero to 75 MHz with resolution of 1 Hz. 
While useful for demonstration purposes, this particular device runs rather hot and is probably 
overkill for most space applications.

For the Electra transceiver described in Section 17.8, the NCO is implemented in the FPGA and 
driven from the USO at approximately 76 MHz. The NCO can be programmed to generate a PPS 
signal by adjusting the phase increment in much the same way as in Section 15.2. Of particular 
interest, the phase of the PPS signal can be adjusted by temporarily changing the phase increment, 
perhaps by a telecommand from Earth. The SCLK kernel files for the Mars orbiters show 
extremely low frequency offsets, suggesting that the PPS signal disciplines the SCLK, probably in 
much the same way as the current NTPv4 implementation.

17.6 Proximity-1 Protocol

The CCSDS has defined several protocols for communication over space data links. In general, 
these protocols are designed for use where distance, and thus delays, are very large. On the other 
hand, our interest here is where distances are relatively small, as with Mars orbiters and landers. 
The CCSDS has designated the Proximity-1 architecture and protocol [2] for the transmission of 
commands, telemetry and science data between spacecraft on and near Mars (or the Moon for that 
matter).
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The Proximity-1 specification includes six sublayers: I/O, Data Services, Frame, Coding and 
Synchronization (C&S), Physical (PHY) and Medium Access (MAC), as shown in Figure 17.7. 
All but the C&S and PHY layers are implemented in the SC. The C&S is implemented in 
dedicated chips and FPGAs, while The PHY is the RF modem itself.

The MAC is the main point of interaction for the time transfer function. It has means to instruct 
the C&S sublayer to intercept a 24-bit ASM marker that is used to delimit C&S frames and 
capture a time tag from the SCLK or NCO, depending on the detailed design. Time tag capture in 
this way is important, since buffering and queuing functions can take many seconds. The MAC 
can also send and receive supervisory frames to and from the remote MAC for the space link.

User data units (U frames) are sent and received over the space link along with supervisory data 
units (P frames). There are two kinds of U frames: sequenced and expedited. Sequenced frames 
carry sequence numbers modulo 256, while expedited frames carry sequence numbers modulo 8. 
Frame numbers are visible to the C&S at both ends of the space link. The SC includes separate 
queues for each of these and in addition a SPDU (P frame) queue, which has no sequence 
numbers. The priority of these queues (leaving out some special cases) is SPDU, UPDU 
expedited and UPDU sequenced. A maximum frame of 2048 octets transmitted at the minimum 
channel rate of 1000 bps takes 32 s in transmission, so a SPDU or expedited frame might have to 
wait that long. Thus, it is imperative that time tags be captured at the C&S layer. The C&S time 
tag and associated sequence number can be captured and retained for later retrieval. Note that the 
MAC does not have direct access to the data stream and can only inject or capture SPDU frames 
and enable or disable C&S time tag capture. In particular, the MAC cannot inspect or overwrite 
sequenced or expedited frames.

17.7 Proximity-1 Time Service

The Proximity-1 specification includes a Transmit Parameters SPDU to enable the remote MAC 
to capture a specified number of transmit time tags and a Receive Parameters SPDU to capture a 
specified number of receive time tags. These are retained in buffers for later retrieval as telemetry 
data. In addition, there is a Time Distribution SPDU to convey time tags from one MAC to 
another and to broadcast the time. SPDU frames carry no sequence numbers, so time tags 
associated with these frames are not useful in the present design other than to broadcast the time. 
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The specification expects that the time tags and associated sequence numbers are captured only 
for UPDU expedited frames. To capture for both sequenced and expedited frames would create an 
ambiguity, as the sequence numbers are from different spaces. The C&S determines the frame 
type and sequence number from the 5-octet frame header.

What would seem to be a prudent procedure, is for the MAC to enable the local C&S to capture a 
number of transmit and receive time tags and send SPDUs to enable the remote C&S to do the 
same. Then, each end sends a number of expedited frames to the other. Several cases ensue, 
depending on whether frames are already in the expedited queue at either end of the link. In the 
current design the time tags and sequence numbers collected are returned to Earth as telemetry 
data.

While not in the specification, it is the intent that captured time tags are correlated by sequence 
numbers to select the transmit and receive time tags for the same expedited frame in one direction 
and then in the other. Each frame results in two time tags which then have to be converted to UTC 
timestamps using the SCLK kernel file. For the highest accuracy, the correlation must take into 
account the motion of each spacecraft between frames. This could be determined from state 
vectors using methods described in Section 18.4. The resulting four timestamps can be used as in 
the on-wire protocol of Section 3.6 to calculate clock offset and roundtrip delay of each vehicle 
relative to the other. While probably a bug in the Proximity-1 specification, the format specified 
in [3] has no provision for the sequence number.

17.8 Time Transfer Using the Electra Transceiver

 This section considers the accuracy expectations using the Electra transceiver described in [6]. It 
is used for communication and navigation by Mars orbiters and landers. There are ingenious 
features of this radio that can provide time tag resolution limited only by the onboard USO used 
by the Mars orbiters. The USO operates at a frequency f0 of about 76 MHz and provides the 
master reference for all signals used by the radio. The resolution of a counter/divider driven by the 
USO is about  ns. The analysis presented in this section suggests that, at least at 

moderate to high data rates, time tag accuracies to this order can be achieved without averaging. 
Accuracy in this context means the precision to which the ASM marker can be captured relative 
to the USO phase. The Parting Shots section at the end of this chapter suggests modifications to 
the Proximity-1 protocol with which this can be achieved. Note that some discussion in this 
section reeks of high radiospeak and might be skipped by a casual reader.

The Electra transceiver represents the first generation of JPL software defined radios (SDR). The 
radio has been built in three versions: the original Electra transceiver flown in recent Mars 
missions [5], a smaller, lighter version called Electra Lite intended for landers and an even 
smaller, lighter version intended for balloons and aerobots [9]. These radios operate at UHF 
frequencies (390-415 and 435-450 MHz) using low-power transmitters and simple antennas. One 
model is equipped with an X-band to UHF-band downconverter to receive signals directly from 
Earth. With SDR technology the radio can be reconfigured in flight in response to commands 
issued from Earth. In future an even more sophisticated SDR may become available that can 
recognize each transmitted signal design and automatically reconfigure without instructions from 

1 f0 15
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Earth. The technology is being continuously improved for the Electra UHF-band and Advanced 
Transponder for the X- and Ka- bands [4].

Our concern here is with the Electra receiver and the various design features that affect time tag 
accuracy. A block diagram of the receiver is shown in Figure 17.8. All components except the 
low-noise amplifier (LNA), downconverter and A/D converter are implemented in a FPGA. The 
downconverter produces the intermediate frequency (IF) at about 76 MHz. The A/D converter 
samples the IF at about  Ms/s, resulting in at least four samples per symbol at the 

highest data rate of 4096 kb/s.

The FPGA circuitry shown in Figure 17.8 first multiplies the A/D samples by quadrature 
sinusoids at a frequency  Ms/s to produce in-phase (I) and quadrature-phase (Q) 

signals. Each phase is passed through a low-pass filter to remove aliases above 8.5 MHz. In order 
to reduce power as much as possible at rates below 1024 kb/s, a concatenated integrate-comb 
(CIC) filter [10] is used to decimate the symbol stream by a factor of N. This allows the IF 
bandwidth to be optimized over a large range of symbol rates simply by varying N. The CIC 
requires no multipliers and thus very little power. Below 8 kb/s, the decimation is a constant 128 
in order to allow enough bandwidth for the carrier tracking loop to track the Doppler signal 
component.
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The carrier tracking loop is a conventional PLL/Costas design that produces the baseband data 
and phase signals. The baseband tracking loop is a digital transition tracking loop (DTTL) [11] 
shown in Figure 17.10. It accumulates symbols of period  in three accumulators to produce the 
data and clock signals. The Viterbi decoder and Reed-Solomon decoder and interleaver contribute 
substantial delays, as do their counterparts in the transmitter signal chain, but the delays are 
constant. The time tags are captured after the decoders at the passage of the ASM, as described in 
Section 17.6. With this design the resolution of the DTTL depends on symbol rate and the number 
of samples per symbol. The resolution is better than 60 ns above 512 kb/s rising to 1 s at 64 kb/s 
and then rising to about 8 s below 16 kb/s. The loop filter can provide substantial averaging to 
improve sample clock accuracy by several hundred times. So, at least at moderate to high data 
rates, the accuracy should be in the tens of nanoseconds.

17.9 Parting Shots

The current method for time synchronization in the Mars space fleet requires the time tag 
correlation function for each spacecraft to be performed on Earth and time synchronization to be 
done offline. As the fleet grows, this can put an onerous burden on the DSN and mission 
operating procedures. Time synchronization should be an intrinsic, distributed and ubiquitous 
service for the fleet. This requires means to accurately measure and exchange coordinate 
timestamps between the vehicles. A strong case is made in [20] for integrated communication, 
navigation and control functions in a space fleet. This section extends this concept to include the 
time transfer function as well.

The proposed Proximity-1 Interleaved Time Service (PITS) described in this section does this 
using the Proximity-1 data link protocol with certain minor modifications. PITS is applicable in 
NTP-like configurations involving multiple spacecraft and space data links. In this design the 
Earth-disciplined vehicles operate as PITS primary servers and the others as PITS secondary 
servers and clients as in NTP. However, servers can come and go relatively frequently, depending 
on Earth telemetry schedules and orbit crosslink opportunities.

In order to avoid conflict with the existing Proximity-1 provisions, PITS defines a new 
Timestamp SPDU (type 3) frame format as in Figure 17.11 with two eight-octet data fields in 
NTP or CCSDS format. These fields can be used to convey timestamps from one vehicle to 
another. For those spacecraft equipped with a USO or SSO and NCO, we assume the SCLK is 
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disciplined by the PPS signal and that the 4-ms tick interval is interpolated as described in Section 
17.5. Thus, the SCLK can be read by the SC to within a few microseconds and the time tags read 
directly from the NCO within a few tens of nanoseconds. While these data can be used for a 
simple time transfer application, it does not take into account relativistic effects or spacecraft 
motion. These effects are handled by the PITS protocol described later in this section.

In this proposal the C&S sublayer sniffs the data stream for a Timestamp SPDU and captures a 
time tag from the NCO. On transmit, the C&S sublayer recognizes the Timestamp SPDU, 
captures a time tag and saves it in the transmit time tag buffer. On receive, the C&S recognizes 
this SPDU, captures a time tag and saves it in the receive time tag buffer. Capture does not need to 
be enabled; it is always enabled for the Timestamp SPDU. Only a single buffer is necessary for 
the transmit time tag and another for the receive time tag, since Timestamp SPDUs are never sent 
back to back.

At present, the Mars fleet does not need time synchronized to a coordinate timescale such as ET, 
since scheduling functions are done on Earth and the SCLK kernel used to translate UTC to 
SCLK time. However, if the Mars fleet is to evolve an in-flight timekeeping capability, some 
means must be available to run the fleet on a coordinate timescale. In this proposal the uplink 
telemetry from Earth at spacecraft time 0 includes a timestamp that specifies the ET time in 
seconds and fraction upon arrival at the spacecraft, as described in the next chapter. In the 
nomenclature of Section 17.3, SCLK is considered proper time 0 and ET is considered 

coordinate time t, so the correspondence between coordinate and proper time is . 

Subsequently, relativistic effects can be included as in Section 17.3.

Within the space fleet the protocol suggested in Section 17.3 is used. For the purpose of 
illustration only, the interleaved symmetric NTP protocol described in Section 16.3 is suggested 
as encapsulated in Proximity-1 expedited frames. Operations go something like this.

1. At intervals  spacecraft X sends an ordinary NTP interleaved symmetric mode packet to 
Y followed by a Timestamp SPDU and captures a time tag  from SCLK. Next it adds the 
current  to  to form a transmit timestamp tx and propagates its state vector to this time. It will 
use the timestamp and state vector in the following NTP packet. The state vector and possible 
ancillary information are sent in an NTP extension field.

2. Upon receiving the NTP packet, spacecraft Y waits for the following Timestamp SPDU which 
captures a time tag 0 from SCLK. It determines the receive timestamp ty using the iterated 
procedure of Section 17.3.

3. Spacecraft Y now performs an identical procedure to complete the round. As required by the 
interleaved protocol, two rounds must be exchanged in order to calculate the clock offset and 
roundtrip delay.

Transmit Time Tag (8)SPDU Header (5) Receive Tiime Tag (8)

Figure 17.11 Timestamp SPDU Format

 t 0–=
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This method requires that both spacecraft X and Y have accurate state vectors and the GM of the 
primary planet. In principle, these data for Y could be included as an extension field in packets 
sent by X to Y, possibly relayed from Earth or another spacecraft. In addition to the sanity checks 
available in the interleaved symmetric protocol, an additional check is needed to be sure the 
Timestamp SPDU received is the same SPDU transmitted; that is, the loss or duplicate of an 
SPDU can be detected. This is easily done using a sequence number in the SPDU data field.

The accuracy using the above method is limited by the accuracy of navigation and the precision of 
the iterated procedure, which is less than 100 ns. However, the precision of the PPS signal used to 
discipline the spacecraft clock via hardware interrupt is probably limited to the spacecraft 
computer interrupt latency, estimated at less than 3 s in modern computers.

17.10 Further Reading

http://www2.jpl.‘nasa.gov/basics/index.html Basics of Space Flight</a>

http://www.braeunig.us/space/orbmech.htm Rocket and Space Technology: Orbital Mechanics 
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