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Abstract—The space radio telescope “RadioAstron” is equipped with a high performance hydrogen maser
frequency standard and thus provides a unique opportunity for a gravitational redshift test. We consider
various modes of operation of the on-board scientiﬁc equipment and their impact on accuracy of the
anticipated experiment. We ﬁnd that the accuracy of the test is limited by ∼10−2 for the hardware
conﬁguration routinely used in radio astronomical observations, which is a consequence of using ballistic
data to remove the nonrelativistic Doppler frequency shift from the analyzed signal. On the other hand, the
so-called “Semi-coherent” mode of the on-board hardware provides for combining the space and ground
maser signals in such a way that the resulting signal carries information about the useful eﬀect but is free
from the nonrelativistic Doppler and tropospheric frequency shifts. The proposed compensation scheme,
which is diﬀerent from the one used in the Gravity Probe A experiment, allows for testing the gravitational
redshift eﬀect with ∼10−6 accuracy.
DOI: 10.1134/S1063772914110018

1. INTRODUCTION
According to the Einstein Equivalence Principle
(EEP), an electromagnetic wave propagating in a region of space with nonuniform gravitational potential
experiences a gravitational frequency shift [1, 2], proportional to the gravitational potential diﬀerence ΔU
between the measurement points and the frequency f
of the wave:
Δfgrav
ΔU
= 2 .
(1)
f
c
The eﬀect can also be phrased in the language of time
interval diﬀerences ΔT , measured by clocks situated
at the corresponding locations:
ΔTgrav
ΔU
= 2 .
T
c

(2)

The ﬁrst reliable gravitational redshift test was
conducted in 1960 by Pound and Rebka [3] (see
also [4]) in a laboratory experiment based on the
Moessbauer eﬀect. The most precise test of (1) to
date was performed in the Gravity Probe A experiment (GP-A) of 1976 [5], in which the frequencies
of two hydrogen masers were compared—one on the
Earth and the other on board a rocket with a ballistic
*
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trajectory of 104 km apogee. The experiment conﬁrmed Eq. (1) to 1.4 × 10−4 accuracy.
The interest in conducting even more precise tests
of (1) and (2) is motivated by the search for violation of the EEP, predicted by the majority of Grand
Uniﬁcation Theories. The mechanisms of violation
can be diﬀerent but, in any case, they result in a
non-universal coupling of the graviton to the other
particles. This, in eﬀect, results in a modiﬁcation of
Eq. (1), which, in the case of two frequency standards
a and b under gravitational potentials Ua and Ub ,
takes the following form:
Δfgrav
Ua
Ub
(a)
(b)
= 2 (1 + εX ) − 2 (1 + εX ),
f
c
c
(a)

(b)

(3)

where εX and εX are the violation parameters, which
may depend both on composition X of the source
of the gravitational ﬁeld and the quantum transitions
used in the respective frequency standards. At the
same time, Eq. (3) states that a result of a physical
experiment depends on a space-time point where the
experiment is performed. Therefore, the gravitational
redshift experiment is a direct test of the Local Position Invariance part of the EEP. (Note, however, that,
according to Schiﬀ’s conjecture (see monograph [2]),
any violation of this symmetry implies that the other
two parts of the EEP, i.e. the Weak Equivalence
783
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Principle and the Local Lorentz Invariance, are also
violated.)
In the case of two identical frequency standards
Eq. (3) simpliﬁes to:
Δfgrav
ΔU
(a)
= 2 (1 + εX ).
f
c

(4)
(H)

Thus the GP-A experiment set the limit for ε⊕ ,
which characterizes the violation of (1) for the hydrogen hyperﬁne transition and the Earth as a source of
(H)
the gravitational ﬁeld: ε⊕ = (0.05 ± 1.40) × 10−4 .
Several experiments aimed at improving the currently achieved accuracy of the test by 2–4 orders
of magnitude are to be conducted in the near future.
The European Space Agency’s ACES mission [6]
intends to install two atomic clocks, an H-maser
and the caesium fountain clock PHARAO [7], onto
the International Space Station. The active phase
of the mission had been put oﬀ several times and
currently is being scheduled for 2016. Because of the
ISS’s low orbit, the gravitational potential diﬀerence
between the ground and the on-board clocks will be
only ≈10% of that possible with a spacecraft at a
distance of 105 km from the Earth. Nevertheless,
PHARAO’s accuracy, which is expected to reach
∼10−16 in microgravity, provides for measurement
accuracy of ε at the level of 10−6 .
Another european initiative is STE-QUEST [8],
a candidate mission for the ESA Cosmic Vision M4
programme, with a goal to test (1) with 10−7 –10−8
accuracy in the gravitational ﬁeld of the Earth. Additionally, a special choice of the orbit, which will allow
the spacecraft to simultaneously communicate with
tracking stations at diﬀerent continents, will provide
for testing (1) in the ﬁeld of the Sun. The accuracy
of this type of experiment, not requiring a frequency
standard on board the spacecraft, is speculated to
reach ∼10−6 . The question of the mission’s frequency
standard has not settled by the time of writing. The
launch is to occur no earlier than 2026.
Finally, an experiment with a potential of testing
the redshift eﬀect (1) in the ﬁeld of the Earth with
∼10−6 accuracy is currently being carried out as a
part of the mission of the space radio telescope (SRT)
“RadioAstron” with participation of the authors of
the present paper. The possibility for this experiment
came with the decision to add a space hydrogen maser
(SHM) frequency standard to the scientiﬁc payload of
the mission’s spacecraft. Because of the impossibility to reconstruct the orbit with an accuracy needed
for this experiment, a modiﬁcation of the communications subsystem of the spacecraft was suggested,
which would have provided for online compensation

of the contributions of the nonrelativistic Doppler effect and the troposphere in the analyzed signal (the
“Cronos” project). The main point of the modiﬁcation
was to allow for independent synchronization of the
Earth-spacecraft-Earth two-way link to a ground
hydrogen maser (GHM) frequency standard, while
the spacecraft-Earth one-way link be synchronized to
the SHM. Unfortunately, the proposed modiﬁcation
did not materialize. The modes of the high-data-rate
radio complex (HDRRC) do not allow to independently synchronize the frequencies of the links used
for transmission of tone signals, i.e., 7.2 GHz (up)
and 8.4 GHz (down), and the 15 GHz carrier of the
data downlink (used for observational and telemetry
data transmission).
It is possible, however, to independently synchronize the carrier (15 GHz) and the modulation (72 or
18 MHz) frequency of the data downlink. This mixed,
or “Semi-coherent,” mode of synchronization hasn’t
been used in astronomical observations so far. As our
analysis shows, for this mode it is possible to devise
a compensation scheme, which is similar to the one
used by the GP-A experiment, and which results in
the contributions of the nonrelativistic Doppler eﬀect
and the troposphere eliminated in its output signal.
The accuracy of the experiment based on this compensation scheme can reach the limit 1.8 × 10−6 , set
by the frequency instability and accuracy of the SHM.
The article is organized into 6 sections. In the second section we give a general account of a practical
approach to gravitational redshift tests with spaceborne atomic frequency standards and also derive
expressions, which can be used to estimate accuracy of such experiments. In the third section we
describe some characteristics of the SRT “RadioAstron” hardware, which are important for the gravitational experiment, and, in particular, discuss the
three main modes of the on-board hardware synchronization. In the fourth section we consider the perspectives of an experiment utilizing the “H-maser”
mode, which is routinely used in astronomical observations, and also present some results of our analysis
of relevant experimental data. The ﬁfth section is
devoted to the mixed, or “Semi-coherent” mode of
synchronization. The sixth section summarizes our
investigations and outlines the prospects for future
work.
2. EXPERIMENT CONCEPT AND ACCURACY
Gravitational redshift experiments with spacecrafts (SC), having atomic time and frequency standards on board, can be based either upon frequency (1) or time interval (2) comparisons. The
GP-A experiment followed the frequency approach,
ACES will utilize both, and STE-QUEST is going
ASTRONOMY REPORTS
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to rely only on the frequency one. Both approaches
are possible for the SRT “RadioAstron,” but because
of the on-board and ground hardware peculiarities,
the frequency method promises a potentially higher
accuracy, so we will discuss it exclusively. We will
also limit our discussion to the case of comparing only
two frequency standards of the same type, one at a SC
and another at a ground tracking station (TS).
In order to compare the output frequencies of a
ground fe and a space-borne fs atomic standards,
one needs to transmit any (or both) of these signals by
means of radio or optical links. The comparison thus
becomes complicated by the necessity of extracting
a small gravitational frequency shift from the mix
of accompanying eﬀects, such as resulting from the
relative motion of the SC and the TS or signal propagation through media with non-uniform and timevarying refractive indices. The total frequency shift of
a signal, propagating from the SC to the TS, is given
by the following equation:
fs↓ = fs + Δfgrav + Δfkin
+ Δfinstr + Δfmedia ,

(5)

where fs↓ is the frequency of the signal, as received by
and measured at the TS, Δfgrav is the gravitational
frequency shift, Δfkin is the frequency shift due to
the SC and TS relative motion, Δfmedia is the propagation media contribution (ionospheric, tropospheric,
interstellar medium), Δfinstr encompasses various instrumental eﬀects, which we will not consider here.
Now, Eq. (5) can be used to determine the gravitational frequency shift Δfgrav . Indeed, fs↓ is measured
at the TS, Δfkin can be evaluated from the orbital
data (assuming special relativity is valid), Δfmedia can
be found from multi-frequency measurements (for
the ionospheric and interstellar media contributions)
and meteorological observations (for the tropospheric
one), estimation of Δfinstr involves calibration of the
hardware and a study of the transmitting, receiving
and measuring equipment noise. The value of fs is
unobservable and, therefore, presents a certain diﬃculty. It is convenient to express it in terms of the
frequency of the ground-based standard fe and an
oﬀset Δf0 :
fs↓ = fe + Δfgrav + Δfkin + Δfinstr
+ Δfmedia + Δf0 ,

(6)

fs = fe + Δf0 .

(7)

where
The problem of fs (or Δf0 ) being not measurable
directly has diﬀerent solutions depending on the type
of the frequency standards used and the possibility
of varying the gravitational potential diﬀerence ΔU
between them (see Section 3).
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In order to test (1) it is also necessary to determine
the value of U , which can be calculated from models
of the gravitational potential of the Earth [9] and the
Solar System [10] and implies precise knowledge of
the geographical coordinates of the TS and the orbit
of the SC. An important point here is that the orbit reconstruction algorithm should not at any point make
an assumption of validity of (1).
Let us now consider the problem of the experiment
accuracy estimation. A general expression for the
error of measurement of the general relativity violation
parameter ε can be obtained by varying (4):
Δfgrav
Δfgrav
ΔU
f
f
δε =
−
δ 2 .

2
ΔU
c
ΔU
c2
2
c
δ

The error δ

(8)

ΔU
is usually comparable to or less
c2

Δfgrav
. Therefore, we can use Eq. (4) with
f
ε = 0 here and obtain

than δ

Δfgrav
ΔU
−δ 2
f
c
.
δε ≈
ΔU
c2
δ

(9)

At long distances the contribution δ ΔU
c2 can be
completely ignored, if the purpose of the experiment
is to achieve accuracy δε ∼ 10−6 . Indeed, the error
due to inaccurate knowledge of the ground maser
coordinates is a constant, e.g. for δre = 10 cm equal
to
δUe /c2 = 1.1 × 10−17 .

(10)

The error δUs /c2 falls oﬀ as ∝ rs−2 for δrs ﬁxed. So,
in case of δrs = 100 m, then at rs > 105 the error
δε < 4 × 10−17 . Thus, when rs > 105 km and the
desired accuracy δε ∼ 1 × 10−6 , we can use
Δfgrav
f
.
δε ≈
ΔU
c2
δ

(11)

Obviously, (11) is valid at arbitrary distances if the
SRT coordinates are determined accurately enough.
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Some speciﬁcations of the on-board H-maser of the SRT
“RadioAstron”
Stability (Allan deviation) σy (τ ):
τ = 1000 s

3 × 10−15

τ =1h

2 × 10−15

Accuracy

Δf
f

3 × 10−13

“H-maser” mode of the HDRRC and “Use HDRRC1” of the RESC, or, for short, the “H-maser” mode.
In this mode the SHM signal is used to synchronize
both the HDRRC and the RESC. The frequency fs
of the signal, transmitted by the HDRRC, and its
frequency fs↓ , as received at a TS, are related by the
following equation [12] (cf. Eq. (5)):

Ḋ vs2 − ve2
↓
−
fs = fs 1 −
c
2c2
(vs · n)2 − (ve · n) · (vs · n)
2
 c
 v 2
Δfgrav Δftrop
+
+ Δfion + o
+
,
f
f
c
+

Drift at:
1 × 10−15

1 day

2 × 10

1 year

−13

Note, that Eqs. (8), (9), and (11) give the error of ε
for a single measurement of the signal’s total gravitational frequency shift Δfgrav due to the gravitational
potential diﬀerence ΔU . The case when only the
varying part of the redshift eﬀect is determined, which
is possible with eccentric SC orbit, and also the case
of repeated measurements are considered below in the
course of the discussion of the gravitational redshift
experiment with the SRT “RadioAstron.”
3. SOME IMPORTANT CHARACTERISTICS
OF THE SRT “RADIOASTRON” HARDWARE
The cornerstone piece of the SRT hardware for the
gravitational experiment of the type considered here is
the space hydrogen maser frequency standard. Some
of the relevant performance parameters of this device
are given in the Table.
The SHM output signal is transmitted to a TS
by the above-mentioned HDRRC [11], which includes two transmitters at 8.4 and 15 GHz, and a
7.2 GHz receiver. The frequencies of the signals
used both by the HDRRC transmitters and the radioelectronics science complex (RESC), can be synthesized either from the reference signal of the SHM or
from the 7.2 GHz output of the on-board receiver,
which receives the signal transmitted by the TS and
locked to the ground H-maser. The mode of the onboard hardware synchronization signiﬁcantly aﬀects
not only the achievable accuracy but the very possibility of the gravitational redshift experiment.

3.1. The “H-Maser” Mode
The main synchronization mode used in radio astronomical observations is the combination of the

(12)

where Ḋ = (vs − ve ) · n is the radial velocity of the
SRT relative to the TS, vs and ve are the velocities of
the SRT and the TS, respectively, n is a unit vector,
pointing in the direction opposite to the one of the signal propagation, Δfgrav is the gravitational redshift,
Δfion and Δftrop are the ionospheric and tropospheric
frequency shifts; all kinematical values are referred to
a geocentric inertial reference frame.
The various terms at the r.h.s. of (12) are
grouped so as to make it obvious that the kinematical,
gravitational and tropospheric contributions are proportional to the transmitted signal frequency, while
the ionospheric contribution is inversely proportional
to it [13]. The availability of the 2-frequency link
provides for accurate estimation of the ionospheric
term [12], but the contributions of the other eﬀects
cannot be separated from each other and need to
be calculated from ballistic data. As we will see
in the next section, this causes a large error of the
Ḋ
determination and thus degrades
Doppler eﬀect
c
the experiment accuracy to ∼1%.

3.2. The “Coherent” Mode
Let us now consider the “Coherent” mode of the
on-board hardware synchronization, also known as
the phase-locked loop mode. Here a sinusoidal signal
of 7.2 GHz frequency, synchronized to the GHM, is
sent to the SRT, where it is received by the HDRRC
and used to lock the frequencies of the RESC. All
the signals transmitted to the TS by the HDRRC are
also phase-locked to the received 7.2 GHz signal: the
8.4 GHz tone, the 15 GHz carrier of the data transfer
link, and, lastly, its 72 (or 18) MHz modulation frequency. A signal radiated by the TS with frequency
fe has the following frequency on return from the SC

ASTRONOMY REPORTS

Vol. 58 No. 11

2014

GRAVITATIONAL REDSHIFT TEST

(Rfe↑ )↓
+


= Rfe 1 −

787

Ḋ12 Ḋ23 Ḋ12 · Ḋ23
−
+
c
c
c2

(vs · n23 )2 + (ve1 · n12 )2 − (vs · n12 )(ve1 · n12 ) − (ve3 · n23 )(vs · n23 )
c2

 v 2
Δftrop12 Δftrop23
+
+ Δfion12 + Δfion23 + o
+
,
f
f
c

where R = 8.4/7.2 for the 8.4 GHz downlink or R =
15/7.2 for the 15 GHz one, Ḋ12 = (vs − ve1 ) · n12 ,
Ḋ23 = (vs − ve3 ) · n32 , and the other designations
are obvious from Fig. 1.
The “Coherent” mode alone is of no interest to the
redshift experiment, because, as obvious from (13),
the received signal has no information about the gravitational redshift eﬀect. However, in the case of simultaneous operation of the one- (12) and two-way (13)
links, their signals can be combined by means of a
special radio engineering compensation scheme [12],
which outputs a signal containing information about
the gravitational redshift but, at the same time, free
from the 1st-order Doppler and tropospheric contributions. (It is also possible to compensate for the
ionosphere but only in case of a special selection of
the ratios of the up- and downlink frequencies.) This
compensation scheme, ﬁrst used in the GP-A mission, cannot be applied in the case of “RadioAstron,”
because, as mentioned above, the mode of independent synchronization of the carrier frequencies of the
HDRRC links is not supported.

3.3. The “Semi-coherent” Mode
It is possible, however, to synchronize the 8.4
and 15 GHz frequencies of the HDRRC transmitters
to the GHM-locked 7.2 GHz tone (the “Coherent”
mode of HDRRC), while the RESC is synchronized
to any of the on-board frequency standards (the “Use
on-board frequency standard 1 or 2” mode of the
RESC). This “Semi-coherent” mode turns out to be
the most suitable for the gravitational experiment. Indeed, just like in the “Coherent” mode, the net gravitational redshift is cancelled in the received 8.4 GHz
tone and in the carrier of the 15 GHz data link.
However, in contrast to the “Coherent” mode, the
modulation frequency of the data link is locked not to
the 7.2 GHz uplink but to the SHM signal, hence all
components of the data link signal spectrum, except
for the carrier, are inﬂuenced by the gravitational effect. There’s an issue, though, in that the magnitude
of the gravitational shift is then proportional to the
modulation frequency 72 (or 18) MHz, whereas all the
ASTRONOMY REPORTS
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(13)

disturbing eﬀects still occur at the GHz scale of the
carriers. At ﬁrst sight, this should lead to ≈100-fold
degradation of the measurement accuracy, as compared to the GP-A approach where the SHM signal
was encoded directly in the spacecraft downlink tone.
However, as will be shown below, the compensation scheme can be arranged in such a way that all
disturbing eﬀects are transferred to the modulation
frequency scale too. Moreover, just like in GP-A, it
turns out to be possible to eliminate the contributions
of the 1st-order Doppler and tropospheric eﬀects as
well.

4. MEASURING THE GRAVITATIONAL
REDSHIFT IN THE “H-MASER” MODE
Let us now consider testing the gravitational redshift eﬀect in the case when the “RadioAstron’s” onboard hardware is operating in the “H-maser” mode.
The main equation of this mode is (12), wherein it is
convenient to use (7) to express the SHM frequency
fs in terms of the GHM frequency fe and the frequency oﬀset Δf0 . Note that for “RadioAstron’s”
orbit
Ḋ
< 3 × 10−5 ,
c

(14)

and that Δf0 does not exceed the frequency stanΔf0
< 3 × 10−13 (see the table
dard’s accuracy
f
above). So,

Ḋ vs2 − ve2
↓
−
fs = fe 1 −
c
2c2
 v 2 
(vs · n)2 − (ve · n) · (vs · n)
+
+o
c2
c
(15)
+ Δf0 + Δfgrav + Δfion + Δftrop ,
where, according to the above remarks, the largest of
Δf0 Ḋ
< 10−17 .
the neglected terms is less than
fe c
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vs
t2
|ve1| = |ve3|
n12 = – n21
n23 = – n32
n12
t1

ve1

n32

t3
ve3

Fig. 1. The SRT and TS kinematics.

Obviously, if we determine Δfgrav from (15), its
accuracy will be limited by the unknown value of
the oﬀset Δf0 . When Δf0 is believed to be small
enough, one can use (15) directly to estimate the
frequency oﬀset of the SHM relative to the GHM due
to gravitation (the so-called absolute measurement
approach). For example, the accuracy of the abovementioned PHARAO fountain clock,
 installed
 when
Δf0
∼
at the ISS, is expected to reach
fe PHARAO
1 × 10−16 , while the eﬀect to be measured is


GM 1
1
Ue − UISS
= 2
−
c2
c
re rISS
−11

= 4.3 × 10

.

(16)

Using (11) we see that in this case the ε parameter
cannot be determined with an accuracy better than
δεACES ∼ 2 × 10−6 .

(17)

Now consider the case of “RadioAstron.” For the


+ fe −

SRT at apogee (rap ∼ 3 × 105 km) the gravitational
potential diﬀerence is substantially larger:


Ue − Uap
GM 1
1
=
−
= 6.8 × 10−10 , (18)
c2
c2
re rap
but, because of the H-maser’s much poorer accuracy
(see the table above), the accuracy of the absolute
measurement of the gravitational redshift with “RadioAstron” is limited to
δεRA,ap ∼ 4 × 10−4 ,

(19)

which is both worse than (17) and does not exceed the
GP-A result.
It may be reasonable to test (1) not by way of determining the total value of the gravitational redshift,
but rather its variation while the SRT is moving along
its orbit. Using (15) and (7) we can calculate the
diﬀerence of the frequency measurements performed
at the TS at instants t1 and t2 :

↓
↓
fs1
− fs2
= (fs1 − fs2)
2 − v2
(vs1 · n1 )2 − (ve · n1 ) · (vs1 · n1 ) − (vs2 · n2 )2 + (ve · n2 ) · (vs2 · n2 )
Ḋ1 − Ḋ2 vs1
s2
−
+
c
2c2
c2

 v 2
+o
(20)
+ (Δfgrav1 − Δfgrav2 ) + (Δfion1 − Δfion2 ) + (Δftrop1 − Δftrop2 ).
c

The Moon’s gravitational ﬁeld causes the apogee

and perigee of the SRT to slowly evolve. The most
ASTRONOMY REPORTS
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favorable periods for the gravitational experiment are
such that the perigee height is at minimum, i.e., the
winter–spring periods of 2014 and 2016, when it is
equal to ∼1.5 × 103 km, so that


Uap − Uper
= 5.5 × 10−10 .
(21)
c2
max
During the least favorable period (winter–spring of
2015)
the perigee
is at ∼65 × 103 km height, so that


Uap − Uper
= 5.3 × 10−11 . The term fs1 − fs2
c2
min
in (20) is the frequency drift of the SHM over t2 − t1
time. In general, H-masers drift substantially over
large time intervals, i.e., in amount comparable to
their accuracy (see the table). The drift per-day,
however, is usually quite small. For “RadioAstron’s”
SHM


fs1 − fs2
∼ 1 × 10−15 .
(22)
f
1 day
This value should be compared to the frequency instability of the SRT at the time of 1000 s, which is a
realistic duration of a gravitational redshift session:
σy (τ ) = 3 × 10−15

at

τ = 1000 s.

(23)

Approximately one day is needed for the SRT to
travel from perigee to a distance where the gravitation potential is almost equal to its value at apogee.
Therefore, the accuracy of a single modulation-type
experiment is limited not by the frequency drift (22)
of either the SHM or the GHM (of the same order) but by the H-maser frequency instability (23).
The accuracy of this test can be obtained from (11)
by the substitutions Δfgrav → Δfgrav1 − Δfgrav2 and
Us − Ue → Uap − Uper . So, taking into account only
the frequency standards’ instability (23) and the value
of the gravitational potential modulation (21), we
obtain the following limit for the total accuracy
of a single experiment to determine the value of
the gravitational redshift modulation in the favorable
period of low perigee:
δε > 5.5 × 10−6 .

(24)

For the least favorable period of high perigee we have
δε > 5.6 × 10−5 .
The important advantage of the “RadioAstron”
mission, as compared to GP-A, lies in the possibility
of conducting the experiment multiple times. Statistical accumulation of measurement results provides
for reduction√ of the random error contributions by
a factor of N , where N is the number of measurements performed. For N ∼ 10, in particular, the
contribution (23) of the frequency instability becomes
equal to the one of the frequency drift. Since the
ASTRONOMY REPORTS
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drift causes a systematic error, accumulating data
any further will not improve the experiment accuracy. Assuming that the drift of the SHM relative to
the GHM cannot be measured to better than (22),
we arrive at the following limit for the accuracy
of the modulation-type gravitational redshift experiment with “RadioAstron”:
δε > 1.8 × 10−6 .
(25)
In practice, the accuracy of the experiment under
discussion is limited not by the instability or accuracy of the frequency standards, but by insuﬃciently
accurate knowledge of the SRT orbit. Let us suppose, for example, that the spacecraft radial velocity is
determined with error δḊ = 3 mm/s, the error of the
gravitational frequency shift, obtained from (20), is
Δfgrav
= 1.0 × 10−11 . In this case, obviously,
then δ
f
there is no sense in determining only the modulation part of the redshift eﬀect, because the error due
to the frequency standard’s accuracy is 2 orders of
magnitude smaller. The total value of the redshift,
according to (11) and (18), can be determined with
error δε = 1.5 × 10−2 .
The frequency measurements of the 8.4 and 15
GHz downlinks are performed at the Greenbank and
Puschino TSs on regular basis during the SRT observational sessions. Fig. 2 presents some results of
our analysis of the 8.4 GHz signal frequency measurements, performed at the Puschino TS during
the period of October 5–16, 2012. The data reduction is based on (15), the kinematic parameters are
calculated from the reconstructed orbit of the SRT,
the ionospheric contribution is recovered from the
dual 8.4 and 15 GHz frequency measurements [12],
the tropospheric one is estimated by using meteorological data and mapping functions [14]. In order to check the experimental data quality, we let
Δfgrav /f = ΔU/c2 and plot the frequency residuals
calculated as a diﬀerence between the measured and
calculated values of the received frequencies. We
observe that the rms frequency residual is 0.18 Hz,
which is equal to ≈3% of the total gravitational shift of
the 8.4 GHz signal at that epoch (5.3−5.7 Hz). If we
make a reasonable assumption that general relativity
is not violated at this level, then, according to (11), the
obtained value gives a lower limit of the experiment
accuracy δε. If we suppose that this error comes
mainly from the uncertainty in the radial velocity, then
δḊ ∼ 6 mm/s.
5. MEASURING THE GRAVITATIONAL
REDSHIFT IN THE “SEMI-COHERENT”
MODE
The advantage of the “Semi-coherent” mode over
the “H-maser” one lies in the possibility of construct-
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Fig. 2. Residual frequency of the 8.4 GHz signal, October 2012. Eﬀects taken into account: Doppler (1st and 2nd order),
gravitational frequency shift, ionosphere, troposphere.

ing a compensation scheme, which would synthesize a signal containing the desired gravitational frequency shift but not the contributions of the nonrelativistic Doppler and the troposphere. This relaxes the
requirements to the accuracy of orbital reconstruction
and, therefore, provides for attaining a record value
of the accuracy of the gravitational redshift test δε ∼
10−6 . In what follows we discuss how a signal with
the speciﬁed properties could be synthesized from the
signals of the 15 GHz downlink and the GHM.
As we noted earlier, the “Semi-coherent” mode
implies that the 7.2 GHz tone, transmitted by a TS
to the SRT, is used to generate the frequencies of
the SRT RESC and, by eﬀective multiplication by
8.4/7.2 and 15/7.2, of the 8.4 GHz tone and the
15 GHz carrier of the SRT-TS data downlink. The
modulation frequency of the 15 GHz channel, as opposed to the “Coherent” mode, is generated from the
SHM signal.
Let us discuss in some more detail the frequency
conversions of the signals which they experience in
the course of their “up” and “down” trips. The
frequency fe↑ of the signal, received by the SRT, is
related to its frequency fe , as transmitted by the TS,
according to:

2 − v2
Ḋ12 Δfgrav12 ve1
s
↑
+
−
fe = fe 1 −
c
f
2c2
(ve1 · n12 )2 − (vs · n12 ) · (ve1 · n12 )
+
c2
 v 2 
1
+ T12 + 2 I12 + o
,
fe
c

(26)

where, in contrast to the similar Eq. (12), here we
explicitly give the frequency dependence of the ionoΔftrop
spheric and tropospheric contributions:
=
f
I12
Δfion
= 2 . It is assumed that T and I are
T12 ,
f
f
constants in f for the frequency range 7–15 GHz,
but may depend upon the moment of time and the
signal propagation path [13].
The 7.2 GHz signal, after it has been received by
the SRT and its frequency multiplied by R = 15/7.2,
serves as a carrier for the SRT-to-TS data communications link. Data is sent using QPSK-coding with a
modulation frequency of 72 (or 18) MHz, locked to
the SHM. The spectrum of the 15 GHz signal, as
received at a TS, gets distorted as a result of various
propagation eﬀects. According to (12), a spectrum
component with frequency Rfe↑ ± νs is seen at the TS
shifted to


(Rfe↑ ± νs )↓ = (Rfe↑ ± νs )

× 1−

2
Ḋ23 Δfgrav23 vs2 − ve3
+
−
c
f
2c2

(vs · n23 )2 − (ve3 · n23 ) · (vs · n23 )
c2
 v 2 
1
+ T23 +
I
+
o
.
23
c
(Rfe↑ ± νs )2
+

(27)

Note, that since the ionospheric term is dispersive, we
have (Rf )↓ = Rf ↓ , (f + ν)↓ = f ↓ + ν ↓ and similarly
for the “↑” superscript.
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Now we put (26) into (27), taking into account
2 = v 2 = v 2 (which is
that φe3 = φe1 = φe and ve3
e
e1
justiﬁed for the time intervals of order of signal light
times), and, expanding in the small parameters ν/Rf
and (Rf ↑ − Rf )/Rf ≈ (Ḋ12 /c)/Rf , we obtain:


(Rfe↑

= ±νs 1 −

↓

± ν) −

(Rfe↑ )↓

2
Ḋ23 Δfgrav23 vs2 − ve3
+
−
c
f
2c2

It is important to note, that for the diﬀerential
signal (28), as opposed to (27), all the corrections
are proportional to the narrow-band modulation frequency νs . However, this signal has no advantage
over signal (12) of the “H-maser” mode, since it still
includes the 1st-order Doppler eﬀect contribution.
Comparing Eqs. (28) and (12), we also observe that
the signs of the ionospheric terms in them are opposite.
Let us now consider the following combination of
the frequency components of the 15 GHz signal:

(Rfe↑ + νs )↓ − (Rfe↑ )↓ − νe
1 ν0
[(Rfe↑ )↓ − Rfe ].
2 Rf0

(29)

The subscript “0” denotes the nominal values of
the modulation frequency and the carrier, i.e., ν0 ≡
72 MHz and f0 ≡ 15 GHz. We introduce them
here because of the considerations of a practical
realization of the compensation algorithm (see below). In the case of an online compensation by a
radio engineering scheme (hardware approach) the
ν0
translates into a multiplication factor of a
factor
Rf0
frequency synthesizer. In the case of a software-based
approach this value is represented by a numerical
constant in the program code. (In the latter case
the following expression can be used instead of (29):

1 ν0
[(Rfe↑ )↓ −
(Rfe↑ + νs )↓ − (Rfe↑ )↓ − ν0 −
2 Rf0
Rf0 ].)
The nominal and actual frequency values are related to each other by the equations similar to (7):
fs = f0 + Δ̃f0 ,

νs = ν0 + Δ̃ν0 ,

(30)

where, in general, Δf0 = Δ̃f0 . Obviously, actual
signal frequencies should not deviate from their nominal values by more than the frequency standard’s
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accuracy. In particular, for “RadioAstron” (see the
table),
Δ̃f0 /f < 3 × 10−13 ,

Δ̃ν0 /ν < 3 × 10−13 . (31)

Let us now deal with Eq. (29), putting into it (28),
(27) with ν = 0, and the following expansions, which
are valid up to order Δt = |rs − re3 |/c,
ve1 ≈ ve3 − 2Δt · ae3 ,


(vs · n23 )2 − (ve3 · n23 ) · (vs · n23 )
+
+ T23
c2
 v 2
I23 ν
+ Δν0 + o
.
(28)
∓
Rf Rf
c

−
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(32)

n12 ≈ n32
+

2Δt
[ve2 − n32 · (n32 · ve3 )] ,
|rs − re3 |

(33)

where ae3 is the TS acceleration at time t3 . Then,
using (7), (30), and (14), we obtain:

(Rfe↑ + νs )↓ − (Rfe↑ )↓ − νe

Δfgrav23
1 ν0
↑ ↓
[(Rfe ) − Rfe ] = νe
−
2 Rf0
f

2
2
|vs − ve | ae3 · n32 Δt 1
+ (T23 − T12 )
+
−
2c2
c
2
1 I12 ν
3 I23 ν0
−
−
2 Rf0 Rf0 2 f0 f0
+ Δν0 + o(v/c)2 + o(Δt),
(34)
where we dropped several terms like

I23 ν Ḋ12 /c
Rf Rf f

I Δν0
.
f f
The signal (34) is free from the 1st-order Doppler
eﬀect contribution. Moreover, since T12 ≈ T23 up to
small-scale and rapid tropospheric ﬂuctuations, the
contribution of the troposphere is almost zero too.
The signal (34) is, therefore, identical in these two
respects to the output signal of the GP-A compensation scheme. However, the approximate equality
I12 ≈ I23 does not result in the cancellation of the
ionospheric term here. Note, that we can compose a
combination with a property of the 1st-order Doppler
and tropospheric terms cancelled not only from the
central and a side component of the signal spectrum but also from any two symmetrical components
Rf ↑ + ν and Rf ↑ − ν. It is easy to show that in this
case, too, the ionospheric term persists. This fact
turns out to be a consequence of the sign change of
the ionospheric term in (34), and it can be shown that
no combination of the 15 GHz signal’s spectral components results in the cancellation of the ionospheric
contribution, even if it were possible, like in GP-A, to
select the frequency ratios of the links beforehand.
For a practical application of Eq. (34), or a similar
one with symmetrical side components, the spectrum

and
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Fig. 3. 15 GHz signal spectrum modelling. Transmitted data is noise-like (white and gaussian).
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Fig. 4. 15 GHz signal spectrum modelling. Transmitted data is 010101... .

of the QPSK-modulated 15 GHz signal should contain isolated peaks with high signal-to-noise ratio.
In reality, when transmitting astronomical observations data, which are of stochastic nature, the signal
spectrum, on the contrary, looks like a series of wide

“caps” (Fig. 3), so their maxima cannot be easily
located. The desired form of the spectrum can be
achieved by transmitting a regular data pattern of
alternating 0 s and 1 s. The “RadioAstron” onboard formatter can be switched into a test mode
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Fig. 5. Hardware approach to the nonrelativistic Doppler and tropospheric compensation.

(“Test-2”), which results in the generation of just this
sequence. The spectrum of the 15 GHz signal with
the formatter running the “Test-2” mode is depicted
in Fig. 4.
Let us now discuss the practical means of synthesizing the signal of Eq. (29). One possible approach
is to build a radio engineering hardware scheme, utilizing a set of ﬁlters, mixers, and synthesizers (Fig. 5).
The input of this scheme is supplied with the 15 GHz
signal from the output of the corresponding receiver of
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the TS antenna. The ﬁlters select the frequency component appearing in (29) and the synthesizers and
mixers perform the needed arithmetic operations. The
resulting signal with frequency (34) can subsequently
be fed into a frequency analyzer or recorded onto a
digital media for later analysis. The other approach
is to compensate oﬄine, i.e., the 15 GHz signal is
translated to an intermediate frequency, then digitized
and recorded onto a media directly (by means of,
e.g., VLBI-equipment). The recorded signal is sub-
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sequently analyzed using optimal signal processing
algorithms with the aim of determining the evolution
of its spectral components in time. The frequency
of Eq. (29) is synthesized in code, by applying appropriate arithmetic operations to the determined frequencies. The ﬁrst method can be realized only at
the TSs, while the second one can also be performed
at any ground radio telescope equipped with a 2 cm
receiver and a VLBI back-end (in the latter case
slightly diﬀerent equations have to be used).
Now Eq. (34) can be used to determine Δfgrav
since all the other terms in it are either measureable or can be calculated from ballistic data. Let us
estimate the accuracy of the SRT velocity v determination required to achieve the goal of measuring
the violation paramer ε with 10−6 accuracy. If the
SRT maximum velocity is of order 10 km/s and the
v2
error δv = 3 mm/s then δ 2 = 7 × 10−16 . The correc
sponding error in ε, determined in a modulation-type
experiment with the available gravitational potential
modulation of (21), can be found, as usual, from (11):
δε = 1.3 × 10−6 .

(35)

Therefore, the “Semi-coherent” mode, together with
the compensation scheme (34), allows, in principle, to
achieve a record accuracy of the gravitational redshift
test with the available accuracy of the SRT orbit
reconstruction. Note, however, that here we do not
consider all the sources of error in (34) and also
avoid the question of the receiving, transmitting and
recording equipment noise. The results of the relevant analysis done for the GP-A scheme [15] are not
fully applicable here. These matters are the subject
of further research and technical tests which we are
planning to give an account of later.
6. CONCLUSION
The gravitational redshift experiment is an important test of the foundations of modern physics. The
currently achieved accuracy of this test with the SRT
“RadioAstron” is ≈1%. This value can be improved
considerably by using the proposed compensation
scheme which requires a special mode of synchronization of the on-board radio-electronics and the
high-data-rate radio complex payloads. Another requirement is for the on-board formatter to be generating a special predeﬁned data sequence. This results in
the desired properties of the signal spectrum but also
makes gravitational sessions incompatible with the
radio astronomical ones. The required duration of a
gravitational session is ≈1000 s, i.e., the time interval
of the best frequency stability of the SHM.
The proposed compensation scheme can be realized in two diﬀerent ways. First, it can be built as

a hardware radio-electronics device from units like
mixers, ﬁlters and synthesizers. This approach is possible only for the mission’s ground tracking stations.
Another possibility is to record the SRT’s 15 GHz
signal directly at either a TS or any ground radio
telescope equipped with a 2 cm receiver and a VLBI
back-end. The subsequent analysis of the recorded
signal is to be performed by a purposely designed software utilizing optimal algorithms of signal parameter
estimation. The advantages and drawbacks of these
two approaches are the subject of the authors’ further
research.
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V. A. Rudakov, A. Räisänen, S. V. Sazankov,
B. A. Sakharov, S. K. Semenov, V. A. Serebrennikov,
R. T. Schilizzi, D. P. Skulachev, V. I. Slysh,
A. I. Smirnov, J. G. Smith, V. A. Soglasnov,
K. V. Sokolovskii, L. H. Sondaar, V. A. Stepan’yants,
M. S. Turygin, S. Yu. Turygin, A. G. Tuchin,
S. Urpo, S. D. Fedorchuk, A. M. Finkel’shtein,
E. B. Fomalont, I. Fejes, A. N. Fomina, Yu. B. Khapin,
G. S. Tsarevskii, J. A. Zensus, A. A. Chuprikov,
M. V. Shatskaya,
N. Ya. Shapirovskaya,
A. I. Sheikhet, A. E. Shirshakov, A. Schmidt,
L. A. Shnyreva, V. V. Shpilevskii, R. D. Ekers,
V. E. Yakimov, Astron. Rep. 57, 153 (2013).
R. F. C. Vessot and M. W. Levine, Gen. Relat. and
Grav. 10, 181 (1979).
A. R. Thompson, J. M. Moran, G. W. Swenson,
Interferometry and synthesis in radio astronomy
(N.-Y.: Wiley, 2001).
A. E. Niell, J. Geophys Res. 101, 3227 (1996).
R. F. C. Vessot and M. W. Levine, NASA Experimental Final Redshift Report, GPA Project Report,
Contract NAS 8-27969 (NASA, 1979).

Translated by the authors

