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ABSTRACT

We evaluated the accuracy of GPS-based TEC measurements by comparing the results with S/X dual
frequency VLBI experimental data. The Global Ionosphere Maps (GIMs) generated by CODE (Center for
Orbit Determination in Europe) is one of the most accurate and freely available GPS-derived ionosphere
maps, so we evaluated the accuracy of the GIM/CODE maps. Sekido et al. have demonstrated that
ionospheric group delays computed from GIM/CODE agree with the ionospheric TEC measured by VLBI
to an accuracy of 3-10% of the total contribution of TEC to the VLBI observation. Following on this re-
search, this paper presents a comparison between the phase delay rate calculated from the GIM/CODE and
phase delay rate measured by VLBI observations. The correlation between the lonospheric phase delay
rates obtained from VLBI observation and those obtained from the GIM/CODE data were not as high as
in the case of group delay. The main reason for the lower coincidence is that the GIM/CODE data does
not contain short period variation components in the temporal and spatial domains. Using the GIM/CODE
data, we have applied ionospheric delay correction to single-band astrometric VLBI data. This resulted in
improved consistency between the group delay and observed phase delay rate, and estimated pulsar coordi-
nate solutions that were more stable than those obtained without ionosphere correction. The proper motion
obtained from this ionospheric-delay-corrected VLBI data agrees well with the other proper motion meas-
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urements.
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1. Introduction

When VLBI is used to observe the positions of celes-
tial radio source, the observations are usually made at a
single frequency except when observing with a geodetic
VLBI antenna equipped with an S/X band receiver sys-
tem. For example, the radio flux density from pul-
sars" decreases sharply in inverse proportion to roughly
the second or third power of frequency, so frequencies in
the 2 GHz or below are used when making VLBI observa-
tions. In such observations, since the observation fre-
quency is relatively low and in single frequency band, the
largest error source to observation is the delays by the
ionosphere. As an approach to compensate for the
ionospheric delay in astrometric VLBI observations, GPS-
based ionosphere measurements have been examined®”-®.

GPS satellites broadcast signals at two frequencies:
L1 (1576.42 MHz) and L2 (1227.60 MHz). It is possible to
measure the ionosphere electron content by using the
dispersive properties of the ionospheric delay. Regional
ionosphere inferred from GPS observation or global
ionospheric model developed by the CODE (GIM/CODE)
were compared with ionospheric delay obtained by dual
frequency VLBI observations. And it was demonstrated
that ionospheric effect in VLBI observation can be com-
pensated in 3-10% accuracy by using the GIM/CODE
global ionosphere map®. On the other hand, the amount
of phase delay and the phase delay rates are also impor-
tant observables not only for VLBI but also for the pre-
cise space measurement techniques such as space crafts
navigation” and planetary ionosphere research. Although

the International Reference lonosphere (IRI)®—a stan-
dard ionospheric model—is also improving, it is not accu-
rate enough to meet the requirements of precise mea-
surements such as those mentioned above. Following the
evaluation research of group delay accuracy of the
GIM/CODE"Y, phase delay rates were computed from the
GIM/CODE, and they are compared with the results of
VLBI observations. We also discuss the results of apply-
ing the GIM/CODE ionospheric correction to the pulsar
VLBI observations data obtained at 1.4 GHz and 2.2 GHz
during from 1995 to 1998.

2. Radio Wave Propagation
in Ionospheric Plasma

Although individual particles in an ionized gas move
randomly, Cold Plasma theory—which describes the aver-
age group motion of charged particles—can be used to
describe the interaction between electromagnetic waves
and a plasma when electromagnetic waves pass through
it®. Since ions are about one thousand times heavier
than electrons, the electrons mainly interact with micro-
wave. The equation of motion of electron, which describes
averaged group motion of electrons, is given by the fol-
lowing formula, where v, is the electron drift velocity,
B is the geomagnetic field flux density of the Earth, and
v is an electron’s average scattering probability per unit
time.

m- b = —e(E+U,XB) —mpgy  «oeeeereennesvannininens (0

Here, e and m are the charge and mass of an electron,
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respectively. Although the magnetic field of an electro-
magnetic wave also affects on the motion of electrons by
a Lorenz force, its magnitude is only of the order of
vy XuoH=nlvlEl/c (n =refractive index; ¢ = speed of
light), even when the electron is moving perpendicular to
the magnetic field. This is smaller than the electric field
by a factor of nlv,l/c, so is usually ignored. From this
equation of motion and Maxwell’'s formula, the Appleto
n-Hartree’s formula is derived:

2X
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where 6 is the angle between the magnetic flux B and the
wave vector k which indicates the direction in which the
radio wave propagates, X = w)/w’, Y =Q,/0, Z=v/w,
and w, =+vN}/egm is the plasma angular frequency,
Q, = eB/m is the cyclotron (Larmor) angular frequency,
w = 2rf is the observation radio angular frequency, N, is
the electron density, and j = v—1. When the observation
frequency is sufficiently larger than the plasma fre-
quency, cyclotron frequency and electrons collision fre-
quency (X <1, Y1, Z<1), Equation (2) can be
approximated as follows:

X 1 o
”"\/1_1—;'zi Yeosd ~1—2X(1+]Z+Ycosﬁ) (3)

where the plus and minus symbols correspond to right
hand circular polarization (RHCP) and left hand circular
polarization (LHCP), respectively (It should be noted
that the definitions of polarization is the opposite to that
used in radio astronomy). As can be seen from Equation
(3), the refractive index varies with radio frequency, and
thus a medium of this sort is referred to as a dispersive
medium. The speed v, (group velocity) of signals in a
dispersive medium differs from the phase velocity v,. If
third-order and higher terms in X, Y and Z are ignored,
these velocities can be approximated by the following for-
mulae:

vl,:w/k:c/n:c{lJr%(l—ijT Ycos@)} ------------ (4-a)
v, =dw/dk=—————
g n+wdn/dw
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Furthermore, if terms in X? can also be ignored, the ex-
cess delay compared with the propagation through a vac-
uum is expressed as follows:

o CX . - cY .........
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Ar,= w—§{<1+ i2) [ ndiT =" [ nBcos@dl} ------ (5-b)

where Cy = e*/2me,c, and Cy = ¢/m The collision rate of
electrons reaches a maximum of about 10° sec™' at alti-
tudes of 200-400 km where the electron density is the
highest, so Z < 1077 at an observation frequency of 1.4-2

GHz, and the cyclotron frequency due to the geomagnetic
field is around 1 MHz, so Y < 107", thus terms of Y and
7 are also ignored here. To measure the TEC with an ac-
curacy of 0.01% (0.01 TECU), it may be necessary to con-
sider the effects of the geomagnetism. And when this
sort of high precision is required, it may also be neces-
sary to consider the propagation path bending effect due
to refraction in the ionosphere. According to the results
of numerical simulations using ray tracing technique, ex-
cess path length of several cm in the 1.5 GHz band can
be caused by the ray path bending at low elevation angle

during extreme ionospheric state™.

3. The CODE Global Ionospheric Model

The Center for Orbit Determination in FEurope
(CODE), which is one of the analysis centers of the In-
ternational GPS Service (IGS), has been established at
Bern University in Switzerland. And it is continuously
generating precise ephemeredes of GPS satellites by using
the GPS observation data of the IGS network. The same
IGS observation data is also being used to estimate glob-
al ionospheric electron distribution data (Global Iono-
sphere Map: GIM) and this data is being published on the
internet® " (http://www.aiub.unibe.ch/ionosphere.html).
The method used to estimate the CODE ionospheric map
18 outlined below.

Let of is the geometric distance between a satellite &
and a receiver ¢, and the GSP carrier phase is an observ-
able, then the pseudo distance between the satellite and
the earth i1s expressed as follows:

LE =of+c(At—At)+ 00k, IFH 1, Bf e,

LE, =0+ c(At—At)+ D0f = E T A, Bl ey oo (6-b)
where 1 is the wavelength at which the pseudo range is
measured. B is the phase uncertainty, but since ABY in-
cludes not only an integer bias (N/) as A(N/46N +
c(b*~b,) but also hardware bias comprising a phase jump
(6N, the receiver (b)) and the satellite (5*) hardware
offset, BY is generally a real number instead of an inte-
ger. I is the excess path length by the ionosphere meas-
ured with wavelength of L,. A,o'f_,,op is the delay caused by
the troposphere, At, is clock offset of receiver i. At is the
clock offset of satellite k. € 1s the random error, and
£=v:/v? where v, and v, are the observation frequencies
of L, and L, respectively.

For the sake of simplicity, random errors are disre-
garded in the following discussion. The difference of car-
rier phases between L, and L, (Zero Difference) by using
Equation (6) leads to an expression (Geometry-Free Lin-
ear Combination) that does not depend on the clock off-
set nor the geometrical relation.

L,= L’:,l_L,f,Z = Ezlik‘FBfa .................................... (N

where &=1—£=1—v}/v} and Bl5=1,Bf—1,Bf,. If we take
double phase difference of L, between the satellites and
between the receivers, the new linear combination 1s ex-
pressed by the ionospheric TEC in the zenith direction
(VTEC) and the mapping function F(el) as follows:
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L= (L= L) — (L — L) =&E,(Flel) VTEC)Y + B

1.4,3

........................................................... (8)

where &(constant) = Cyc = 0.1623 (meter/ TECU)), F(el)

is an ionosphere mapping function defined as the ratio of

the TEC in the line of sight at an elevation angle of

el to the TEC in the zenith direction, and Bf.,=

AIM'J‘-S~AZZ\/}.'§{2. For the mapping function we assumed a

single-layer spherical shell model and used an constant
ionosphere height of =450 km :

1
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Since double phase difference is obtained in this way, the
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bias originating in the receiver and the satellite hardware
is canceled, so the phase uncertainty takes on an integer
value. Furthermore, if integer bias N, and N/, can be
established, Bf;, becomes known. At CODE, the GPS data
for at least 140 IGS observation points throughout the
world are used to solve the phase uncertainty by geomet-
ric analysis using the double phase difference. By using
Equation (8) as the observation equation and using 12™-
degree eighth-order (149 parameter) spherical harmonic
functions as ionosphere model, global ionosphere maps
have been estimated by the least squares method®®,
When the delay of P codes is used as the observable,
uncertainly of the hardware code bias becomes a
problem®®. But in the CODE’s analysis, the phase delay
is an observable and the analysis is performed by double
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Fig. 1 Global ionospheric electron density distribution at two-hour intervals on April 8, 2000 (UT) estimated by
the CODE. This figure shows the ionospheric maps at two-hour intervals, starting from the top left. The
horizontal axis is the geographical longitude, and the vertical axis is the geographical latitude.
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phase difference, so such problems do not arise. Since
1995, the CODE has continuously published daily
ionospheric maps in the IONEX format® and Bernese
ION TFile format, and related subroutines on the
internet*. An example of the CODE ionosphere map
(GIM) 1is shown in Fig. 1. This map was produced from
the Bernese ION file for April 8, 2000. Since geomagnetic
pole has offset from geographical pole, the regions of
high electron density—which vary along the geomagnetic
equator—form a roughly sinusoidal pattern.

4. Comparison of the Phase Delay Rate
Between the GIM/CODE and VLBI
Observations

A comparison of ionospheric delay between the
GIM/CODE and VLBI observation data is described in a
separate study®. Here we will concentrate on the accu-
racy evaluation of phase delay rate calculated from the
GIM/CODE data. To calculate the TEC change rate in
the line of sight direction from an ionosphere map, both
the change in elevation angle of the line of sight and the
temporal variation of the ionosphere have to be taken
into account. Here, 5 points were taken at 10 minute in-
tervals over the period spanning 20 minutes either side of
the target time epoch. The elevation angle and TEC in
the line of sight were calculated at 5 points, and the TEC
change rate in the line of sight direction was obtained
by numerical derivation. As Equation (5) shows, it is im-
portant to note that the phase delay rate of the iono-
sphere has the opposite sign to the group delay of that.
The ionospheric phase delay rate which was calculated
from the GIM/CODE data was compared with
ionospheric phase delay rates obtained from the 100 km
baseline VLBI data (Key Stone Project: KSP)"?, and with
ionospheric phase delay rates obtained from interconti-
nental geodetic VLBI observations conducted by the In-
ternational VLBI Service (IVS)®.

As an example, Fig. 2 shows comparative data for
the phase delay rate on the Algonquin-Wettzell baseline
on July 18, 2000. As results of these comparison basically
there was hardly any visible correlation with the results
of short baseline observations, whereas a correlation of
about 0.6 to 0.8 as the results of intercontinental baseline
observations was eventually confirmed. The average cor-
relation coefficient was about 0.6 and the rms residual
was 3x107* TECU/sec, whereas the error of the phase
delay rate of VLBI observation was 5X107™ TECU/sec.

Although a correlation was confirmed with the long
base line data, it is clear that this is not a level of accu-
racy that can be required for correction. Possible reasons
for the less agreement of the phase delay rate compari-
son results between VLBI and GPS observations will be:
(1) The phase delay rate is derived from the numerically

derivation of TEC calculated from GIM/CODE maps.

However, the GIM/CODE consists of two-hour inter-

val TEC maps, so they do not include short-term

temporal variations of TEC.
(ii) Since the GIM/CODE ionosphere maps are derived

*http://www.aiub.unibe.ch/ionosphere.html
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Fig. 2 Comparison of the phase delay rate of the iono-
sphere obtained by VLBI observations and that
calculated from the GIM/CODE data. The VLBI
data for the Algonquin-Wettzell base line on
July 18, 2000 was acquired from the IVS data
archive. The correlation coefficient was 0.7, and
the RMS value of the difference between the two
data sets was 2.6 X107 TECU/sec.

using a 12"-degree-eighth order spherical harmonic

functions, they only contain the minimum spatial

scale components of about 2500 km in the longitude
direction and 1700 km in the latitude direction.

From a signal processing viewpoint, the derivative
operation used to obtain the phase delay rate corresponds
to a high-pass filtering that suppresses low frequency
components and emphasizes high frequency components.
Since the GIM/CODE data, which does not include short
period variation components in both time and space do-
main, phase delay rate of the derived from GIM/CODE
does not represent the real ionosphere variation.

Saito et al. have detected electron density waves in
the ionosphere with high spatial frequencies in the skies
above Japan™ by using data from the Geographical Sur-
vey Institute’s GPS observation network (GEONET)".
Unless an ionosphere map can be made which contains
the short period variation components of ionosphere TEC
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with high temporal and spatial resolution, it will proba-
bly be of no use for correcting the phase delay rate of
VLBI or correcting the range rate of interplanetary
probes. Alternatively, it will be possible to use the
GEONET data to construct an ionospheric model above
Japan, which may be capable of contributing to the
abovementioned space measurement techniques.

5. Application of Ionospheric Delay
Correction to Pulsar VLBI Observations

In 1995, CRL and the Lebedev Physical Institute in
Russia began a series of VLBI pulsar observations. These
involved making astrometric VLBI observations of the
pulsar PSR0329+54 at 1.4 GHz in March 1995 and May
1996, and at 2.2 GHz in May 1998. Since pulsars have the
property whereby their radio intensity drops rapidly in
inverse proportion to the second or third power of their
frequency, they cannot be used to measure the ionosphere
by simultaneous observations at 2 GHz/8 GHz as in geo-
detic VLBI observations. Since the ionospheric delay in-
creases in inverse proportion to the square of frequency,
1t constitutes the largest error source in single-frequency
VLBI observations at 1.4 GHz and 2 GHz.

We therefore tried to correct for ionospheric delay in
the VLBI cobservations by using the GIM/CODE. Tt is ex-
pected that the GIM/CODE data can be used to compen-
sate for the ionospheric delay in VLBI observations with
an error of 3-10% of the TEC affecting the observa-
tions®, in other words it should be possible to eliminate
at least 90% of the ionospheric delay. As mentioned
above, the GIM/CODE data is not very effective at cor-

recting the phase delay rate, but since any additional er-
rors introduced by this correction should only be slight,
we compensated both the group delay and the rate of
change of phase delay.

To estimate the pulsar's position, we used the
CALC8.2/SOLVEb.25 software package, which was for
VLBI geodetic/astrometric analysis. And ICRF sources,
whose coordinates are well known, are used to calibrate
the VLBI parameters such as the clocks and atmospheric
parameters. Table 1 lists the pulsar positions obtained
from least square (LSQ) estimations in several cases of
analysis conditions. Since group delay and phase delay
sign is opposite, phase delay rate and group delay is ex-
pected to make some conflict in the LSQ estimation when
lonospheric delay is not appropriately compensated. Thus
two cases of observable (group delay plus phase delay
rate and group delay only) and ionospheric delay correc-
tion on and off, totally four cases of analysis were exam-
ined. In Fig. 3, the estimated source coordinates are
plotted separately for right ascension and declination.
The arrow in these figures show the proper motion of
PSR0329+54 measured by Harrison et al."¥ using the
MARLIN interferometer (UK) as a reference.

When ionospheric correction is performed, formal er-
rors were reduced and reliable pulsar’s coordinates in the
ICRF were obtained. Proper motion of the pulsar were
derived from the series of pulsar coordinates and it coin-
cide within one sigma level with Harrison et al.%’s re-
sult. Table 2 lists the the proper motion estimated from
the results of observations and analysis at three epochs.

Table 1 The estimated positions of pulsar PSR0329+54 in the ICRF. These positions
were obtained by least-square analysis with the only group delay as the
observable (D), with the group delay and phase delay rate as the observable
(D&R), and with/without ionospheric correction using the GIM/CODE data.
The epochs of these observations are March 14, 1995, May 12, 1996, and May

25, 1998.

Epoch ION Corr.  Observable R.A. o, (sec.) Dec. os(arc sec)

1995.20 X D 59.376 0.0009 43.511 0.008
X D&R 59.375 0.003 43.510 0.02
O D 59.376 0.0008 43.506 0.006
O D&R 59.376 0.0009 43.507 0.006

1996.36 X D 59.379 0.002 43.509 0.01
X D&R 59.379 0.002 43.491 0.01
O D 59.379 0.001 43.489 0.008
O D&R 59.379 0.001 43.485 0.008

1998.40 X D 59.383 0.00056 43.477 0.004
X D&R 59.384 0.0006 43.478 0.004
O D 59.383 0.0008 43.465 0.006
O D&R 59.383 0.0008 43.465 0.005
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Fig. 3 The position and proper motion of PSR0329+54 in the ICRF. This figure shows the results of VLBI obser-

vations made between Japan and Russia at three epochs 1995.20, 1996.36 and 1998.40 under the following
analysis conditions: O = without ionospheric delay correction, only group delay as observable; X = with-
out ionospheric delay correction, group delay and phase delay rate as observable; /A = with ionospheric
delay correction using the GIM/CODE data, only group delay as observable; [1 = with ionospheric delay
correction using the GIM/CODE data, group delay and phase delay rate as the observable. The arrow
shows the proper motion measured by Harrison et al as a reference. When ionospheric correction is per-
formed, the results are more stable and closely coincide with the results of Harrison et al.

Table 2 The proper motion and source coordinates of pulsar PSR0329+54 at 1996.0 on the

ICRF obtained by least squares. The right ascension of the coordinate values repre-
sents the offset in arc seconds from 3"32", and the declination represents the offset in
arc seconds from 54°34°. This table shows the results obtained with and without
GIM/CODE ionospheric correction when using only the group delay as observable (D),
and when using group delay and the phase delay rate as the observable (D&R). The
proper motion of PSR0329+54 measured by Harrison et al. is written in the bottom

row for comparison.

Ton Corr. Observable . Cmas/yr) ws(mas/yr) R.A. (sec.) Dec. (arc sec)

X D 21.6+6 —8.4*4 59.378 +0.0016 43.498 =0.009

X D&R 21.1+3 —11.7%£2.6 59.3776+0.0006 43.506=0.005

O D 18.1+3 —12.7%£24 59.3777+0.0006 43.495+0.004

O D&R 18.6+3 —12.6x25 59.3776+0.0006 43.5950.004
Harrison et al 171 —13+1 =

6. Conclusion

6.1 Comparison of GPS ionospheric maps with VLBI

observations

We have calculated the phase delay rate by numerical
derivation from the global ionospheric maps (GIM/
CODE) which were generated by the Bern University by
using IGS GPS observation network. By comparing the
phase delay rate derived from GIM/CODE with the re-
sults of VLBI measurements, we have made clear that al-
though a correlation coefficient of around 0.6 to 0.8 is
achieved on intercontinental baselines, this technique is
insufficient for the correction of VLBI observation data.

The GIM/CODE data is modeled with a temporal
resolution of two hours and a spatial resolution of about

2500 km in the longitude direction and about 1700 km in
the latitude direction. It seems that the absence of com-
ponents with shorter temporal/spatial periods, which af-
fect the calculation of the phase delay rate, is a major
reason why precise results were not obtained for the
phase delay rate.

Although the GIM/CODE maps were found to be in-
sufficient for compensating the phase delay rate due to
constraints on the observation system, it should be possi-
ble to use data from GEONET—which comprises almost
a thousand GPS observation points over the whole of J
apan—to draw up a TEC map of the local electron distri-
bution above Japan with extremely high temporal and
spatial resolution. If this can be put into practice, then it
should provide an effective means for correcting VLBI
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data obtained on baselines within Japan, and for correct-
ing the range and range rate of deep space craft track-
ing stations in Japan.
6.2 Using the GIM/CODE data to correct VLBI pulsar

observations

The GIM/CODE ionospheric maps are effective for
correcting the group delay caused by the ionosphere®.
We used the GIM/CODE data to correct for ionospheric
delay in the astrometric VLBI data for pulsar observa-
tions made in March 1995, May 1996 and May 1998 be-
tween the Kashima 34 m antenna and a 64 m antenna in
Russia (over a 7,000 km baseline), and compared these
results with the results obtained without correction. Then
we found that the corrected results resolved the inconsis-
tencies between the observed group delay and the phase
delay rate, providing a more stable solution. The cor-
rected results were also more consistent with the results
of the pulsar’s proper motion measurements by others.

We have thus verified that estimating the amount of
lonospheric delay from ionospheric maps drawn up from
GPS observations (GIM/CODE) is an effective means for
correcting single-frequency VLBI observations.
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