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ABSTRACT

The ionosphere is a critical link in the earth’s environment for space-based navigation,
communications and surveillance systems. Signals sent down by the GPS satellites can
provide an excellent means of studying the complex physical and chemical processes that
take place there. GPS uses two frequencies to ascertain signal delays passing through the
ionosphere. These are measured as errors and used to correct position solutions. Since
this process is a means of measuring columns of Total Electron Content (TEC), multiple
top-soundings from the GPS constellation could provide significant detail of the
ionospheric pattern and possibly lead to enhancement of predictions for selectable areas
and sites. This paper addresses transforming the GPS propagation delays (errors) into
TEC and providing TEC contours on a PC-style workstation in real and integrated time
and discusses a worldwide ionospheric network monitoring system.

I.  GPS and the Ionosphere

The NAVSTAR Global Positioning System will become operational in 1993. A user
anywhere on earth will be able to obtain precise position, velocity and time by tracking
four high orbiting satellites. GPS operates on two primary frequencies: L - 1575.421

MHZ and L  - 1227.6 MHZ. At these frequencies the ionosphere can delay the arrival2

time of radio waves which pass through it by over 100 meters on a worst case basis, an
order of magnitude over GPS desired position accuracy. Single frequency GPS users rely
on an ionospheric model developed by John Klobucher of the AF Geophysics Lab, that
corrects only 50 - 70 percent of the ionospheric delay on a statistical sense. (Reference
1). In the absence of selective availability (SA), the ionosphere can be the largest source
of error in GPS position and navigation. By making measurements on two independently
spaced frequencies and combining them, almost all of the ionospheric effect can be
removed. It is for this reason that GPS satellites transmit signals on two carrier



frequencies. Fortunately, since differential time delay or range delay is developed from
this process, it becomes a convenient and accurate means to evaluate the ionospheric
total electron content since TEC is directly proportional to range delay. Benefits of
knowing the pattern of the TEC around the world is crucial to both military and
commercial users and is important to all communication, navigation and surveillance
systems that use radio waves. The Weather 2000 Study (Reference 2) conducted for the
Electronic System Division of the Air Force surveyed a broad set of mission areas across
the military services and identified major deficiencies in data (observations), processing
and dissemination. One of the major deficiencies as shown in Figure 1, was in the
knowledge of the Electron density of the ionosphere for Air Force Strategic defense and
other missions and support. This paper addresses transforming propagation delays
(errors) from the GPS dual frequency measurement into TEC and providing TEC
contours on a PC style workstation in real and integrated time and discusses a worldwide
ionospheric network monitoring system.

Figure 1. Weather 2000 Study Projected Deficiencies
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II Ionospheric Characteristics

The ionosphere is a dynamically changing medium which consists of several electrically
charged layers of very rarified air in the upper atmosphere (50 to 1000 km) whose
free-electron densities vary significantly from layer to layer. The Various layers in the
ionosphere designated D, E, F, act as reflectors or absorbers to radio waves at
frequencies below about 30 MHZ. As the frequency is increased, the reflective properties
of the E and F layers are reduced and the signal will propagate through. Ionospheric
effects tend to become less significant as the frequency of the wave increases and at
about 3 GHz the ionosphere is essentially transparent to communication. A sinusoidal
signal traversing through space has its carrier phase advance due to the ionosphere (phase
path increase). On the other hand, the code signal modulating the carrier is delayed due
to the ionosphere (group delay). The magnitude of the group delay is identical to the
magnitude of the phase advance, just the opposite sign. Both techniques or a combination
thereof can be used to measure the ionospheric TEC, with the group delay being more
accurate. Propagation effects caused by the ionosphere are illustrated in Table 1.

 Table 1. Ionospheric Propagation Effects

All elements of Table 1 are related to electron density and total electron content. The
true measure of the TEC of the ionosphere above the earth’s surface has been difficult to
accurately determine due to the variability of many factors such as time of day, season of
the year, viewing direction, geographic position, solar activity and the state of the earth’s
magnetic field. The utility of defining the TEC is that soundings of the ionosphere at
reference locations can establish the emperical value of the vertical electron content or
the TEC can be obtained as a physical measurement using dual frequency, Faraday
rotation or ionosonde signals. In the past two primary techniques have been used;
Faraday rotation and differential Doppler (Reference 3). The Faraday rotation technique
uses VHF signals from geostationary communication and weather satellites. This
technique will be difficult to apply in the future because of the new generation of
geostationary satellites which use higher frequencies and are not suitable for ionospheric
monitoring. The differential Doppler technique uses the Navy Transit Satellite to



C Data Available Worldwide
C Highly Accurate Time Delay Measurement Between Dual

Frequencies
C Precise Site Locations
C Data is Repeatable
C Data Available in Any Weather Condition and at Any Time
C Current Space Based Systems Used to Measure the

Ionosphere will be Phased Out
C Provides for Calibration of the Ionosphere for Single

Frequency GPS Users

measure change in TEC during a satellite pass. This technique cannot be used in the
future since GPS will be replacing Transit. GPS will thus become the only space based
technique to measure the ionosphere. Advantages of using the GPS dual frequency
method to measure TEC are illustrated in Table 2.

Table 2. Advantages of Using Dual Frequency to Measure TEC

III. Pseudorange Error and Algorithm Development

A generic GPS receiver is illustrated in Figure 2. The two frequencies received at a user
receiver are L  and L . The L  carrier signal is modulated by either the encrypted Y-code1  2   1

and coarse acquisition C/A-code or the Y-code and precise P-code. The L carrier2

frequency is modulated by the P-code. The code tracking loop extracts pseudorange and
the carrier tracking loop extracts pseudorange rate. Pseudorange in true range between a
satellite and user corrupted by errors due to multipath, receiver noise, ionospheric group
delay and user clock bias. Taking differences of pseudorange on L and L  for the Y or P1  2

code can provide an accurate measure of TEC as illustrated by the following.

The effect of the earth’s atmosphere produces both a curvature in the propagation path
and a decrease in propagation velocity along the path as well, so that line-of-sight range
measurements are significantly greater than the true geometric range between emitter and
transmitter. Thus, total range error caused by the ionosphere is )R = )R  + )R .C  V

where,

)R = total range error
)R  = range error caused by bendingC

)R  = range error caused by velocity decreaseV



 Figure 2. Generic GPS Receiver

The bending error is an order of magnitude smaller than the error caused by the velocity
decreases and is considered negligible. The ionospheric range error due to velocity
decreases is related to total number of electrons along a slant path from user to satellite
by

(1-1)

where,

f is the frequency in Hertz.
N(S) = density function along the ray path in electrons/m3

The Is N(S) ds is defined as (TEC) - the total electron content along the slant path ins

electrons/m . What is desired is the vertical total electron content. This is defined by2

(TEC)  C Q = (TEC) (1-2)V    S

where,
Q = Obliquity factor (correction from slant to vertical column which is a function
of satellite elevation angle which can vary from 1 to 3 as the satellite moves from
Zenith to the horizon

thus,

(1-3)



but,
(1-4)

(1-5)

thus,

(1-6)

Jack Klobucher (Reference 4) has shown that the overall dual frequency ionospheric time
delay correction is within 2 meters rms for residual error after correction. It should be
noted that to maintain this level of accuracy it is important to have a GPS antenna that
provides low multipath and that satellite and receiver differential delays have been
accounted for through calibration.

IV.   Worldwide Ionospheric Network

Using the GPS dual frequency technique, total electron content at selectable areas and
sites can be defined as a function of time. The algorithm developed above can be
implemented on a PC workstation to provide TEC contours and predict hour to hour
trends at specific geographic locations as provided by GPS. An implementation of this is
shown in Figure 3.

Information from the GPS receiver would be sent across an RS-232 type link to the PC
workstation. This information would consist of the selected satellite, pseudorange
measurements to the satellite for L  and , satellite elevation and position and system1  2

time. The data would be processed in the PC and using the algorithm described above
provide TEC contours in real and integrated time. As an extension of the above, a
worldwide ionospheric network monitoring system can be implemented as illustrated in
Figure 4. A system of three geosynchronous ionosat satellites with a complement of 5
ground stations 

is proposed. A ground station in CONUS and four distributed stations to provide
worldwide coverage. Realtime TEC data over an RS-232 link from the PC workstation
would be transmitted at UHF or SHF through the ionosat transponder to the ionosat
central processing station in CONUS. This would allow for worldwide, realtime
ionospheric data monitoring. In addition, data from the central station could be
distributed to other users within CONUS such as NOAA, NASA, Department of



Figure 3. Implementation for TEC Data

 Figure 4. Worldwide Ionospheric Monitoring

Commerce, etc. over a terrestrial communication network (TCN). This data would be of
immense value to navigation, communication, surveillance and surveying communities.

V. Conclusions

1. A system is proposed combining GPS and a PC workstation that can provide TEC
contours in real and integrated time for selectable areas and sites benefiting both



the military and commercial areas for navigation, communication, surveillance and
surveying.

2. In the near future, GPS will be the only space based system that will be able to
determine electron density of the ionosphere.

3 In order to get accurate differential pseudorange, careful consideration must be
given to satellite and receiver differential delays and multipath.

4. A worldwide ionospheric network monitoring system is proposed consisting of
three geosynchronous ionosat satellites and 5 ground stations. Realtime data from
a central station would be distributed to a number of users via a terrestrial
communication network.

5. A worldwide ionospheric monitoring network would aid single frequency GPS
users to improve their accuracy by removing a large part of the ionospheric error.
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