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Tonospheric Total Electron Content Derived from
Global Positioning System (GPS) Observations

Tan Zhanzhong
(Department of Electronic Engineering
Beijing University of Aeronautics and Astronautics)

J.Johansson and B.O.Ronndng
(Dept. of Radio and Space Science
Onsala Space Observatory
Chalmers University of Technology)

Abstract This report summarizes the fundamental principles of estimating the
ionospheric Total Electron Contents (TEC) from dual frequency Global Posi-
tioning System (GPS) data. Software to aquire the information from the GPS da-
ta files and to calculate the TEC along the satellite to receiver path and in the zen-
ith direction are described. Examples of estimated diurnal TEC variations arc giv-
en and compared with the actual modelled values transmitted by the GPS satel-
lites. An error analysis shows that the mean TEC—values obtained from P—code
data differ from the modelled values by as much as 2x 10'" ¢l / m?. The conclu-
sion is that high quality and well calibrated GPS reccivers are nceded and that
phase information should be included in order to improve our understanding of
the ionospheric degradation of precise satellite positioning.

1 Introduction

Radio positioning and navigation systems based on space techniques, such as the
global satcllite positioning systems GPS and GLONASS and the Very Long Baseline
Interferometry (VLBI) technique are affected by the ionosphere. The ionosphere can cause
considerable errors in the estimated positions duc to its dispersive nature and variabili—
ty (L2 These errors could be reduced by applying an ionospheric model or cven better by
simultancous measurements of the clectron content of the icnospthere. In the later case it is
obvious that the satellite navigation technique also provides an efficient tool for
ionospheric studies.

In this report we will introduce the fundamental principles and methods of using GPS
receivers to study the ionosphere, present software to estimate the total electron content
(TEC) of the ionosphere from GPS data, discuss the accuracy of the ionospheric delay es-
timate. This paper presents a short introduction to ionosspheric radio wave propagation as
well as the appropriate equations needed to extract TEC. It also includes the software to

(1) acquire the uscful datafrom the files produced by the GPS receiver;

(2) estimate the total clectron content in the direction of the GPS satellite denoted
TEC, the total clectron content in the zenith direction denoted TEC, and its geographic
coordinates ¢;, 4;;

(3) calculate TEC,,, i.e. the total clectron content in the zenith direction obtained
from the ionospheric model used by the GPS receivers:
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(4) comparc TEC,, with the measurcd TEC,

There arc scveral advantages of using GPS reccivers to study the ionosphcere:

(1) The mcasured TEC is the contribution from all ionospheric layers, D, E, FI, F2,
topside F, and the plasmasphecre, since the height of GPS satcllites is about 20000 km above
the carth’s surface.

(2) We arc ablc to monitor and mcasure the ionospheric 7EC in rcal time.

(3) The obscrvations can be done any time and anywhere on the carth, including high
latitude places and the cquatorial region, as there are always cnough satellites scen by the
GPS recceivers.

This rescarch may help us to understand the ionospheric behaviour in a certain arca. Tt
also hclps us to cstimatc the ionospheric crror of a single frcquency rccciver in which the
ionospheric influcnce usually is corrected for by mcans of a modcl. The impact of ignoring
higher—order terms in the ionosphceric dclay compensation could also be studicd —— an im-
portant topic in the casc of the low clcvation obscrvations that are nceded to improve the
vertical coordinate cstimation.

2 Tonosphcric radio wave propagation

the velocity of radio waves depends on the propagation medium. The phasc velocity is
given by

¢
B, = m

14
where c is the speed of light in vacuum, and n, is the phase refraction index of the medium.
In the casc of the ionosphere the phase refraction index n, depends on many factors

including the frequency of the radio wave, the charged particle density (clectrons and ions),
particle collisions, the carth’s magnectic ficld. If we ncglect the interaction between the radio
wave and the hcavy ions, n, becomes ™

n=1- 2 2 5 o 3
_ ., __ (¥sin0) (Ysin0 2
1—iZ 0 —x—12) + (4(1 o iZ)z + (Ycos0) )
X f: . N: (3)
B /z ' ’ (4nzeom)°"
f/. eB
Y=—0 1, = m 4)
/.
=21zf0 )

where f, is the plasma frequency of the ionosphere; f; is the gyro frequency of the clectrons
in the earth’s magnetic ficld; f, is the collision frequency; f, is the carricr frequency of the
radio wave; N, is the clectron density of the ionosphere; e is the charge of the clectron; m is
thc mass of the electron; e o 1s the diclectric constant of free space; B is the magnetic induc-

tion of the earth’s magnctic ficld; and 0 is the angle between the Earth’s magnetic ficld and
the propagation direction of the radio wave. The plus and minus signs in (2) correspond to
the refractive indices of the two circular polarizations.
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In the case of GPS f, is cither 1575.42 MHz (f)) or 1227.60 MHz (f,). Maximum
f,—.f,—varucs of the ionosphcre arc of the order of 10 MHz, anc 1.4 MHz, respectively. f,
is cven smaller. Thus f,> > f,, f,> > f,, and f,> > f,, and cquation (2) can bec simplificd to

/1 /2 f cosl
n, = 1— E;l— 2;

If we totally neglect the effect of the earth’s magnectic ficld, a reasonablc assumption in our
casc as the second term is approximately 19*imes larger than the third term, (6) can be fur-
ther simplificd to

no=1-—-2 ' 16

I 212

The phase velocity can now bc writicn as

vp=C<l+§> 8)

Experssion (8) shows that when a radio wave travels in the ionosphere,its phase velocity is
larger than the speed of light in vacuum c.

(6)

3 The group velocity and the group delay
Let us assume a wave packct at point S expressed as

u,(O,I) =

\,—I " A(k)e "™ dk ©®

where k=w /v, ,=2n/ Ais thec wave number.

We also assume that this wave packct travels a distance L in the ionosphere
from S to R and that the clectron density along the path is constant. The signal at point R
can be writted as

— j(wt — kL)

u (L,1)= dk (10)

l + o
—_— Ak
o L
where k is a function of w as the ionosphere is dispcrsive.
If A(k) is sharply pcaked around k = ky=w,/ v,, wccan solve cq. (10) through a

lincar approximation of w(k) around k,. With

d
w=wo+(k—ko)ﬁ (1)

the solution becomes

— j(w — wo) Ct—=L/ (dw/dk)l - ((wn(l—L)/ v’)

l + o
u_ (L,t)=(— A(k)e > dk 12)
(L0 = (=7 Alke Je (12)
Equation (12) shows that the wave packet propagates fron S to R without being distorted
and that the propagation velocity of the packet is
do
=Tk (13)



This is the so-—called group velocity which in the case of the ionosphere with
K=w/v, andvp = ¢[1 +(fi /2/‘;)] becomes

vg=c<1—;—;lo) (14)

From cquation (14) we define the group delay and the group refractive index n, as
' L

/2
Gt =-"; nx=L=l+—”
v, v 2ff)

We should point out that when a radio wave travels in the ionosphere, in addition to
the change of the propagation velocity, also the bending from a straight propagation path
causes cxtra delay. This extra delay can be expressed by

(15)

dN )2Dssin2i

Dtb=67.7( = : i,, (16)
cos i fo

dh

where dN, / dh is the rate of the electron density change N, with height above 350 km; D
is the thickness of the ionosphere; i is the incident angle of a radio wave; f; is the carrier
frequency of the radio wave.

If f,, dN,/ dh, D, i arc assumed to be 1.5 GHz, =3 x 10°/ m*, 1000 km, and 60 ° ,
respectively, then D¢, will be equal to 0.00024 ns. Thercfore,if f; is as high as 1.5 GHz, the
delay will be small enough to be neglected.

4 The apparent distance

The apparent distance as estimated from the measured delay of a radio signal propa-
gating a geometric distance L in a homogeneous ionosphere is

L Dt ¢ L(l /i ) L Dt I(l /i ) an
== = ——|; — c=1L —_—
P P 2f§ g g 2,10

where Dtp is the phase delay; Lp and Lx are estimated from the phase and the envelope of

the signal, respectively; and f, > > fp . Usually we refer to Lp and Lg as the apparent dis-

tances. Substituting the plasma frequency fp = (80.6]6N¢)0'S into (17) we obtain

40.308N 40.308N
L =L{1l-—s——=}) L =Ll1-——F (18)

1, 16

Now let us assume that a radio wave transmitted by a satcllite S penctrates the
ionosphere before reaching the receiver R. We assume that the thickness of theionosphere is
L and that the electron density N, isa function of the position in the ionosphere. Then the

apparent phase and group distance between the satellite and the receiver will be
y oy 40.308 _ 40.308TEC

’ o %

J N dL=r (19)



; 40.308TEC
r, =r+‘m—mjLchL=r+——

1, 1o

Here r is the geometric distance between the satellite and the receiver and TEC is the total
clectron content along the path L.

(20)

TEC=| N dL (1)

From (19) and (20) we sce that Fo = and r,—roare opposite in sign and identical in

value and that the values are directly proportional to TEC and inversely proportional to /ﬁ

However, notice the restriction on f;. and fc given in Chapter 2.

5 The apparent Doppler frequency shift

The frequency f, observed by the GPS—recciver will be Doppler—shifted due to the

radial velocity between the receiver and the satellitc. With

f,=f,+f1, @2)
where f is the carrier frequency transmitted by the satellite, and fd is the Doppler
frequency shift, the value of the doppler frequency shift f becomes

dr

f,=—1,% (23)
where higher order terms have been ignored. The signal transmitted by the satellite
must penctrate the ionosphere before reaching the receiver at the Earth’s surface. Taking

the ionospheric phase advance into account, the Doppler frequency shift as measured from
the carrier becomes

dr,

fa=—1 (24)

where f is called the apparent Doppler shift. By combining (24) with (19), we obtain

3—: 40.308de’fC
fa= =Ty o T, (25)

The effect of the ionosphere causes a ecxtra Doppler frequency  shift
40.308(dTEC / dt) / cf, . Its value is directly proportional to TEC / dt and inversely pro-

portional to fo . There are two reasons causing dTEC / dt to change; the change of N ver-
sus time and the change of the ionospheric path L of the signal through the ionosphere.



6 Dual—frequency obscrvations

The prime obscrvables in satellite navigation systcms are the signal propagation time
and the Doppler frcquency shift .The propagation time Dtx is mcasurcd from the cnve-
lope of the signal, while the Doppler shift F , is measurcd from the carricr. From the ob-

tained values oth, and f, the apparent distance and radial velocity arc

308TE
ro=r+ 4030/1# (26)
0
p 40.3082LEC
Tp _dr __ dt 27)
dt dt fi

In order to obtain the recal distance r and the rcal radial velocity we must remove the
cxtra apparent distance duc to the ionosphcere, 40.308TEC//f), and the extra velocity

—40.308(dTEC/dt)//§ from (26)and (27). Vice versa,to obtain the ionospheric

paramcters we have to remove r and dr / dt.
In the casc of GPS cach satcllite transmits two carricr frequencics, f] and f2 , with the

same cnvelope and the GPS—recciver measures the two envelope delays.In this way we ob-
tain two independent cquations.

40.308TEC _ 40.308TEC

r. =r+ , ro=r+
3] /: g2 /.;

where ¥ and r, arc the two apparcent distances associated with the two measured enve-

(28)

lope dclays. From cquations (28), we obtain r and TEC simultancously.

rofi—r ot

£l

r=—+——- (29)

o
T )G
40.308(f> — £2)

If the recceiver also measurcs the Doppler frequency shifts of the two carrier
frequencies, we obtain another set of cquations

dTEC dTEC
40. .
dry g MO a4 403055 o
dr i ’ a7
/f dt dt 122

(30)

where dr " / dt and drp2 / dt are the two apparent radial velocitics corresponding to the
measurced apparent Doppler frequency shifts. We obtain from equations (31)
dr dr

. Pt Yy
dr= dr ! dt 2 (32)

R N




drp] dr‘p2 2
dTEC =< dt _T)Ulfz) (33)
di 40.308(f> — 1)

This method enable the receiver to estimate the ionospheric correction in real time,
which is very important for navigation. Both (30)and (33) are also the fundamental equa-
tions for the ionosphere rescarch. '

When the radio wave passcs through the atmosphere from the satillite to a receiver, the
mecasured group dclay includes not only gecometric distance delay and ionospheric extra de-
lay but also the troposphcric extra declay Dt , the time difference D¢ between the satillite
and recceiver clocks, and the instrumental delay Dz (21 " The measured group delay could

be written as
Dtg=£ +Dt, + Dt + Dt + D¢, (34)
By using dual—frequency observation, we have

Dt =

g1

o[>

+1)t'_1 +Dta +Dt1 +Dt!1;

Dt,2=

o |

+Dt,+ Dt + Dt + Dt (35)

The corresponding apparent ranges, pr .1 and pr _, which usually are called psecudoranges,

g2’
arc

pr,,= CDtgl;

pr,= CD‘,; 36)
As the tropospheric delay D~ and the time difference between the clocks does not
change with the carrier frequency and the instrumental delay can be calibrated,we have

dpr dpr dr dar
2
Pr =Pl =T ,—7; £ L . L 37

g’ dt dt dt dt

Thus (30) can be rewritten as

TEC_(prg2 —pr )/, 1) (38)
40.308(f; — 2)

Furthermore we have

dpr , dpr , 2
dTEC =< dit  dt )(flfz) (39)
d 40.308(f; — £3)

7 TEC along the path and in the zenith direction

In equation (38) we gave a relation between measured pscudoranges and the total elec-
tron content along the path L defined as

TEC=[ N, dL (40)
It is important to remcember that TEC is the estimated total electron contents in the direc-

tion of the satellite. In order to calculate TEC in the zenith direction, denoted TEC,, we
must assume an ionospheric model. Although the structure of the ionosphere is rather
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complex and time variable, as far as its effect on the observations is concerned, most of its
charged particles can be considered to be concentrated into a thin layer which is near the
peak electron density area of layer F. Its height varies with day and night, the activity of the
sun, the geographic position, etc. Typical value is between 250 km and 450 km. We assume
the thin layer to be at the constant height of 350 km from the Earth’s surface. For conve-
nience we also assume the earth and the ionosphere to be circular with the same centre.
With the ionosphere as a shell with radius r,+ h.' , where r, is the radius of the Earth, we

obtain the mapping function f(EL) as

2 172
f(EL)=cosZ= |1 —( cosEL ) (41)
1+ -
rl
where Z is given in Fig. 1. From Fig. 1 we also obtain a relation between EL,Z and a:
sina = cos(EL + Z) (42)

where the earth centre angle a is defined in Fig. 1.
By means of equation (42) we thus map TEC into the zenith total clectron content
TEC,*” , using the relation

TECZ = f(EL)TEC 43)
VA
T
S1
Az £l
R 5
2,0 2, v
Al
X r
Figure 1. Earth, receiver (R), and Figure 2. Geometry to derive the geographic coordinates
satellite (S) configuration. of the ionosphere under investigation.

8 The geographic coordinates of TEC,

The geographic coordinates of TEC,, estimated from observations at point R in the di-
rection of the satellite S, are obtained from Figure 2.
We easily derive the following relations by means of spherical gcometry:

sind>i = sin® cosx + cos® sinacos4dZ (44)
cos(EC + a) = -~ cosEL 45)
cosa = sin® sin® + cos(D’cos<I>‘,cos(A‘_ —A) (46)



