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ABSTRACT

By GPS dud-frequency receiver, the Total Electron Content
(TEC) dong the path from satellite to receiver can be measured
directly. But the dua-frequency measurement can be severely
colored by thethermal noiseinthe GPSreceiver and thebiasin
the GPS satelite. The new two steps method is proposed to
estimate the precise quantities of TEC.

Inthefirst step, the “phase leveling” results of theionospheric
dday would be measured. By filtering the carrier and code
messurement together, the “post-processing measurement” is
used to average the code measurementsfrom carrier phasetrack

to calibratethereativecarrier ambiguity, but the biasof the GPS
receiver and satellitesisremained in thisstep. Theremained bias
iscalled inter-frequency bias (IFB).

In the second step the SLM (single lay model) assumption and
the leest squares are used to determine IFB. Through
one-minute average of the results measured in the first step,

one-minute average of vertica TEC (VTEC) can be messured
and IFB can be cdibrated. Setting two GPS receivers through
one antennateststhis proposed method, one minute average of
VTEC with two receivers are measured respectively; the
difference between VTEC measured by receiverl and receiver2
are calculated and the value of the difference are very little It
shows that the method can calibrate IFB, and aso can measure
the one-minute average of vertica TEC by single GPSobsarver.

INTRODUCTION

Theionosphere causes GPS signd delays dueto the TEC dong
the path from the GPS satellite to receiver. Under normal solar
activity conditions, the influence on GPS sgnal by TEC are
usualy in the range from a few to tens meters [1]. For high
precison GPS postioning, the ionosphere effect must be
edimated so0 that the more precise postion result could be
measured.

The TEC by dual-frequency measurement includes IFB, if this
biasis not cdibrated; the result isnot theabsolute TEC what we
require. To messure precisevertical TEC by single GPSreceiver,
a new method is proposed in this paper. To reduce the
pseudorange error and measure changes of the ionospheric
delay correctly, the postrocessed measurement is used to

cdibrate the relative cycle ambiguity with dua-frequency GPS
recelver and estimate the” phaseleveling” result [2], becausethe
group dday is irregularity but absolute and the carrier phase

advance is rdlaive range error in the ionosphere. By using the
SLM assumption [3], the dant TEC (STEC) can be converted
into VTEC of certificated height, and then, IFB could be



measured with two satdlites of the highest and the second
highest elevetion by the weighted leest square, and aso,
one-minute average vertical TEC would be estimated.

Findly the experiment was conducted from 21:00 April 7 to
07:00 April 8 2003 (Locd Time) for 10 hours to examinethe
valid of the new method, we calculated the difference between
VTEC with two receivers and compared the VTEC measured
by receiverl with the results of IRI-95 model [4].

IONOSPHERE MEASUREMENT BY GPSRECEIVER

With the firg-order refraction index, the ionospheric dday
would be measured by dual-frequency GPS receiver. Because
the higher noise leved of the ionosphere measurement by code
measurement, It cdled as “postprocessed  ionosphere
messurement” isused to estimate the phaseleveling” resultsof
ionospheric delay.

Total Electron Content

The ionosphere is a region of ionized gases (free eectron and
ions). The ionization is caused by the sun’s radiation, and the
state of the ionosphere is determined primarily by the intensity
of the solar actiity. The parameter of the ionosphere that
produces most of the effects on GPS signds isthe total number
of dectrons in the ionosphere. This integrated number of
dectrons, commonly caled TEC. A vaue of TEC equd to

1" 10"°electrons/ N7 is called ce TEC unit (TECU).

TEC typicdly varies 1 and 150 TECU. And TEC isdetermined
asfollowing [5]:

TEC = 5Nd| )

where Risreceiver, sissadlite, N istheloca dectron dendty,
and the integration is aong the signal path from the satellite to
the recaiver. The path length through the shortest in the zenith
direction and, therefore,

Group Dday

The ionosphere is an important source of range and rangerate
errors for GPS users, and the variability of the ionosphere is
much larger than troposphere. Fortunately, ionized ges is a
dispersive medium for radio waves[8]. Therefractionindex isa
function of the operating frequency. The group delay of the
ionosphere produces range errors, which can be expressed into

the units of distance to GPS usars. From the expression for the
refractive index, the group delay can be determined by
following:

Dr = (Y1- n)dl 2

where n isthe refractive index of the ionosphere, the integration
isalong the signal path from the satellite to the receiver.

Refraction index

To quantify the propagation effects on a radio wave traveling
through the ionosphere, the refractive index of the medium must
be specified, the refractive index of the ionosphere, N, has
been derived by Appleton and Hartree [6]. Because we are
concerned here only with radio-wave propagetion a two GPS
frequencies (L1=1575MHz, L2=1227MHz), the refractive
index of the ionosphere a GPS frequencies given by Brunner
and Gu [7], can be expressed as

X 1 1
n=1-(—)x(—)- (— 3
(2) (fa) (f4) 3)
where f issystem operation frequency, and,

X =f?/f?, f, istheionospheric plasmafrequency.

As Eq.(3) illustrates, the terms contributing to the refractive
index of the ionosgphere are the free-space velocity, the
firg-order term (as often used in GPS TEC measurement), the
second-order term and thethird order term. The refractiveindex
of thefirst order in the ionosphereis given by the following:

X
=1- (& 4
n (2) @

By Eq.(3) and Eq.(4), the high-order terms are much less than
1% of the firg-order terms at GPS frequencies, so with better
than 0.1% accuracy, even during worst case ionosphere

conditions when  f, =25MHz [8], so the ionospheric

refractive index a GPS frequency can be expressed smply as
first-order term.

Now using Eq.(4) the first-order refradive index, the refraction
index for aradio wave of frequency is:

3N
n»1- 40f32 ©)

where N islocal iono density, fissystem operation frequency,.



By Eq.(1) and Eq.(2), the ionospheric group delay is

Dr = TEC ©)

40 .3 ONd = 40 .3

f2 f2

So it can be cdculated that TEC is effected range delay into
metersa f , of the GPS: 1TECU=0.163m; and dfected on

f_, : ITECU=0267m;

In this paper, The TECU would be converted into unit of
distance at L1 GPS frequency to estimate vertical TEC.

Post-processingl onospher e Measur ements

By dualfrequency GPS recever, we could measure the
ionospheric delay, however, theresultsareincluding IFB [9].

i =STEC'+M + IFB, )

where t is the epoch time, i is PRN of GPS satdlite, M is
multipath, | is the result by dua-frequency ionosphere
measurement; STEC is the dant TEC measurement; M is
multipath influence, IFB is the inter-frequency bias including
the receiver and the satdlite biases. IFB is very stable over time
on ascale of daysto months in practice so thet it can be treated
as constant in our measurement [11].

Thegroup delay and ionospheric carrier phase advancewith the
dual frequency GPS receiver can be measured smply under the
firg-order refractive index [12], and the ionospheric dday dong
the path from satellite to receiver would be estimated directly as

following [1]:
Code measurement:

STEC =1, - M, - IFB ®
where |, =g(r ;-1 .,) ©)
Carrier phase measurement:

STEC =1, - M, - N, - IFB (10)
where |, =-g(f ,-f.,) 11

Herey = f 2 /(72 - f3) converts the TEC into meters

at L1GPS frequency
|, is the ionospheric group delay (m), |, is ionospheric

r

carier phase advanced (m), I, and I , are pseudorange
measured by code measurement at L1 and L2 frequency (m),

f_,adf , ae pseudorange measured by carrier phase

measurement a L1 and L2 frequency (m), N,,istherelative

cycle ambiguity of the carier phased measurement (m),
M, and M, are multi-path by code measurement (m) and

carrier phase measurement (m)
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Figure 1. lonospheric influence messured by raw code and
carrier phase measurement

Figure 1 shows that the results of ionospheric influence
measured by raw code messurement and carrier phase
measurement from dual-frequency GPS receiver. Here that the
code measurement is noisy but absolute, and the carrier is very
precise but including the cycle ambiguity would be seen.

Inthenormal, thereaktime carrier smoothing isused to measure
changes in the ionospheric delay correctly and is estimated the
ionosphere delay of time (t), it is determined as following:

Itsmoothing =V\/tm(|r)t +V\’[n(|t_lsrmothing +(Ift - Ifl_l)) (12)
where t is the epoch time,w_ and w,_  ae the weighting

W, + W =1 We =t

m n

functions,  thus

Wm = Vvt_lm + 0001 and Iosmoothing = I Or .

In our research, the postprocessng measurements is used to
estimate “phase leveling” result of the ionospheric delay of the



past time (K), the post-processing measurement is achieved as
following:

18, « K

=L =alt - 1) (13)

post
K=o

wheret istheepoch time, | is the result estimated by the

post

post-processed measurement; K is the continuous time for one
satellitein visble, we set K=2hour in our research.
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Figure 2. lonosphere delay measured by three GPS ionosphere
measurement

Shown in figure 2 is three GPS ionosphere measurements from
a single GPS dual-frequency receiver for one hour: the raw
pseudorange difference, carriersmoothing (step=0.001) and
post-processed measurement. From figure 2, it could be seen
that the carrier ambiguity could be resolved by postrocessed
measurement and the “phase leveling” result of the past time
could be edimated. However, It is imposshle tha the
ionosphere delay isminusin fact, so the results by measurement
were including IFB could be known.

IFB CALIBRATION

In this section, using the “phase levding” results measured by
Postprocessing measurement, SLM  assumption and the
weighted |east squares are used to cdibrated IFB and measure
vertical TEC.

SLM Assumption

The ionosphere is aregion of ionized plasmathat extends from

roughly 50km to 2000km surrounding the surface of the earth.
Theionosphere can beusudly dividedinto D, E, F1, F2 and H+
regions according to the eectron density, thus the F2 regions
(210-1000km) isthe most dense and also the highest variability,
causing most of the potential effectson GPSreceiver system. So
we pointed on the TEC of F2 regions to discuss theionosphere
effect on GPS system in this paper. For our research, the sngle
layer model (SLM) assumption was proposed to convert the
dang TEC (STEC) into the vertical TEC (VTEC) by mapping
functiond(E) [11]. Inthesinglelay modd theionosphere stota
eectron content is assumed to consider within an infinitesmal
thin shell enveloping the Earth as hollow sphere at a height
above the Earth’'s mean surface, The relationship between the
VTEC and STEC aregiven asfollows:

STEC' = d(E)” VTEC! (14)

where: d (E) = 1 (15)

7

e .. &R 0§ u
cosgarcsing——=Ccos(E)
gar éR+hg H

Here E is the eevation angle of the line-of sght from the
receiver tothe satdlite, Risthe earth radius, h isthe height of the
assumed thin shell of ionosphere above the earth’s surface, In
this paper h=400km because the TEC of R2 region would be
discussed .

By Eq(13) the “phase leveling’ quantities of ' could be

edimated, but we have to note that the results of true
measurement are till corrupted by the interfrequency bias
(IFB), given asfollowsin epoch timet by Eq.(7) and the IFB is
seen as constant here:

| .1 =STEC"+IFB, (16)

post |
wheret isepochtime, iisthe PRN of the GPS satellite,

I is the results by post-processed measurement. It is noted

post

that here the multipath effect is negligible because the
differential carrier phase is much less senstive to multipath
[13].

From Eq.(14) and Eq.(16), the eguation can be written as

following:
| i =d(E),” VTIEC' +IFB 17

post i

Herelt hasto be noted that the VTEC isnot Smply asthe SLM
assumption in fact, and the error by mapping function d(E) will



be increased at the low eevation angle [1]. So the highest and
the second highest devation satelite in the continuous
observation time will be chosen in our measurement. One more
reason to choose the high eevation sadlite is to reduce the
multi-path influence [13].

IFB Egtimation

To reduce the errors caused by SLM assumption and influence
of multi-path, we dose two sadlites of the highest and the
second highest devation in the average for 2 hours. By two
satellites, we calculated the average of the oneminute average

of |, Measured by postprocessed measurement and SI(E)

mesasured by SLM assumption. The following equation will be
derived by Eq.(13)

(U/SI(E), " 14, =VTEC +(1/SI(E), " IFB, n
wherei is PRN of satdlite, (1/sl(E), isminutely average of

d(E), |posti is minutely average of results etimated by

post-processed measurement.

Because VTEC measured by each satellitesarethe samein fact,

the unknown terms |FB, can be determined by two chosen

satdllites through the weighted least squares with minimize the
residual error asfollowings:

Dl s, = (@SB, T, [WSE), T, (18)

T t t
R, =AW, - (THE, IFe- TIEFR) 49
1
where 1, 2 indicate the highest and the second highest devation
satellites, T=120 in this paper. w! is the weighting function to

reduce the estimating error. In this method,

wt :((1/S|(E)1l - (1/S|(E)2‘)2,itissettoreducetheerrorby
mapping function d(E)With IFB was measured, one minute
average VTEC could be estimated simply by Eq.(17) .

RESULTSOF EXPERIMENT

To test the result of this method, the experiment was done to
messure the VTEC of 400km height. One antenna was st on
the roof of the building in the Tokyo Universty of Mercantile

Marine (N 35°39',S139 47 ) , by the GPS accessories, the

signd was separated and supplied to two receivers (Novetd
RT2, receiverl, receiver2), the GPS datawas|ogged from 21:00
April 7,2003to 07:00 April 8, 2003 (Locd Time) for 10 hours
with sampling one second. By the proposed method, the VTEC
could be measured with receiverl and receiver2. Because signa
was received by one antenna, the VTEC measured by two
receivers should be same in fact. We compared the difference
between VTEC of receiverl and receiver2, and found thet the
difference is less than 0.03m. Findly the results of the
experiment was compared with the datafrom IRI-95 modd, the
differenceislessthan 0.2m.

IFB Influence

Because the same antenna received GPS data, the multipath
erors and the ionospheric delay measured by two receivers
should be same in this experiment.

Figure 3 shows measured by post-processed measurement from
two GPS receivers through one antennausing PRN 23 satellite
for 2 hours. Two GPS receivers by one antenna would messure
the exact same ionosphere to satdlite PRN23 in the same time.
So therelative IFB hereisobvious.
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Figure 3. lonosphere delay measured by receiverl and receiver2
IFB Estimation

Now the proposed method was used to determine IFB from two
recalvers separately, and oneminute average VTEC for 10

hours would be estimated.

Inthefirst the highest and second highest satelliteinthe average
for 2 hours were chosen. Table 1 shows PRN and two hours



average of eevation of two satdllites, which are chosen into our
research. Here the devation of chosen satellites are more than
45 degree would be seen.
Table 1. PRN and 2 hour average eevation of GPS satellites
chosen in the experiment

LT PRN elevation PRN devation

(hour) satellite | (degree) | satellite | (degree)
2100-2300 | PRN 23 62.0 PRN 18 58.8
2300-0100 | PRN 30 67.3 PRN 5 59.7
0100-0300 | PRN 14 67.5 PRN 25 488
0300-0500 [ PRN 25 70.9 PRN 16 52.9
0500-0700 [ PRN3 66.4 PRN 16 594

It must be noted that the multi-path influence in the
dual-frequency measurement, so the higher devation satellites
haveto be chosen. Becausethee evationsof chosensatelliteare
morethan 45 degree, and a S0, the post-processing measurement
was used in the first step, the error by multi-path would be
negligible. Using the chosen satdllites, the IFB of these satellites
could be calibrated by the weighted least squares in the
experiment. Table 2 shows that IFB of chosen satellites
measured by the weighted leest squares from two GPS
receivers.

Table2. ThelFB of chosen satdllites measured by two receivers

GPS IFB measured by IFB measured by
satellite receiver 1 (m) receiver 2 (m)
PRN 23 0.246 2.686
PRN 18 1.840 4.402

PRN 5 1251 3.668
PRN 30 0.593 3077
PRN 14 2651 5.198
PRN 25 1.993 4.446
PRN 16 4.387 6.946
PRN 3 2.196 5.089

By calibrating IFB of chosen satellites, the minutely VTEC of
two receiversfor 10 hours could be measured simply.

Compare Vertical TEC measured by two receivers
Inthisexperiment, thequantities of vertical TEC measured from

two GPSreceiversare the same, so by comparing resullts of two
receivers, the valid of the new method could be seen.

| Wertical TEC Measured by KBecemer 1]

)

Vertical TEC

1265870 131570 1365700 140570 B4s5T0 PEI5T 156570 161570
P Tome {3}

Figure 4. Vertical TEC measured by receiver 1
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Figure 5: Vertica TEC measure by receiver 1

The figure 4 and figure 5 show the minutely average vertica
TEC measured by TEC measurement from receiverl and
receiver 2 from 21:00 April 7 2003 to 07:00 April 8, 2003
(Local Time) for 10 hours.

By the difference between the VTEC measured from two
receivers caculated, the vaid of the method would be seen.
Figure 6 shows that the difference between VTEC measured
by receiver 1 and receiver 2, we could seethat the biggest of the
differenceisonly about 0.027m here.
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Figure 6. VTEC difference between VTEC1 and VTEC2

Compare With IRI-95 M odée

Totest thisproposed method, the VTEC measured by receiverl
is compared with the International Reference lonosphere
(IRI-95) modd. The IRl was developed by an internationa
project sponsored by the Committee on space Research
(COSPAR) and the International Union of Radio Science
(URS) [9]. For a given location, time, and data, the IRI
describes many ionospheric variables, including the eectron
density, for a vdid range of atitudes below 1000 km. Tests
proved that IRI-95 modd performs better than IRI-90 modd in
computing the ionospheric deay for the single-frequency
atimeters[10]. Here we set the height is400m in IRI-5modd.

Table 3: results from TEC measurement and |RI-95 model

1531570 wy  1E1STE

Local Time IRI-95 VTEC1 Difference
(hour) (m) (m) (m)
21.0(7™ 341 330 +0.11

220 272 259 +0.13
230 2.30 2.26 +0.04
240 224 2.23 +0.01
1.0(8M 1.90 1.88 +0.02
20 1.70 168 +0.02
30 151 156 -0.05
40 195 2.10 -0.15
50 2.16 2.39 -0.23
6.0 2.99 2.97 +0.02
70 404 383 +0.16

Table 3 showsthat IRI-95 and results of receiver 1 measured by
TEC measurement from 21:00 April 7 to 07:00 April 8 2003. It
would be seen that there is adbout 0.094m (0.6TECU)
differences in average between IRI-95 and VTEC measured by

receiver] from table 3. That the TEC measurement can measure
the verticad TEC vaidly would be known. Here we think that
converting the dant TEC into the verticd TEC with SLM

assumption causes the difference because actually eectron
density digtribution is not thin shdl as SLM assumption and
includes higher (plesmesphere) and lower (E region).
Cdibrating the error of SLM assumption is our research in the
future.

CONCLUSION

Wehave madethe new two -step method to estimateone minute
VTEC hy single GPS dual-frequency receiver. In thefirst step,
usng the firsorder refraction index, we made the
post-processing measurement to calibrate the rel ative ambiguity,
the changes of ionospheric delay could be measured correctly
and the “phase leveing” results could be esimated. But the
resultsinclude IFB. In the second step, Using SLM assumption,
STEC could be converted into VTEC. Because | FB are constant
over saverd days, aweighted least squarewas used to determine
the IFB, and VTEC could be measured.

The new method wastested by the experiment from 2100L T 7"
to 0700L T 8" April. Two GPSreceivers received GPSsignal by
one antenng VTEC were measured by the proposed method
with receiverl and receiver2. By caculating the difference
between messured VTEC, that the difference is very little could
be seen. Inthefindly we compare VTEC of receiver 1 with the
results of IRI-95 modd, and about 0.09m difference in average
could be known. This method could measure the vertical TEC
by single GPS receiver.
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