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Considering the above, a working group, under SC-104, In order for the user to evaluate system accuracy, the
was established to update the RTCM standards for carrier working group felt it necessary to provide realistic indica-
phase applications. New message formats were developed tots for reference station errors. The carrier phase data
to transmit raw carrier phase and pseudorange measure- quality indicator is the estimated one sigma phase mea-
ments, carrier phase corrections and pseudorange correc-
tions _. ith better representation of data quality. The surement error indicated by -1 ex"'3 cycles where
recommendations of the working group are presented 256
below. X is the decimal equivalent of the 3-bit data field. The

quantization levels are listed in Table 1. The quality
NEW MESSAGE FORMATS indicator was derived from analysis of receiver carrier

loop performance. The analysis is given in Appendix I of
New message formats (message type number) are recom- RTCM Paper 170-92/SC104-92. The same data quality
mended for: Uncorrected Carrier Phase Measurements indicator also is used in the Type 20 message.
(18), Uncorrected Pseudorange Measurements (19),
Carrier Phase Corrections (20) and Pseudorange Correc- TABLE I
tions (21). CARRIER PHASE QUALITY INDICATOR

One of the ground rules was that new messages would
comply with the basic formats established in Version 2.0 CODE (y) PHASE ERROR
of the recommended standards. Therefore, the new (cycles)
messages use the standard two word header. Each data 000 (0) < 0.00391
word contains 24 data bits followed by 6 parity bits. 001(1) < 0.00696

The recommended new messages have similar formats. 010 (2) < 0.01239

Word 3, the first data word after the header, contains a 011 (3) < 0.02208
GPS TIME OF MEASUREMENT field which is used to 100 (4) < 0.03933
increase the resolution of the MODIFIED Z-COUNT in 101(5) • 0.07006
the header. Flags indicate whether the data are LI, L2,
ionospheric free pseudoranges or ionospheric difference 110 (6) • 0.12480
carrier phases. Word 3 is followed by pairs of words 111 (7) > 0.12480
containing the data for each satellite observed.

Detailed definitions of the message formats are contained
in the message descriptions shown in Figures I through 4. TYPE 19 - UNCORRECTED PSEUDORANGE
For brevity, data fields are defined only in the message MEASUREMENTS
format where they first occur. To ease software develop-
ment, data fields containing the same or similar informa- The Type 19 message allows transmission of raw LI, 1-2
tion were placed in the same locations in the different and ionospheric free pseudoranges. Both C/A and P-code
messages. We won't discuss all the details of each measurements are accommodated. Raw pseudorange
message type, but will highlight some of the significant measurements should not be carrier smoothed.
characteristics.

Since reference station code multipath and receiver noise
TYPE 18 - UNCORRECTED CARRIER PHASE have different temporal characteristics, data quality
MEASUREMENTS indicators are provided for both. The pseudorange data

quality indicator is the estimated one sigma pseudorange
The Type 18 message allows transmission of raw Ll, U2 measurement error, caused by ambient noise, indicated as
and ionospheric difference carier phase measurements. 0.02eP-' meters where X is the decimal equivalent of the
The carrier phase data field is shorter than the maximum indicator code. The quantization levels, listed in Table 2,
measurement length. The user must detect 'rollovers' in were derived by analysis of code loop performance.
the data and reconstruct the complete phase measurement.
A cumulative loss of continuity indicator is incremented The multipath error indicator is the estimated residual
each time continuity in the phase measurement has been multipath error indicated as 0. le 0 'x meters where X is the
lost. decimal equivalent of the indicator code. An X of 15
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indicates that multipath error was not determined. The CARRIER PHASE CORRECTION
quantization levels are given in Table 3. Predicted Satellite to Reference Station

Range (in carrier cycles) - Measured
The working group recognized the potential to measure Carrier Phase for the GPS TIME OF
and compensate for pseudorange multipath at the refer- MEASUREMENT.
ence station. At this time, no schemes for accomplishing
this have been endorsed. If compensation is performed, TABLE 3
the multipath indicator should reflect the residual multi- PSEUDORANGE MULTIPATH INDICATOR
path remaining in the pseudorange data.

CODE (X) MULTIPATH ERROR
The pseudorange and multipath quality indicators also are (Met ERs)

in the Type 21 message. Additional information on the (Meters)

development of the pseudorange and multipath indicators 0000 (0) • 0.100
can be found in Appendix II of RTCM Paper 170-92/- 0001(1) !< 0.149
SC 104-92. 0010 (2) < 0.223

TABLE 2

PSEUDORANGE DATA QUALITY INDICATOR 0011(3) < 0.332

0100 (4) < 0.495

CODE M PSEUDORANGE ERROR 0101 (5) < 0.739
(Meters) 0110 (6) < 1.102

0000(0) <0.020 0111 (7) < 1.644

0001 (1) < 0.030 1000 (8) • 2.453

0010 (2) < 0.045 1001(9) < 3.660

0011(3) < 0.066 1010 (10) < 5.460

0100(4) • 0.099 1011 (11) < 8.145

0101(5) < 0.148 1100(12) 5 12.151

0110 (6) •-0.220 1101 (13) ! 18.127

0111 (7) < 0.329 1110(14) > 18.127

1000 (8) < 0.491 1111(15) Multipath error not deter-

1001(9) • 0.732 mined
1010 (10) < 1.092
1011 (11) 9 1.629 To generate carrier phase corrections at the reference site,the first step is to add an appropriate number of whole
1100 (12) < 2.430 cycles to the carrier phase measurement so that it approxi-

1101 (13) < 3.625 mates a true range measurement. One method is to set

1110 (14) :5 5.409 the whole cycle count such that the carrier phase measure-
ment best agrees with the theoretical range to the satellite

1111 (15) > 5.409 at the initial epoch. Alternately, the carrier phase whole

cycle value can be set to match the corresponding code
measurement when the receiver first acquired the satellite.

TYPE 20 - CARRIER PHASE CORRECTION

The second step is to remove the effect of biases and
A carrier phase correction is similar to a pseudorange changes in the reference receiver clock from the correc-
correction, but is computed using reference station carrier tions to be transmitted. Carrier phase measurements are
phase measurements. At the reference station it is an integrated measure of the Doppler shift of the received 00"
computed as: signal and the difference between satellite and receiver

clock rates. Therefore, they are much less sensitive to

time errors than are pseudorange measurements. If
receiver time recovery is held to one microsecond or less,

3 AvallabIlity Codes
I val and/or---
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time induced carrier phase measurement errors will be a corrections computed for periods when S/A was inactive
millimeter or better. Some attempts at filtering the clock, and active, respectively.
for differential carrier phase processing, indicate it can
increase the noise in the navigation solution. It appears
that even with high quality clocks, the ability to predict
phase is poorer than the instantaneous clock solution when
carrier phase measurements are employed. When the user 36

solves for an independent clock state at each epoch, any
error in the reference receiver clock will simply alias into
the user's clock solution without compromising the 32

position solution. In case someone does filter the user's
clock state, it is desirable that carrier phase corrections 30

transmitted to the user contain no step changes in the 28

reference receiver clock.
26

The following method has been used to remove the 24

reference receiver clock bias from the corrections: (1) At
the initial epoch, the difference between the computed 22

range and the measured carrier phase range (carrier phase 20 2
measurement with appended whole cycles) for each 147600 t 494M 1512 ,30
satellite is formed. The mean value, across all satellites, Figure 5 - PRN 2, Site 1
of these differences is treated as the clock bias. The
clock bias is subtracted from the individual differences for
each satellite to form the carrier phase corrections. This At the user receiver, CARRIER PHASE CORRECTIONs
procedure causes the mean value of the corrections for the are applied as:
first epoch to be zero. (2) At each subsequent epoch, the
difference of the measured carrier phase range change and Corrected User Carrier Phase = Mea-
the computed range change is calculated for each satellite sured User Carrier Phase + CARRIER
which remained locked over the interval between epochs. PHASE CORRECTION.
The mean value, across all satellites, of these change
differences is ascribed to the change in clock bias and 100
added to the prior clock bias value. As long as even one
satellite was tracked continuously between epochs this
new clock bias will be an acceptable value. Now all 50 -
satellites which are locked on at the latest epoch are used
to form individual differences between the computed 0
range and measured carrier phase range. The new clock
bias is removed from each of these satellite differences 5 -
resulting in the carrier phase corrections for that epoch.

The advantage of using the changes in the measured and -100
theoretical values to generate clock changes is that
addition or deletion of a satellite to the set of satellites -150
tracked at the reference site does not cause a step change
in the clock bias. The disadvantage of the technique is
that as satellites are added and deleted from the set being -2001
tracked the mean value of the corrections transmitted will , I5740
deviate from zero. This deviation from zero mean can be Figure 6 - PRN 11, Site 1
counteracted by a very long (many hour) time constant
which adds a small fraction of the mean value of the An example of positioning results using carrier phase
corrections to the clock bias state. The net result is a corrections has been published (Hatch, Keegan and
smoothly varying carrier phase correction for each Stansell.)
satellite. Figures 5 and 6 show examples of carrier phase
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TYPE 21 - PSEUDORANGE CORRECTIONS the east-west direction of a few meters in the satelhtes
position, thus changing both the X and Y coordinates, but

The type 21 message contains the same type of pseudo- not the Z coordinate. Although a constant range is not
range and range rate corrections as the present type 1. It realistic, it is appropriate for the test ca&, since it can be
allows for transmission of LI, L2 and ionospheric free set at this maximum value, and thus, is not sensitive to a
corrections for C/A and P-codes. It also contains the user's location.
previously discussed pseudorange data quality and multi-
path indicators and permits the carrier smoothing interval In the second method, the correction made to the

to be specified. pseudorange measurement, is given as

IMPLEMENTATION ISSUES AR (X-y. - yX.) (2)
C

a. Satellite Position Computation Accuracy. For
precise differential positioning, common satellite positions where X, and Y, are the coordinates of the satellite in the
and satellite clock offsets must have common values (to ECEF coordinate frame at the time of transmission and X.
millimeter accuracy) for both reference and user receiv- and Y, are the estimated coordinates of the user in the
ers. When raw measurements are used, generally the ECEF coordinate frame at the time of reception. In this
same algorithms are used for both sites so that algorithmic case, no earth's rotation correction is made to the satel-
errors (nearly) cancel when differenced. When carrier lite's coordinates, which is the same as making a correc-
phase corrections are used, the reference and user receiv- tion with an estimated range of 0. In fact, this is the
ers may use different algorithms. Therefore, a high level method used for this second case, and the quantity of
of accuracy in computing satellite positions and satellite Equation 1 was not computed.
clock offsets must be assured. The revised standards will
include test files which can be used to verify these b. Antenna Phase Center Stability. The apparent
computations. Test files were generated using the phase center location of an antenna may vary with
equations provided in ICD-GPS-200B without using direction of signal incidence. The phase center stability
approximations, except that Keppler's equation for characteristics can differ for different antenna designs
eccentric anomaly was solved iteratively to an accuracy of and ground plane configurations. For precise (centimeter
1 x l0-12 radians. level) positioning, the phase center characteristics of the

reference and user receiver antennas must be matched or
Test cases were generated to allow verification of two differences compensated. For local use systems, this
different methods for correcting for rotation of the often is accomplished by using the same antenna and
coordinate frame over the transmission interval. In one ground plane design at both locations. Common varia-
method, the satellite position at time of signal transmis- tions in phase center shift cancel when differenced. The
sion is rotated to the user's coordinate frame at time of system designer may have little control over the phase
signal reception. In the other method, the measured shift characteristics of antennas used with public access
pseudorange is corrected to account for the coordinate systems. In this case, the reference station operator must
frame rotation. provide the reference station antenna characteristics so

users can select antennas with similar characteristics or
In the first method, the longitude of the satellite is make appropriate compensations when processing the
adjusted with the amount in radians data. An alternative would be to compensate the refer-

ence station carrier phase data to a fixed antenna phase
(•k = - e) "- (1). center based on antenna calibration data. At this time, no

C standards for antenna phase center stability are proposed.
The system designer must insure the errors are within the

where 0 is the rate of right ascension of the satellite, system error budget.

c. Issue of Data. When using broadcast ephemeris
Sis the earth's rotation rate, R is the estimated and satellite clock correction data, the same issue of data

must be used at the reference and user sites. When raw
range to the satellite and c is the speed of light. In the m esuree ased fo differential pstning,

generated test cases, R is set to a constant of 24,000,000 usually the same ephemeris data is used for all sites.

meters. The effect of this correction is an adjustment in W he sa re com putedat the ference stato

When corrections are computed at the reference station
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and applied at the user's site, the possibility exists that REFERENCES
they may be different. Rather than computing and
broadcasting corrections for two different issues of data, Hatch, R.R., R. Keegan, and T.A. Stansell, 'Kinematic
it is recommended that the reference station wait 60 Receiver Technology from Magnavox,* Proceedings of
seconds after acquiring a new issue of data before trans- the Sixth International Geodetic Symposium on Satellite
mitting corrections computed with the new issue of data. Positioning, Columbus, Ohio, March 17-20, 1992.
This allows the user receiver sufficient time to acquire the
new data set. The issue of data used to compute correc- RTCM Paper 134-89/SC104-68, RTCM Recommended
tions is always transmitted with the corrections. Standards for Differential NAVSTAR GPS Service,

Version 2.0, Radio Technical Commission for Maritime
d. Bad Reference Station Data. Erroneous or Services, Post Office Box 19087, Washington, DC 20036,
invalid data for any satellite should not be included in any January 1, 1990.
messages sent by the reference station.

RTCM Paper 170-92/SC 104-92, Recommendations of the
MESSAGE FORMAT STATUS Carrier Phase Communications Working Group to RTCM

Special Committee 104 (SC-104), Radio Technical
The Working Group believes the recommended new Commission for Maritime Services, Post Office Box
message formats are useful for their intended purposes. 19087, Washington, DC 20036, August 10, 1992.
However, the formats have not yet been implemented and
tested in practice. Therefo-e, it is recommended that the
proposed formats be given *tentative" status for a period
of one year. If no problems are found with the formats,
it is recommended the status be changed to 'fixed" at the
end of that year. The temporary 'tentative* status is
intended to provide time to find and correct any problems
in the formats, not to add new features. Equipment
manufacturers and system developers are encouraged to
provide feedback on the recommended message formats.

It also is recommended that the present Message Type 4 -
Surveying Parameters (Tentative) be retired.

SUMMARY

The GPS Carrier Phase Communication Working Group
has developed and documented four new message formats
for transmission of raw carrier phase and pseudorange
data and carrier phase and pseudorange corrections. The
formats provide the flexibility to use LI and 12 and C/A,
P-code and codeless data and contain indicators for data
quality and multipath. Test files for verification of
satellite position computations were also developed.
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FIGURE 1

MESSAGE TYPE 18 - UNCORRECTED CARRIER PHASE MEASUREMENTS (tentative)

WORD
F :SPARE: GPS TIME OF MEASUREMENT PARITYSt!I t3
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

PH :P R : SATELLITE : DATA : CUM. LOSS OF CARRIER PHASE PARITY
CARIE PHASEIPARIT

2N+2 _ ID OUAL. CONTINUITY
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

CARRIER PHASE PARITY
2N+3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

F = FREQUENCY COMBINATION INDICATOR
LI = 00, L2 = 10, IONOSPHERIC DIFFERENCE = 01, SPECIAL = 11

(SPECIAL indicates a special purpose or experimental application. Users must insure data indicated as SPECIAL
are compatible with their system.)

GPS TIME OF MEASUREMENT RESOLUTION: 1 microsecond RANGE: 0 to 599999 microseconds
Expanded Time of Measurement = GPS TIME OF MEASUREMENT + MODIFIED Z-COUNT (from header).
The time shall be referenced to GPS time.

All CARRIER PHASEs in the message shall be determined for the Expanded Time of Measurement- The GPS
TIME OF MEASUREMENT for a message containing 12 or ionospheric difference data shall be the same as that
in the corresponding message containing LI data.

N = Data set (one per satellite) number.

H = HALFIFULL L2 WAVELENGTH INDICATOR FULL = 0, HALF = I H shall be set to 0 for LI.

P = C/A-Code/P-Code INDICATOR C/A-Code = 0, P-Code = I
LI C/A-code and P-code carriers are transmitted in quadrature. Transmitted LI P-code uncorrected phase measure-
ments shall not be adjusted to C/A-code equivalent measurements or vice versa. The C/A-Code/P-Code
INDICATOR shall indicate whether the LI C/A-code or P-code carrier was used to compute an ionospheric
difference. Ionospheric difference measurements shall not be adjusted for differences in quadrature.

R = Reserved for future expansion of Satellite ID

SATELLITE ID RESOLUTION: I RANGE: 1-32 (Satellite number 32 is indicated by 0.)

DATA QUALITY See Table 1

CUMULATIVE LOSS OF CONTINUITY INDICATOR RESOLUTION: 1 RANGE: 0 to 31
The CUMULATIVE LOSS OF CONTINUITY INDICATOR shall be incremented each time continuity of the
CARRIER PHASE measurement is lost (unfixed cycle slip or loss of lock.) For ionospheric differences, the
CUMULATIVE LOSS OF CONTINUITY INDICATOR shall be incremented each time continuity of either or both
of the LI or L2 carrier phase measurements is lost.
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FIGURE 1 (continued)

CARRIER PHASE RESOLUTION: 1/256 Full Cycle, 1/128 Half Cycle
RANGE: ±8,388,608 Full Cycles, ± 16,777,216 Half Cycles

ONODIFF 0 - L2 (full wavelength L2 cycles)d#xooo~t -77 n

IONODIFF - - L2 (half wavelength L2 cycles)

Where: t•'No[x•F = Ionospheric Difference Phase Measurement
4

'I' = LI Carrier Phase Measurement
L2 Carrier Phase Measurement

Full cycle carrier phase data shall not be transmitted until the correct polarity has been resolved.

FIGURE 2

MESSAGE TYPE 19 - UNCORRECTED PSEUDORANGE MEASUREMENTS (tentative)

WORD
F : SPARE, GPS TIME OF MEASUREMENT PARITY

3 i
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

IS IP IR SATELLITE DATA : MULTIPATH : PSEUDORANGE PARITY
2N+2 j i ID QOUALITY ! ERROR

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

PSEUDORANGE : PARITY
2N+3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

F = FREQUENCY COMBINATION INDICATOR
LI = 00, L2 = 10, IONOSPHERIC DIFFERENCE = 01, SPECIAL = 11

S = Spare

DATA QUALITY and MULTIPATH ERRUR See Tables 2 and 3.

PSEUDORANGE RESOLUTION: 0.02 meter RANGE: 0 to 85,899,345.92 meters
Ionospheric free pseudoranges shall be calculated from dual frequency measurements, not computed from single
frequency measurements and the broadcast ionospheric model parameters.

8



FIGURE 3

MESSAGE TYPE 20 - CARRIER PHASE CORRECTIONS (tentative)

WORD
F ISPARE: GPS TIME OF MEASUREMENT : PARITY3 I I I I

3I

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

1H :S :R I SATELLITE I DATA I CUM. LOSS OF ISSUE OF DATA PARITY
2N+2 ID QUAL. 1 CONTINUITY

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25- 30

CARRIER PHASE CORRECTION PARITY

2N+3
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

DATA QUALITY See message type 18.

CARRIER PHASE CORRECTION RESOLUTION: 1/256 Full Wavelength, 1/128 Half Wavelength
RANGE: ±32768 Full Wavelengths, ±65536 Half Wavelength

CARRIER PHASE CORRECTION = Predicted Satellite to Reference Station Range (in carrier cycles) - Measured
Carrier Phase for the GPS TIME OF MEASUREMENT.

In order to avoid large biases in the phase corrections, the initial whole cycle value of the phase measurements shall
be set to the code value at the initial GPS TIME OF MEASUREMENT. Alternatively, it can be set such that the
phase correction at the initial time has a whole cycle value of zero. CARRIER PHASE CORRECTIONs shall be
corrected for reference station receiver clock offset at the GPS TIME OF MEASUREMENT. LI and L2 canier
phase corrections shall not be adjusted for ionospheric delay. Carrier phase corrections shall not be adjusted for
tropospheric delay.

6ONODIFF 0 Li L2 (full wavelength L2)SIOODFF--77 2

120 Li -U D L2 (half wavelength 1-2)SZO'OD'F" 7 7

Where: *INODwV = Ionospheric Difference Phase Correction
4 ', = Ll Carrier Phase Correction
4I'2 = L2 Carrier Phase Correction

LI CARRIER PHASE CORRECTIONs shall be full wavelength and shall not be transmitted until the correct
polarity has been resolved. P-code LI carrier phase measurements, used to compute LI or ionospheric difference
CARRIER PHASE CORRECTIONs, shall be corrected for quadrature to match the C/A code carrier phase. (LI
"Porrected Phase = LI P-Code Phase - 90 degrees.)

9



FIGURE 4

MESSAGE TYPE 21 - PSEUDORANGE CORRECTIONS (tentative)

WORD
, F SMOOTHI GPS TIME OF MEASUREMENT PARITY

3 1. I I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

ISF:P IR I SATELLITE I DATA MULTIPATH ISSUE OF DATA : PARITY
2N+2 1 1 i ID 1 QUALITY ERROR

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

PSEUDORANGE CORRECTION RANGE RATE CORRECTION PARITY
2N+3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 - 30

SMOOTH Indicates the interval for carrier smoothing of pseudorange data.

SMOOTH CODE Smoothing Interval (Minutes)

00(0) 0 to I

01(1) I to 5

10(2) 5 to 15

11(3) Indefinite

SF = Scale Factor See PSEUDORANGE CORRECTION and PSEUDORANGE RATE CORRECTION below.

DATA QUALITY and MULTIPATH ERROR See message type 19.

PSEUDORANGE CORRECTION RESOLUTION: 0.02 meter when scale factor = 0
0.32 meter when scale factor = 1

RANGE: ±655.36 meters when scale factor = 0
± 10485.76 meters when scale factor = 1

PSEUDORANGE CORRECTION = Predicted Satellite to Reference Station Range (in meters) - Measured
Pseudorange for the GPS TIME OF MEASUREMENT.

PSEUDORANGE CORRECTIONs shall be corrected for Reference Station receiver clock offset at the GPS TIME
OF MEASUREMENT. Corrections for tropospheric delay shall not be applied. LI and L2 PSEUDORANGE
CORRECTIONs shall not be adjusted for ionospheric delay. Ionospheric free PSEUDORANGE CORRECTIONs
shall be calculated from dual frequency measurements, not computed from single frequency measurements and the
broadcast ionospheric model parameters. Corrections for multipath may be applied. Residual multipath errors shall
be reflected in the MULTIPATH ERROR INDICATOR.

PSEUDORANGE RATE CORRECTION RESOLUTION: 0.002 meters/second for scale factor = 0
0.032 meters/second for scale factor = 1

RANGE: J:0.256 meters/second for scale factor = 0
+4.096 meters/second for scale factor = 1

10


