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Table 2-5. Ephemeris Parameters

Parameter No. of Scale Factor Effective Units
Bits (LSB) Range***
IODE 8 (see text)
Crs 16* 25 meters
Dn 16* 243 semi-circles/sec
Mo 32* 2381 semi-circles
Cuc 16* 2729 radians
e 32 2-33 0.03 dimensionless
Cu? 16* 229 radians
(A)12 32 2719 metersl/2
toe 16 24 604,784 seconds
Cic 16* 229 radians
(OMEGA), 32* 231 semi-circles
Cis 16* 229 radians
io 32+ 231 semi-circles
Crc 16* 25 meters
W 32* 231 semi-circles
OMEGADOT 24* 243 semi-circles/sec
IDOT 14* 243 semi-circles/sec
* Parameters so indicated are two's complement, with the sign bit (+ or -) occupying the MSB;
** See Figure 2-8 for complete bit allocation in subframe;
*** Unless otherwise indicated in this column, effective range is the maximum range
attainable with indicated bit allocation and scale factor.

Any change in the subframe 2 and 3 data will be accomplished in concert with a change in both
IODE words. Cutovers to new data sets will occur only on hour boundaries except for the first
data set of a new upload. The first data set may be cut-in (reference paragraph 2.4.1.1) at any
time during the hour and therefore may be transmitted by the satellite for less than one hour.
Additionally, the t,, value, for at least the first data set transmitted by an satellite after an upload,
will be different from that transmitted prior to the cutover.

2.4.4.3 Spare and Reserved Data Fields

Table 2-6 provides the locations of spare and reserved data fields within subframe 2. All spare
and reserved data fields support valid parity within their respective words. Contents of spare data
fields are alternating ones and zeros until they are allocated for a new function. Users are
cautioned that the contents of spare data fields can change without warning.

Table 2-6. Subframe 2 Spare and Reserved Data Fields

Word Bits Status
10 17 Reserved
10 18-22 Spare

2.4.5 Subframes 4 and 5 - Support Data

Both subframes 4 and 5 are subcommutated 25 times each; the 25 versions of these subframes
are referred to as pages 1 through 25 of each subframe. With the possible exception of "spare”
pages and explicit repeats, each page contains different data in words three through ten. As
shown in Figure 2-8, the pages of subframe 4 use six different formats, while those of subframe 5
use two.

A brief summary of the various data contained in each page of subframes 4 and 5 is as follows:
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a. Subframe 4:

Pages 2, 3, 4, 5, 7, 8, 9, and 10: almanac data for satellite 25 through 32
respectively; These pages may be designated for other functions; the format and
content for each page is defined by the satellite ID of that page. In this case, the six-
bit health word of page 25 is set to "6 ones" (Refer to 2.4.5.3) and the satellite ID of
the page will not have a value in the range of 25 through 32;

Pages 17: special messages;

Pages 18: ionospheric and UTC data;

Page 25: satellite configurations for 32 satellites

Pages 1, 6, 11, 12, 16, 19, 20, 21, 22, 23, and 24: (reserved):

Pages 13, 14, and 15: spares;

b. Subframe 5:

Pages 1 through 24: almanac data for satellite 1 through 24;
Page 25: satellite health data for satellite 1 through 24, the almanac reference time
and the almanac reference week number.

2.4.5.1 Data and Satellite IDs

The two MSBs of word three in each page contain the data ID which defines the applicable GPS
navigation data structure. Data ID one (denoted by binary code ) was utilized during Phase | of
the GPS program and is no longer in use: data ID two (denoted by binary code 01) is described in
this Signal Specification. Future data IDs will be defined as necessary.

As shown in Table 2-7, the data ID is utilized to provide one of two indications: (a) for those
pages which are assigned to contain the almanac data of one specific satellite, the data ID defines
the data structure utilized by that satellite whose almanac data are contained in that page; and (b)
for all other pages, the data ID denotes the data structure of the transmitting satellite.

The satellite ID is given by bits three through eight of word three in each page, as shown in Table
2-7. Specific IDs are reserved for each page of subframe 4 and 5; however, the satellite ID of
pages 2, 3, 4, 5, 7, 8, 9 and 10 of subframe 4 may change for each page to reflect the alternate
contents for that page. The satellite IDs are utilized in two different ways: (a) for those pages
which contain the almanac data of a given satellite, the satellite ID is the same number that is
assigned to the PRN code phase of that satellite (reference Table 2-1), and (b) for all other pages
the satellite ID assigned in accordance with Table 2-7 serves as the "page ID". IDs 1 through 32
are assigned to those pages which contain the almanac data of specific satellites (pages 1-24 of
subframe 5 and pages 2-5 plus 7-10 of subframe 4). The "0" ID (binary all zeros) is assigned to
indicate a dummy satellite, while IDs 51 through 63 are utilized for pages containing other than
almanac data of a specific satellite. The remaining IDs (33 through 50) are unassigned.

Pages which contain identical data (for more frequent repetition) carry the same satellite ID (e.g.,
in subframe 4, pages 1, 6, 11, and 21 carry an ID of 57, while pages 12 and 24 are designated by
an ID of 62).

2.4.5.2 Almanac

Pages 1 through 24 of subframe 5, as well as pages 2 through 5 and 7 through 10 of subframe 4
contain the almanac data and a satellite health word for up to 32 satellites (the health word is
discussed in paragraph 2.4.5.3). The almanac data are a reduced-precision subset of the clock
and ephemeris parameters. The data occupy all bits of words three through ten of each page
except the eight MSBs of word three (data ID and satellite ID), bits 17 through 24 of word five
(satellite health), and the 50 bits devoted to parity. The number of bits, the scale factor (LSB), the
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range, and the units of the almanac parameters are given in Table 2-8. The almanac message
for any dummy satellite will contain alternating ones and zeros with valid parity.

2.4.5.2.1 Almanac Reference Time

The almanac reference time, t,,, is nominally the multiple of 212 seconds truncated from 3.5 days
after the first valid transmission time for this almanac data set. The almanac is updated often
enough to ensure that GPS time, t, will differ from {, by less than 3.5 days during the
transmission period. The almanac parameters are updated at least once every 6 days during
normal operations.

2.4.5.2.2 Almanac Time Parameters

The almanac time parameters consist of an 11-bit constant term (g;) and an 11-bit first order

term (agq).

Table 2-7. Data IDs and Satellite IDs in Subframes 4 and 5

Subframe 4 Subframe 5
Page Data ID satellite ID* Data ID satellite ID*
1 Note (2) 57 Note (1) 1
2 Note (3) Note (1) 25 Note (1) 2
3 Note (3) Note (1) 26 Note (1) 3
4 Note (3) Note (1) 27 Note (1) 4
5 Note (3) Note (1) 28 Note (1) 5
6 Note (2) 57 Note (1) 6
7 Note (3) Note (1) 29 Note (1) 7
8 Note (3) Note (1) 30 Note (1) 8
9 Note (3) Note (1) 31 Note (1) 9
10 Note (3) Note (1) 32 Note (1) 10
11 Note (2) 57 Note (1) 11
12 Note (2) 62 Note (1) 12
13 Note (2) 52 Note (1) 13
14 Note (2) 53 Note (1) 14
15 Note (2) 54 Note (1) 15
16 Note (2) 57 Note (1) 16
17 Note (2) 55 Note (1) 17
18 Note (2) 56 Note (1) 18
19 Note (2) 58 Note (4) Note (1) 19
20 Note (2) 59 Note (4) Note (1) 20
21 Note (2) 57 Note (1) 21
22 Note (2) 60 Note (4) Note (1) 22
23 Note (2) 61 Note (4) Note (1) 23
24 Note (2) 62 Note (1) 24
25 Note (2) 63 Note (2) 51

* Use "0" to indicate "dummy" satellite. When using "0" to indicate dummy satellite, use the

data ID of the transmitting satellite.

Note 1: Data ID of that satellite whose satellite ID appears in that page.

Note 2: Data ID of transmitting satellite.

Note 3: Pages 2, 3, 4, 5, 7, 8, 9, and 10 of subframe 4 may contain almanac data for satellites 25
through 32, respectively, or data for other functions as identified by a different satellite ID
from the value shown.

Note 4: Satellite ID may vary.
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Table 2-8. Almanac Parameters

Parameter No. of Scale Factor Effective Units
Bits (LSB) Range***
e 16 221 dimensionless
toa 8 212 602,112 seconds
dirrr 16* 2-19 semi-circles
OMEGADOT 16* 238 semi-circles/sec
(A)Y2 16* 211 metersl/2
(OMEGA), 24* 223 semi-circles
W 24> 2-23 semi-circles
Mo 24* 223 semi-circles
aso 11* 220 seconds
Ay 11* 238 sec/sec
* Parameters so indicated are two's complement, with the sign bit (+ or -) occupying the MSB;
**  See Figure 2-8 for complete bit allocation in subframe;
***  Unless otherwise indicated in this column, effective range is the maximum range attainable with indicated bit
allocation and scale factor

**xx Relative to i, = 0.30 semi-circles.

2.4.5.2.3 Almanac Reference Week

Bits 17 through 24 of word three in page 25 of subframe 5 will indicate the number of the week
(WN,) to which the almanac reference time (i,,) is referenced. The WN, term consists of the
eight LSBs of the full week number. Bits 9 through 16 of word three in page 25 of subframe 5 will
contain the value of t,, which is referenced to this WN,.

2.4.5.3 Health Summary

Subframes 4 and 5 contain two types of satellite health data: (a) each of the 32 pages which
contain the clock/ephemeris related almanac data provide an eight-bit satellite health status word
regarding the satellite whose almanac data they carry, and (b) the 23" pages of subframe 4 and
of subframe 5 jointly contain six-bit health status data for up to 32 satellites.

The eight-bit health status words occupy bits 17 through 24 of word five in those 32 pages which
contain almanac data for individual satellites. The six-bit health status words occupy the 24 MSBs
of words four through nine in page 25 of subframe 5 plus bits 19 through 24 of word 8, the 24
MSBs of word 9, and the 18 MSBs of word 10 in page 25 of subframe 4.

The three MSBs of the eight-bit health words indicate health of the navigation data in accordance
with the code given in Table 2-9. The six-bit words provide a one-bit summary of the navigation
data's health status in the MSB position in accordance with paragraph 2.4.3.3. The five LSBs of
both the eight-bit and the six-bit health words provide the health status of the satellite’s signal
components in accordance with the code given in Table 2-10. A speC|aI meaning is assigned,
however, to the "6 ones" combination of the six-bit health words in the 230 pages of subframes 4
and 5: it indicates that "the satellite which has that ID is not available and there may be no data
regarding that satellite in that page of subframes 4 or 5 that is assigned to normaIIy contain the
almanac data of that satellite" (NOTE: (&) this special meaning applies to the 2dh pages of
subframes 4 and 5 only; and (b) there may be data regarding another satellite in the almanac-
page referred to above as defined in paragraph 2.4.5.1). The health indication shall be given
relative to the "as designed" capabilities of each satellite (as designated by the configuration code
- see paragraph 2.4.5.4). Accordingly, any satellite which does not have a certain capability will be
indicated as "healthy" if the lack of this capability is inherent in its design or it has been configured
into a mode which is normal from a user standpoint and does not require that capability.
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Table 2-9. Navigation Data Health Indications

BIT POSITION INDICATION
IN PAGE
137 138 139

0 0 0 ALL DATA OK

0 0 1 PARITY FAILURE -- some or all parity bad

0 1 0 TLM/HOW FORMAT PROBLEM -- any departure from standard
format (e.g., preamble misplaced and/or incorrect, etc.), except for
incorrect Z-count, as reported in HOW

0 1 1 Z-COUNT IN HOW BAD -- any problem with Z-count value not
reflecting actual code phase

1 0 0 SUBFRAMES 1, 2, 3 -- one or more elements in words three through
ten of one or more subframes are bad.

1 0 1 SUBFRAMES 4, 5 -- one or more elements in words three through
ten of one or more subframes are bad.

1 1 0 ALL UPLOADED DATA BAD -- one or more elements in words three
through ten of any one (or more) subframes are bad.

1 1 1 ALL DATA BAD -- TLM word and/or HOW and one or more
elements in any one (or more) subframes are bad.

Table 2-10. Codes for Health of Satellite Signal Components

MSB LSB

0 0 0 0 0 P ALL SIGNALS OK

1 1 1 0 0 P SATELLITE IS TEMPORARILY OUT~do not use
this satellite during current pass**

1 1 1 0 1 P SATELLITE WILL BE TEMPORARILY OUT~ use
with caution**

1 1 1 1 0 P SPARE

1 1 1 1 1 P MORE THAN ONE COMBINATION WOULD BE

REQUIRED TO DESCRIBE ANOMALIES,
EXCEPT THOSE MARKED BY **

All Other Combinations P SATELLITE EXPERIENCING CODE
MODULATION AND/OR SIGNAL POWER
LEVEL TRANSMISSION PROBLEMS.
Modulated navigation data valid, however user
may experience intermittent tracking problems if
satellite is acquired.

The predicted health data will be updated at the time of upload. The transmitted health data may
not correspond to the actual health of the transmitting satellite or other satellites in the
constellation. The data given in subframes 1, 4, and 5 of the other satellites may differ form that
shown in subframes 4 and/or 5 since the latter may be updated at a different time.

2.4.5.4 Satellite Configuration Summary
Page 25 of subframe 4 contains a four-bit-long term for each of up to 32 satellites to indicate the

configuration code of each satellite. The first MSB of each field is reserved. The three LSBs
indicate the configuration of each satellite using the following code:

Code Satellite Configuration
000 "Block |" satellite.
001 "Block II" satellite.
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These four-bit terms occupy bits 9 through 24 of word three, the 24 MSBs of words four through
seven, and the 16 MSBs of word eight, all in page 25 of subframe 4.

2.4.5.5 Universal Coordinated Time (UTC) Parameters

Page 18 of subframe 4 includes: (1) the parameters needed to relate GPS time to UTC, and (2)
notice to the user regarding the scheduled future or recent past (relative to navigation message
upload) value of the delta time due to leap seconds (Ot gf), together with the week number
(WN, gp) and the day number (DN) at the end of which the leap second becomes effective. "Day
one" is the first day relative to the end/start of week and the WN g value consists of the eight
LSBs of the full week number. The user must account for the truncated nature of this parameter
as well as truncation of WN, WN,, and W, g due to rollover of the full week number (see
paragraph 2.3.5(b)). The absolute value of the difference between the untruncated WN and
WN, g values will not exceed 127.

The 24 MSBs of words six through nine plus the eight MSBs of word ten in page 18 of subframe 4
contain the parameters related to correlating UTC time with GPS time. The bit length, scale
factors, ranges, and units of these parameters are given in Table 2-11. The related algorithms
are described in paragraph 2.5.6.

Table 2-11. UTC Parameters

Parameter No. of Scale Factor Effective Units
Bits (LSB) Range***
Ay 32* 230 seconds
A, 24* 20 sec/sec
Dt 8 1 seconds
tor 8 212 602,112 seconds
WN, 8 1 weeks
WN, gr 8 1 weeks
grHrx 1 7 days
Dt o 8* 1 seconds
* Parameters so indicated are two's complement, with the sign bit (+ or -) occupying the MSB;
**  See Figure 2-8 for complete bit allocation in subframe;
***  Unless otherwise indicated in this column, effective range is the maximum range attainable with indicated bit
allocation and scale factor.
*xx - Right justified.

2.4.5.6 lonospheric Parameters

The ionospheric parameters which allow the SPS user to utilize the ionospheric model (reference
paragraph 2.5.5.3) for computation of the ionospheric delay are contained in page 18 of subframe
4. They occupy bits 9 through 24 of word three plus the 24 MSBs of words four and five. The bit
lengths, scale factors, ranges, and units of these parameters are given in Table 2-12.
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Table 2-12. lonospheric Parameters

Parameter No. of Scale Factor Effective Units
Bits (LSB) Range***

ag 8 * 2-30 seconds
a; 8 * 227 sec. per semi-circle
a, 8 * 2-24 sec. per semi-circles?
ag 8 * 2-24 sec. per semi-circles3
bo 8 * 211 seconds
by 8 * 214 sec. per semi-circles
b, 8 * 216 sec. per semi-circles?
by 8 * 216 sec. per semi-circles3

* Parameters so indicated are two's complement, with the sign bit (+ or -) occupying the MSB;

**  See Figure 2-8 for complete bit allocation in subframe;
***  Unless otherwise indicated in this column, effective range is the maximum range attainable with indicated bit

allocation and scale factor.

2.4.5.7 Special Message

Page 17 of subframe 4 is reserved for special messages with the specific contents at the
discretion of the system operator. It will accommodate the transmission of 22 eight-bit ASCII
characters. The requisite 176 bits will occupy bits 9 through 24 of word three, the 24 MSBs of
words four through nine, plus the 16 MSBs of word ten. The eight MSBs of word three contain the
data ID and satellite ID, while bits 17 through 22 of word ten are spares containing alternating
ones and zeros. The remaining 50 bits of words three through ten are used for parity (six
bits/word) and parity computation (two bits in word ten). The eight-bit ASCII characters is limited
to the following set:

Alphanumeric Character ASCII Character Code (Octal)
A-Z A-Z 101 - 132
0-9 0-9 060 - 071
+ + 053
- - 055
. (Decimal point) . 056
' (Minute mark) ' 047
° (Degree sign) ° 370
/ / 057
Blank Space 040
: : 072
" (Second mark) " 042

2.4.5.8 Spare Data Fields

All bits of words three through ten, except the 58 bits used for data ID, satellite (page) ID, parity
(six LSBs of each word) and parity computation (bits 23 and 24 of word ten) of pages 13, 14 and
15 of subframe 4, and those almanac pages assigned satellite ID of zero are designated as
spares. In addition, as shown in Table 2-13, several smaller groups of spare bits exist in
subframes 4 and 5. These spare bit positions of each word will contain a pattern of alternating
ones and zeroes with valid word parity. Users are cautioned that the contents of spare data fields
can change without warning. In all cases, valid parity will be maintained.
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Table 2-13. Spare Bits in Subframes 4 and 5

Subframe Pages Words Spare Bit Position
in Word

4 12,19, 20, 22, 23, 24 9 9 - 24

4 1,6,11,12, 16, 19, 20, 21, 22, 23, 24 10 1 - 22

4 17 10 17 - 22

4 18 10 9 - 22

4 25 8 17 - 18

4 25 10 19 - 22

5 25 10 4 - 22
NOTE: In addition, all bits of words three through ten in pages 13, 14, and 15 of subframe 4
(except the 58 bits used for data ID, satellite (page) ID, parity and parity computation) are also
designated as spares.

2.5 User Algorithms

This section provides guidance in the implementation of measurement processing algorithms.
The discussions in this section include:

Mathematical constants used in GPS position determination computations.

The GPS parity algorithm implementation to permit the user to detect demodulation errors
within the decoded navigation message.

Interpretation of the satellite transmitted URA parameter.
Satellite position determination using broadcast ephemeris parameters.

Correction of the code phase time received from the satellite with respect to both satellite
code phase offset and relativistic effects.

Compensation for the effects of satellite group delay differential.
Correction for ionospheric propagation delay.
Performing time transfer to UTC.

Use of almanac data and time parameters.

2.5.1 Mathematical Constants
The speed of light used for generating the data described in the above paragraphs is:
c = 299792458 x 10® meters per second
which is the official WGS-84 speed of light. The user should use the same value for the speed of

light in computations. Other WGS-84 constants the user is required to use for satellite ephemeris
calculations are:
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m= 3.986005 x 10* meters® / sec? WGS-84 value of the Earth's universal
gravitational parameter

We =7.2921151467 x 10°° rad/ sec WGS-84 value of the Earth's rotation rate

The sensitivity of the satellite's antenna phase center position to small perturbations in most
ephemeris parameters is extreme. The sensitivity of position to the parameters (A}/2, C,cand Cg
is about one meter/meter. The sensitivity of position to the angular rate parameters is on the
order of 108 meters/semicircle, and to the angular rate parameters is on the order of 102
meter/semicircle/second. Because of this extreme sensitivity to angular perturbations, the value
of p used in the curve fit is given here. p is a mathematical constant, the ratio of a circle's
circumference to its diameter. Here p is taken as

p = 3.1415926535898

2.5.2 Parity Algorithm

The user must perform error detection of the decoded navigation data using the parity algorithm
equations provided in Table 2-14. Figure 2-10 presents an example flow chart that defines one
way of recovering data (d,) and checking parity. The parity bit D'5, is used for recovering raw
data. The parity bits D",q and D"3, along with the recovered raw data (d,) are modulo-2 added in
accordance with the equations appearing in Table 2-14 for Dy5 . . . D3, which provide computed
parity to compare with transmitted parity D,g . . . Dyg.

2.5.3 User Range Accuracy

The URA reported in the navigation message will correspond to the maximum value anticipated
during each subframe fit interval with uniform SA levels invoked. Referring to the decimal
equivalent of the transmitted four-bit binary number as N -- with N a positive integer in the range
of 0 through 15 -- the accuracy value is defined to mean "no better than X meters", in accordance
with the following relationships:

If the value of N is 6 or less, X = 2(1 + N/2),

If the value of N is 6 or more, but less than 15, X = 2(N-2),

N = 15 will indicate the absence of an accuracy prediction and will advise the
SPS user to use that satellite at the user's own risk.

For N =1, 3, and 5, X is rounded to 2.8, 5.7, and 11.3 meters respectively; the above relationships
yield integer values of X for all other values of N. Using these values of X the user may utilize a
look-up table approach for interpreting the URA message.

2.5.4 User Algorithm for Ephemeris Determination

The user will compute the ECEF coordinates of position for the phase center of each satellite's L-
Band antenna utilizing a variation of the equations shown in Table 2-15. Subframes 2 and 3
parameters are Keplerian in appearance; the values of these parameters, however, are obtained
via a least squares curve fit of the predicted ephemeris for the phase center of the satellite's
antenna (time-position quadruples; t, X, y, z).

2.5.4.1 Coordinate System

The equations given in Table 2-15 provide the satellite's antenna phase center position in the
WGS-84 Earth-Centered Earth-Fixed reference frame defined as follows:
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ORIGIN = Earth's center of mass*

Z-AXIS = Parallel to the direction of the CONVENTIONAL INTERNATIONAL ORIGIN (CIO)
for polar motion, as defined by the BUREAU INTERNATIONAL DE L'HEURE
(BIH) on the basis of the latitudes adopted for the BIH stations**

X-AXIS = Intersection of the WGS-84 reference meridian plane and the plane of the mean
astronomic equator, the reference meridian being parallel to the zero meridian
defined by the BUREAU INTERNATIONAL DE L'HEURE (BIH) on the basis of
the longitudes adopted for the BIH stations***

Y-AXIS = Completes a right-handed Earth-Centered, Earth-Fixed orthogonal coordinate

system, measured in the plan of the mean astronomic equator 90 degrees east of
the X-axis***

* Geometric center of WGS-84 ellipsoid

** Rotation axis of WGS-84 ellipsoid
**x X, Y axis of WGS-84 ellipsoid

Table 2-14. Parity Encoding Equations

d; A Dy,
d, A D,
d; A Dy,

= dyy A Dy,

= ng,& d;Ad,Ad;AdgAdgAdgAd; Ad,AdigAd,Ad;AdgA dyA dyg
= D;OA d,Ad;Ad;AdgAd,Ad;Ad,AdgAd,AdigAdgAdgAdyAdy,
= ng,& d;Ad;Ad;AdgAd, AdgAd,AdigAd,AdsAdgAdgAdyAdy,
= D;OA dy,Ad;AdsAdgAdgAdgAdigAdy,AdigAdgAdy;AdyyAdyAdyg

where:
dyrdy - oo dy, € the source data bits

the symbol (*) is used to identify the last 2 bits of the previous word of the subframe,
Do - -+ D3 are the computed parity bits
Dy Dy Dy * + + Dygr Dgg &€ the bits transmitted by the satellite, and

A is the "Modulo-2" or "Exclusive-Or" operation.
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v D 3*0 =1? v
DO NOT
COMPLEMENT COMPLEMENT
D1... Dg Dy ... Dog
TO OBTAIN TO OBTAIN
dp...dog dy...dog

v

SUBSTITUTE d1... d24,
D2g & D3g INTO
PARITY EQUATIONS
(TABLE 2-14) *

ARE COMPUTED
D25 ..D3p
EQUAL TO CORRESPONDING
RECEIVED

Dos ... D3@?
PARITY PARITY
CHECK CHECK
FAIL PASSES

Y Y

Figure 2-10. Example Flow Chart for User Implementation of Parity Algorithm

2.5.4.2 Geometric Range Correction

When computing the geometric range, the user will account for the effects due to earth rotation
rate (reference Table 2-15) during the time of signal propagation so as to evaluate the path delay
in an inertially stable coordinate system. Specifically, if the user works in Earth-fixed coordinates

the user should add (- W,yDt,W,XDt,0) to the position estimate (x, y, z).

2.5.5 Application of Correction Parameters

In order to properly account for satellite clock bias and propagation delays, the user receiver must
perform corrections to observed pseudo range measurements. The pseudo range is defined as:

PRmeasured = C(treceived - ttransmitted)

where

PR easureq = Measured pseudo range
teceived = time that ranging measurement was received at the user location
transmitteq = time that ranging signal was transmitted from the satellite
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Table 2-15. Elements of Coordinate Systems

Ny =, |2

A
t =t-t,.*
n=ngy +Dn
My =My +nt,

My =E, - e sin E,

Semi-major axis

Computed mean motion - rad/sec

Time from ephemeris reference epoch
Corrected mean motion
Mean anomaly

Kepler's equation for eccentric anomaly (may be
solved by iteration) - radians

| sinn, 4| V1 -€e?sinE /(1 - ecosEy)
ne =tan = tan

cosE, -e)/ (1 -ecosE
k k

cosny
1] e+cosn
E, =cosH———K
1+e cosny
Fy=ng+w

du, =C, sin 2F, +C,. cos 2F
dr, =C,. cos 2F, +C sin 2F
di, =C;. cos 2F, +C; sin 2F
u, =F +du,

. =A(l-ecos E,)+dr,

i, =ip +di, +(IDOT) t,

xk¢= i, COS Uy

ykq::rk sin uy

W =W +(W' We) t - We toe

X =xk¢cos W, - yk¢cos i, sin W

Yk = xk¢sin W, + yk¢cos i, cos W

Z, =Yy ®sin %

* t is GPS system time at time of transmission, i.e., GPS time corrected for transit time
(range/speed of light). Furthermore, t, shall be the actual total time difference between the
time t and the epoch time t,,, and must account for beginning or end of week crossovers.
That is, if t | is greater than 302,400 seconds, subtract 604,800 seconds from t,. Ift is less
than  -302,400 seconds, add 604,800 seconds to t;.

True anomaly

Eccentric anomaly

Argument of latitude

Second Harmonic Perturbations

Argument of latitude correction
Radius correction
Correction to inclination

Corrected argument of latitude

Corrected radius

Corrected inclination

Positions in orbital plane

Corrected longitude of ascending node

Earth-Centered, Earth-Fixed coordinates
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The system application of the correction parameters for

user

VFD Jrd diylldl dSpeciicauurl

receiver pseudorange

measurements is shown in Figure 2-11. The ionospheric model referred to in Figure 2-11 is
discussed in paragraph 2.5.5.3 using the related data contained in page 18 of subframe 4.
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USER CLOCK
BIAS
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Figure 2-11. Application of Correction Parameters
2.5.5.1 Group Delay Application

The SPS user who utilizes the L1 frequency will modify the code phase offset with the equation:
(Dtsv)Ll =Disy - Tep
where T is provided to the user as subframe 1 data.

2.5.5.2 Satellite Clock Correction

The polynomial defined in the following allows the user to determine the effective satellite PRN
code phase offset referenced to the phase center of the satellite antennas Dtg,,) with respect to
GPS system time (t) at the time of data transmission.

The coefficients transmitted in subframe 1 describe the offset apparent to the control segment
two-frequency receivers for the interval of time in which the parameters are transmitted. This
estimated correction accounts for the deterministic satellite clock error characteristics of bias, drift
and aging, as well as for the satellite implementation characteristics of group delay bias and mean
differential group delay. Since these coefficients do not include corrections for relativistic effects,
the user's equipment must determine the requisite relativistic correction. Accordingly, the offset
given below includes a term to perform this function.
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The user will correct the time received from the satellite with the equation (in seconds)

t = tsv - (Dtsv)Ll (1)

~—+
1

GPS system time (seconds),
t, = effective SV PRN code phase time at message transmission time (seconds),
(Dtgy )1 SV PRN code phase time offset (seconds).

The satellite PRN code phase offset is given by
_ 2
(Dtsv)Ll = ap t afl(t - toc) *ap (t - toc) + Dtr - TGD (2)

where ag, a5, and ag, are the polynomial coefficients given in subframe 1, t. is the clock data
reference time in seconds, and D, is the relativistic correction term (seconds) which is given by

Dt = Fe (A)" sinE,.

The orbit parameters (e, A, E) used here are described in discussions of data contained in
subframes 2 and 3, while F is a constant whose value is

= -4.442807633 (10) *° sec/(meter)".

Note that equations (1) and (2), as written, are coupled. While the coefficients g,, a¢;, and a, are
generated by using GPS time as indicated in equation (2), sensitivity of §, to t is negligible. This
negligible sensitivity will allow the user to approximate t by t, in equation (2). The value of t must
account for beginning or end of week crossovers. That is, if the quantity t - t. is greater than
302,400 seconds, subtract 604,800 seconds from t. If the quantity t - t. is less than -302,400
seconds, add 604,800 seconds to t.

2.5.5.3 lonospheric Model

The SPS user should correct the time received from the satellite for ionospheric effect by utilizing
parameters contained in page 18 of subframe 4 in the model given below. It is estimated that the
use of this model will provide at least a 50 percent reduction in the SPS user's RMS error due to
ionospheric propagation effects.

The ionospheric correction model is given by
x> xt
F*|5.0¢10° +(AMP) 1- ——+-—— ||, |[{ < 157
iono — 2 24 (sec)
F*(5.0%10°°) . |¥® 1.57

where
3

[¢] n 3
AMP = n%o ay T, AMP 2 0 (sec)
if AMP < 0, AMP=0
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2p(t-50400
X= M (radians)
PER

3

a b, 7, PER 3 72,000 (
0

PER = sec)

n=
if PER < 72,000, PER=72,000

F = 1.0 + 16.0[0.53 - EP, and
a, and b, are the satellite transmitted data words withn =0, 1, 2, and 3.

Other equations that must be solved are

fn=f;+0.064 cos (I ;- 1617) (semi- circles),

sin A o
=1, + y (semi-circles),
cos f

f, +y cosA(semi- circles), |f | £0.416

f,=<iff; > 0.416, then f; = +0.416 (semi- circles),
iff, < -0.416, thenf, =-0.416
000137

y =————- 0.022 (semi-circles),
E+011

t=432* 10* |, + GPS time (sec)

where
0 £ t < 86400, therefore: ift3 86400 seconds, subtract 86400 seconds;
if t < 0 seconds, add 86400 seconds.

The terms used in computation of ionospheric delay are as follows:

Satellite Transmitted Terms

ap the coefficients of a cubic equation representing the amplitude of the vertical
delay (4 coefficients = 8 hits each)
bn the coefficients of a cubic equation representing the period of the model

(4 coefficients = 8 bits each)

Receiver Generated Terms
E elevation angle between the user and satellite (semi-circles)
A azimuth angle between the user and satellite, measured clockwise positive
from the true North (semi-circles)

fy user geodetic latitude (semi-circles) WGS-84
Iy user geodetic longitude (semi-circles) WGS-84
GPS time receiver computed system time

Computed Terms

X phase (radians)

F obliquity factor (dimensionless)

t local time (sec)
fm geomagnetic latitude of the earth projection of the ionospheric intersection

point (mean ionospheric height assumed 350 km) (semicircles)
geomagnetic latitude of the earth projection of the ionospheric intersection
point (semi-circles)
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Computed Terms (continued)

f, geomagnetic latitude of the earth projection of the ionospheric intersection
point (semi-circles)

y earth's central angle between user position and earth projection of ionospheric
intersection point (semi-circles)

2.5.6 Universal Coordinated Time (UTC)

Depending upon the relationship of the effectivity date to the user's current GPS time, the
following three different UTC/GPS-time relationships exist:

a. Whenever the effectivity time indicated by the WN g and the DN values is not in the past
(relative to the user's present time), and the user's present time does not fall in the timespan
which starts at DN + 3/4 and ends at DN + 5/4, the UTC/GPS-time relationship is given by

tytc = (tg - Dtyte) {Modulo 86400 seconds}
where t1¢ is in seconds and

Dtyrc = Dt g+ Ag+ A (tg -ty + 604800 (WN - WN,)), (seconds);

tz = GPS time as estimated by the user on the basis of correcting t, for factors
described in paragraph 2.5.5.2 as well as for ionospheric and SA (dither) effects;

Dt g = delta time due to leap seconds;

>
o

®

S

a

>
s

I

constant and first order terms of polynomial;

t,; = reference time for UTC data,

=
Z
1

current week number (derived from subframe 1);

WN, = UTC reference week number.

The estimated GPS time () is in seconds relative to end/start of week. The reference time for
UTC data (t,) is referenced to the start of that week whose number (WN) is given in word eight of
page 18 in subframe 4. The WN, value consists of the eight LSBs of the full week number. The
user must account for the truncated nature of this parameter as well as truncation of WN, WN,

and W g due to rollover of the full week number (see paragraph 2.3.5(b)). The absolute value of
the difference between the untruncated WN and WN, values will not exceed 127.

b. Whenever the user's current time falls within the timespan of DN + 3/4 to DN + 5/4, proper

accommodation of the leap second event with a possible week number transition is provided by
the following expression for UTC:

tyrc = W[Modulo (86400 + Dt - Dt;g)|. (seconds);

where

W = (tg - Dtyrc - 43200)[Modulo 86400]+43200, (seconds);

and the definition of Dt 1 (as given in "a" above) applies throughout the transition period. Note
that when a leap second is added, unconventional time values of the form 23: 59: 60.xxx are
encountered. Some user equipment may be designed to approximate UTC by decrementing the
running count of time within several seconds after the event, thereby promptly returning to a
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proper time indication. Whenever a leap second event is encountered, the user equipment must
consistently implement carries or borrows into any year/week/day counts.

c. Whenever the effectivity time of the leap second event, as indicated by the WN g and DN
values, is in the "past" (relative to the user's current time), the relationship previously given for
tytc in "a" above is valid except that the value of Dt g is substituted for Dt 5. The CS will
coordinate the update of UTC parameters at a future upload so as to maintain a proper continuity
of the t ¢ time scale.

2.5.7 Almanac Data

The almanac is a subset of the clock and ephemeris data, with reduced precision. The user
algorithm is essentially the same as the user algorithm used for computing the precise ephemeris
from the subframe 1, 2, and 3 parameters (see Table 2-15). The almanac content for one
satellite is given in Table 2-8. A close inspection of Table 2-8 will reveal that a nominal inclination
angle of 0.30 semicircles is implicit and that the parameter di (correction to inclination) is
transmitted, as opposed to the value being computed by the user. All other parameters appearing
in the equations of Table 2-15, but not included in the content of the almanac, are set to zero for
satellite position determination. In these respects, the application of the Table 2-15 equations
differs between the almanac and the ephemeris computations.

Almanac time is computed using a first-order polynomial. The applicable first order polynomial,
which will provide time to within 2 microseconds of GPS time (t) during the interval of applicability,
is given by

t=tg, - Dtgy

where
t = GPS system time (seconds)
tgy = effective satellite PRN code phase time at message transmission time
(seconds),

Dt., = satellite PRN code phase time offset (seconds).

sV

The satellite PRN code phase offset is given by
Dtsy =as *+ap tk

The time from epoch t, is computed as described in Table 2-15, except that {e is replaced with
t,o and the polynomial coefficients g, and a;; are given in the almanac. Since the periodic
relativistic effect is less than 25 meters, it need not be included in the time scale used for almanac
evaluation. Over the span of applicability, it is expected that the almanac time parameters will
provide a statistical URE component of less than 135 meters, k. This is partially due to the fact
that the error caused by the truncation of g, and a;, may be as large as 150 meters plus 50
meters/day relative to the t,, reference time.
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Acronyms
BIH BUREAU INTERNATIONAL DE L'HEURE
bps bits per second
BPSK Bipolar-Phase Shift Key
C/A Coarse/Acquisition
CS Control Segment
dBi Decibels, isotropic
dBw Decibels, watt
DN Day Number
DOD Department of Defense
DOP Dilution of Precision
ECEF Earth-Centered, Earth-Fixed
FOC Full Operational Capability
GPS Global Positioning System
HOW Hand-Over Word
ID Identification
IODC Issue of Data, Clock
IODE Issue of Data, Ephemeris
LSB Least Significant Bit
LSF Leap Seconds Future
Mbps Million bits per second
MCS Master Control Station
MSB Most Significant Bit
NSC Non-Standard C/A-Code
NTE Not-To-Exceed
OCs Operational Control System
PRN Pseudo Random Noise
RF Radio Frequency
RHCP Right Hand Circularly Polarized
RMS Root Mean Square
SA Selective Availability
SS Space Segment
TLM Telemetry
TOW Time of Week
TT&C Telemetry, Tracking and Commanding
2nd Edition Page 45
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Acronyms (continued)

UE User Equipment

URA User Range Accuracy

URE User Range Error

U.S. United States

USNO U.S. Naval Observatory

UTC Universal Coordinated Time
WGS-84 World Geodetic System 1984
WN Week Number

Panea AR

2nd Fditinn



