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ABSTRACT
AN UNBIASED ANALYSIS OF DOPPLER COORDINATE SYSTEMS

by
Muneendra Kumar

From its modest beginning (and with conservative goals) in 1953, the

Doppler survey technique has achieved remarkable progress. To obtain sub-

meter absolute accuracies, meaningful and realistic, iz is very important

that we take a fresh look at the precision and accuracy of different coordin-

"Ate systems obtained through Doppler surveys and their interrelationship.

""The Dopler system has undergone at least five major revisions, or im-

provements, in its definition since originel inception. Some of the so.-

called "minor" modifications of the past have not been well documented and

corresponding rigorous updating of the software in many instances is also

lacking. The actual impact and contribution of each such modification and

the absence of proper updating towards inner consistency are not tegligible

in the present sub-meter era.

'The questions whether (1) the Broadcast Ephermeris (BE) based coordin-

ates are either automatically calculated in the WGS 72 datum or derived with

respect to the reference ellipsoid for the WGS 72 datum; (2) the BE system,

except for a small bias, is close to the NSWC 9Z-2 system; (3) the BE based

coordinates are in the NWL 9D system or "strictly speaking" in the modified

NWL 10D system; (4) the Doppler coordinate system was NWL 9D prior to June

1977 and is NSWC 9Z-2 now; and (5) the coordinate system NWL 9D (and/or NSWC

9Z-2) is geocentric or has a significant Z-axis bias, are still floating

around. The. net result is misunderstanding and misinterpretation for many

users.

The present paper tries to highlight some of the related problems and to

answer them as well as possible._ In the author's opinion, some of the

questions cannot be prope-'ly authenticated one way or the other at this time

without first upgrading the consistency of all types of data analyzed and

without proper refinement of the involved geodetic definitions.
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ABSTRACT

From its, modest beginning (and with conservative goals) in 1959, the

Dcppler survey technque has achieved remarkable progress. To obtain submeter

absolute accuracies, meaningful and realisticq it is very imTvirtant that

we take a fresh look at the precision and accuracy of different coordinate

systems obtained through Doppler surveys and their interrelationship.

The Doppler system has undergone at least five major revisions, or improve-

ments, in its definition since original inception. Some of the socalled

"minor" modifications of the past have not been well documented and correspond-

ing rigorous updatir.g of the soýtware in many instances is also lacking.

The actual impact and contribution of each such modification and the absence

of proper updating towards inner consistency are not negligible in the present

U sub-meter era.

The questions whether (1) the Bro. dcast Ephemeris (BE) based coordinates

are either automatically calculated in the WGS 72 datum or derived with respect

to the reference ellipsoid for the WGS 72 datum; (2) the BE system, except

for a small bias, is close to the NSWC 9Z-2 system; (3) the BE based coordin-

ates are in the NWL 9D system or "strictly speaking" in the modified NWL IOD

system; (4) the Doppler coordinate system was NWL 9D prior to June 1977 and

is NSWC 9Z-2 now; and (5) the coordinate system NWL 9D (and/or NSWC 9Z-2)

is geocentric or has a signifi.ant Z-axis bias, are still floating around.

The net result is misunderstanding and misinterpretation for many users.,
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H. Tie present paper tiies to highlight some of the related problems and

to answer then as well as possible. In the author's opinion, some of the

questions cannot he properly authenticated one way or the other at this time

without first upgrading the consistency of all types of data analyzed and

without proper refinement of the involved geodet c definitions.

1. IINIODUCTION

The U.S. Navy Navigation Satellite System (NNSS and/or NAVSAT) was origin-

ally established in 1959 (Guier and Weiffenbach, 19,60) to provide a real-time

navigational position with an accuracy goal of +100 m. Soon, it became evident

that this transit satellite system could be used for geodetic point position-

i4rg. In 1962 a project with a conservative goal of +10 m accuracy was initiat-

ed to develop this capability (Anderle, 3978). From its modest beginning

with 50 m geodetic accuracy in 1963, the Doppler survey technique has achieved

remarkable progress. The current best' estimate for the system accuracy is
U4

about 1 m in each positional component. In the 1980's the geodetic goals

look forward to sub-mster absolute accuracies.

The accuracy expections at sub-meter levels, meaningful and realistic,

are still quite ambitious in the very near future. To achieve this it is

necessary to carefully analyze and understand the complex changes, evolution

and development of the Doppler technique through the years and the correspond-

ing impact on the involved geodetic definitions and the internal consistency

of the system. It is also very important to take a fresh look at the precision

and accuracy of different coordinate systems which are available (or obtaineJ)

through various Doppler survey procedures and their interrelationship.

Li"
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Vie present paper tries to highlight some of the related problems and

tCe rculting milsunderstandiigs and misirtcipretations. An Cffort has also

leen made to answer the following questions as well as possible.

(1) Are the Broadcant Ephemeris (BE) based coordinates automatically

calculated in the World Geodetic System (WGS) 72 datuin or derived with respect

to the reference ellipsoid for the WGS datum?

(2) Is the BE system, except for a small bias, close to the NSWC 9Z-2

system?

(3) Are the BE based coordinates in the NWL 9D system or "strictly

speaking" in the modified i'WL 10D system?

(4) WiYht-hpr the Doppler coordinate system was NWL 9D prior to June 1977

and is NSWC 9Z-2 niow?

A• (5) Is the coordinate system NWL 9D (and/or NSWC 9Z-2) geocentric or

•"does it ha-ve a sig-.,ificant Z-axis bias?

2. HISTORICAL EVOLUTION

An informative treatise including most of the important and pertinent

details about the mathematical model, equations of motion, observation equation

and the parametric solution of the Doppler system is available in Anderle

(1976) and at least five major revisions, or improvements, in the definition

of the system since its original inception, are easily identifiable. These

II



system definiticns and redefiniticn; over the years occurred (or followed)

col iespondi ng to the changes in the gravity field, in addition to other parame-

tric definitions and systematic error modeling modifications, used in che

computations. It will be worthwhile to include these details here for high-rt
lighting their contributions.

a. Gravity Field

Vie different gravity field revisions in the Doppler systems, since

the original one, are sunmmarized in Table 1.

It is estimated that the satellite positions, computed with the different

gravity fields, change about 5 m (Anderle, 1976) with a corresponding variation

in station positions (computed from the new ephemeris) to about 2 to 3 m

(Anderle, 1976; Anderle, 1980).

b. Coordinate Systems

The station coordinates of the TRANET base network have changed, corres-

ponding to gravity field revisions in recent years (Table 2). The differences

of NWL 9C coordinates from the NWL 8F were about 3 bi (Anderle, 1976).

For the latest revision from NWL 9D to NSWC 9Z-2, a change of about

2 m was expected (Anderle, 1976) and the actual variations (later computed)

were of the order of 1.5 m in each axis world wide (Anderle, 1980). Table

3 gives the result of a seven parameter transformation between NWL 9i) andI3

NSWC 9Z-2 system for 14 TRANET stations which have been in use continuously,

Al
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both before and after June 1977 to coi.;putc the precise satel ite posit ions

by the Dfenstie Mapping Agency (DMA). If any investigator is seeking meter

and/or sub-meter accur.-cies in the Dol-pler derived station positions the

difference between the NWI. 9D and NSWC 9Z-2 sy.iteins is not neglig-ble.

rarallel to the evohltion of a precise Doppler coordinate system (Table 2),

the NNSS satcllites have been transmitting (or 10roadcasting) the satellite

positions in real-time. Even though the intentions have been to ,nainrain

the Precise Ephemeris (PE) and the Broadcast Ephermeris (BE) in the same

system (or as close t.o each other as possible), the two svytems tc date are

different and it can be clearly established here that the present BE coordinate

system is "Modified" NWL JOD and is based on the WG' 72 gravity field (Jenkins

and Leroy, 1979; Yionoulis and Eisner, 1980). The real impact on the Ft:ntion

coordinates, obtained using the BE, and their relationship to the "precise"

Doppler coordinate system is further discussed in Section 3.l.a.

3. ANALYSIS OF DOPPLER COORDINATE SYSTEMS

In the following discussicn the paper first analyzes the various Doppler

coordinate systems and their impact on the geodetic determination of s ition

coordinates in an inter-comparative manner. Aeditional comments have ilso

been included on the relationship between the WGS 72 and the Doppler coordin-

ates obtainable through the broadcast and precise systems. Then, the geocentri-

city of the NSWC 9Z-2 system in the absolute sense has been investigated.

The analysis has been restricted here to the problems related to geodetic

point positioning with specific remarks to the goal of sub-meter accuracies

ML.Z
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in the 1980's. Tlhe ef ort tries to remove the gray areas between the system

definitions and the res]ulting misinterpretations for many users.

3.1. Inter-comparison of Doppler Systems

Classical problems in optimizing the Doppler geodetic control accuracy

can be associated to specific conditions of data processing, the use of BE

or IE and the survey adjustment techniques together with the involved constraints.

Even in a particular adjustment or data reduction method for station positions,

the mathematical model varies from agency to agency and sometimes within

an agency (Anderle, 1976). It can also be inferrc:d that the ocerall impact

of the various changes, revisions and improvements of the Doppler systemi

over the years would significantly vary for local, regional, and global con-

trol, both for precision and accuracy and the same are definitely not negli-

gible in the present sub -rretpr era.

3.1.a. The BE SysteL'

The Broadcast Ephemeris is generated through NNSS satellite tracking

by the four U.S. stations, non-global in their location!, and as such the

g,!ocentricity of this system can not be "strictly" ensured. The associated

standard errors to the satellite positions are estimated as 19, 14 and 4 m

in the in-track, cross-track and radial directions and internal consistency

for three dimensional case as 10, 11, and 15 m (Arur, 1979. Ziegler (1979)

also found the BE point position solution means to be a factor of 10 to 20

I times worse than the TRANET with correspondingly higher variances.

L . (I 0,( .



The most coninon method for station positioning based on the BE is the

short arc technique (or its simplified versions, translocation aand semi-short

arc) and in this approach the "constraints" applied thrcugih the "known" station

or stations coordinates (Mueller, et al., 1975) play a major role in defining

the coordinate system of the network. Ashkenazi (1979) found the difference

between the BE derived coordinates over Europe to the precise system (presum-

ably the NSWC 9Z-2) to be -3 m in X, -ii m in Z and -0.4 ppn in scale. A

similar study was recently carried out at the Defense, Mapping Agency, Hydro-

graphic/Topographic Center (DMAHTO) and the results are given in Table 4.

These transformation values (together with Askenazi's results) clearly indicate

that the differences in the BE and PE coordinate systems would vary from

one project to another and are significant. For geodetic applications, even

when precision and accuracy requirements are only around I to 5 m level,

the two system can not be considered the same. Each project has to be evaluat-

ed independently.

In case a "point positioning" solution (Brown, 1976) is carried out,

e.g., with a Magnavox 1502 instrument (Magnavox, 1979) without any external

constraints, the station coordinates would then have to be in the "Modified"

NWL lOD system (Jenkins and Leroy, 1979). A study of such a network, for

its relationship to other systems, may incicate some interesting results.

However, Brown (1975) shows an expected relative accuracy of only 3 to 5 m

using this approach.

The positions of the Herndon Station, Virginia, when computel with the

BE (in the point positioning mode) and compared against the one from the

PE, have shown significant differences ranging from'7 to 16 m (Leroy, 1976).

.7,
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In view of the section 3.1.a., the iflationship between the Dlpplei

station coordinates based on the BE and the WCS 72 system is still more cowI-

plex. The only straight forward and practical procedure available is then

to convert the Doppler threc dimensional coordinates (X, Y, Z) to the WGS

72 ellipsoid. Any other interpretation of a simple transformation between

the BE and the WGS 72 Systems (section 1) would be erroneous.

3.2 1,e Z-Axis Bias

The question whether the Doppler coordinate system as defined by the

PE is geocentric or ,ct has been under investigation for quite some timc.

Anderlc (1974) and Rapp and Euuimel (1976) found the Doppler origin to be

coincident wit:h the center of mass of the earth within the noise level of

the system.

however, investigators (Huber, 1979 a and b; Hiothem, 1979; Le rch et

a].., 1979; Grappo, 1980) have indicated the presence of a 5 m Z-axis bias

(the origin to be "below" the XY plane) in the Doppler system. Another study

(Marsh and Williamson, 1980) found it inconclusive whether the Z error is

in the GSFC system or Doppler or partially in both. Schaab and Groten (1979)

have shown that the qualit) of data available through the various earth gravity

models can not still fully corroborate the assumption that a significant

part of the regional geoidal height differences between different systems

ca. be explained by origin shift.

Anderle (1980) quoting the work cf Mark Tannenbaum shows that the change
3. 2

of 0.5 km 3/se2 in GM can produce Z coordinate shift of about 2.2 m and found
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that the recomputed Doppler coordinates using the latest GM value of 398600.5

3 2km /sec did not exhibit a bias in Z.

The author, while on special assignment to DMAHTC from National Geodetic

Survey (NGS) during 1980-81, studied this problem to elaborate on the works

of Huber (1979) and Grappo (1980) recently performed WiL "n the DMA. One

extremely obvious and interesting feature noticed was the timing of the above

investigations, viz, Anderle (1974) and Rapp and Rumnel (1976) are before

the date 15 June 1977 (i.e., the studied system is NWL 9D) while Huber (1979

a and b) and Grappo (1980) are after the "change", while using the same techni-

que. Table 3 also shows a partial. explanation of this two system problem.

However, even neglecting this time factor, the author found that both

Huber (1979 a and b) and Grappo (1980) started with the mathematical model

of Rapp and Rummel (1976) but got significantly different ietults. Huber d

and Grappo in their studies even d'ffered about 2 m between themselves in

the computed Z-shifts. All these studies had "global" data which differed

in the uumber of Doppler stations included. It seemed difficult to attribute

the Z-shift or its variation from 0 to 5 m cnly to the number of stations

included. A close study showed more subtle dif.erences and the most important

ones are disci.issed in the following sub-sections.

3.2.a. Repp and Rummneie-Jner (1976)

The authcrs in their study model gravimetric undulatoun into three compon-

ent:s, NI, N2, N3 (Rapp and Rummel, .975) where the contribution from N is

made practically equal to zero by manipulating the cap size at the point

I.
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of interest. The contribution of N2 is very significant and can not be ignored

(Rapp, 1981). lhlŽ final adjustment also includes the zero order term N.

The gravity field used is GEM 8 (Wagner, et al., 1976) and the Doppler

system NWL 9D (scaled by -0.4 ppm) is directly compared.

3.2.b. Hluber (1979b)

Huber computes only the term N and includes the zero order N also.
1 0

The model does not include N and the gravity field used fot comparison i•

GEM 10B (Lerch, et al., 1978).

The Doppler system NSWC 9Z-2 was not compared directly. The XYZ coordin-

ates were first scaled by -0.4 ppm and this scaled set was then transformed

to the WGS 72 system. In cstablishing the transformation parameters between

the NWL 9D and WGS 72 systems the scale bias was already considered (Seppelin,

1974b) and as such the above scale correction of -0.4 ppm becomes a duplication.
{I

* 3.2.c. Grappo (1980)

The author considers only the term N and does not include N and N

The gravity fields used for comparision are GEM lOA (could not be GEM 10

as referenced) and GEM lOB (Lerch, et al., 1978).

3 2
offe Doppler system NSWC 9Z-2 coordinates were first corrected for antenna

offset and for GM value change from 398601.0 to 398600.5 km3/sec2 (Anderle,



1980). This set was then transformed to the WGS 72 system (see section 3.2.b.;

Seppelin, 1974b).

.I
"A study has been initiated recently at DMAHTC to re-investigate the

relationship between the Doppler system NSWC 9Z-2 (without transforming it

to the WGS 72 system) and the gravity fields GEM 8 and GEM 10B. In 1the present

study all efforts will be made to set up a mathematical model consistent

to Rapp and Rummel (1976) as discussed in section 3.2.a. and tc include some

additional investigations. At this time the results are not available for

presentation.

4. SUMMARY

In view of the ever increasing importance of the Doppler surveying techni-

que and the higher accuracy expectations of the 1980's, it is very important

to carefully analyze and define the various coordinate systems and the data

processing methods. It is also significant to remove the gray areas involved,

if any, which in turn would then clarify the resulting misinterpretation

• "and many discrepancies.

The coordinate system using the Bn is Modified NWL 10D by definition.

The station positions available in this procedure would also be dependent

for accuracy and definition on the data reduction procedure. If any investi--

gator (and/or user) is then interested to establish the relationship of the

project survey coordinate system with that of the PE or the WGS 72, each

case should be studied on its own merit. For geodetic results and corresponding

-.. . .. .. . .. .. .



accuracies, the BE coordinate system is definitely different from the PE

system and the WGS 72 datum.

Table 3 results are self explanatory and the transformation clearly

indicates that NWL 9D and NSWC 9Z-2 systems are different at neter and/or

sub-meter level accuracies. This distinction should be reckoned into geodetic,

geophysical and geodynamical studies as appropriate in eacl, case.

As regards the question of the Z-axis bias in the Doppler System, the

paper has highlighted some subtle mathematical model variations between Rapp

and Rummel (1976), Huber (1979a and b) and Grappo (1980) and the possible

reasons for different Z-bias values obtained in their studies. The results

of the proposed additional investigations to study the involved model varia-

tions and their impact will be presented in the near future.

In the author's opinion some of the questions raised in this paper cannot

be properly authenticated one way or the other at this time. There is much

more involved in the Doppler System and its comparison with "external" data.

The Doppler geodetic data have to be first upgraded for their consistency

and properly refined in the involved geodetic definition nd the Z-shift

, •study is one such problem which would need much more concentrated and extended

effort.

I
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Table 1

GRAVITY FIELD RLVISIONS IN DOPI'PER SYSTEM

Date of Revision Gravity Field Information Sounce

20 February 1967 NWL 8D Anderle (1976)

18 April 1968 NWL 811 - do -

13 February 1970 NWL 9B - do -

2 January 1973 NWL I1E - do -

1$ June 1977 NWL IOE-I Bowman (1976)

*The new model NW. IOE-1 consists of the NWL IOE gravit,' field with the

addition of two new resonance gravity coefficients.
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Table 2

COORI)INATL SYS'I'I•'L RIEVISIONS IN DOPPLIER SYSTLM

Datc of Rei--si on Coordinate Svst em Infornittion Source

20 February 1967 NWL 3E 1  Anderle (1976)

19 January 1968 NWl, 8F 2  -do -

20 December 1970 NWL 9C3  - do -

18 October 1971 NWL 94 - do -

15 June 1977 NSWC 9Z-2 5  Ajiderle (198C)

1. One )year data from seven NNSS SatelliteZ,

2. N1YL SE system transformed from the Wean pole of 1966,7 to the CIO pole.

3. 40 days data in 1970 with the Bll! preliminary pole position held fixed.

4. NUTL 9C revised for three station heights.

5. Love number changed from 0.26 to 0.28 (Also see Tables 1 and 3).
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