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In Part I of this story,  

Phil Ward, lead navigator for 

the 1959 bathymetric survey 

of Crater Lake, helped create 

a revealing map that formed 

the basis for understanding 

the geomorphology of this 

natural wonder. By 1976, 

he was working for Texas 

Instruments, where he and 

his team developed the Missile 

Borne Receiver Set (MBRS).  

In 1979, he started work  

on the TI 4100.

Somewhere in the collections of 
the National Museum of American 

History, listed in “Surveying and Geodesy-
Miscellaneous” between “Abneys” and the 
“Rhodes Reducing Arc,” is a GPS Receiver.

It’ s the Texas Instruments 4100 NAVSTAR 
Navigator Multiplex, the world’s first 
commercial production GPS receiver, 
and Phil Ward and his team designed and 
developed it.

Artist’s drawing of the TI 4100 components showing dimensions and weight of each component.

The TI 4100 was first offered for sale 
in1981 when only a small, test constella-
tion of GPS Block I space vehicles (SVs) 
existed. The TI 4100 was a third genera-
tion GPS receiver. The design was based 
on custom large-scale integrated (LSI) 
components that were originally intended 
for military applications. 

The LSI technology was integrated 
injection logic or I2L, the highest speed 
low-power bipolar digital technology of 
that time period. 

The basic TI 4100 included an antenna/
preamp assembly, the receiver, and a con-
trol display unit (CDU) with an optional 
dual-drive cassette recorder. Another  
option supported customer reprogram-
mable navigation. 

A geodetic version evolved from a 
contract funded by the Defense Mapping 
Agency, National Geodetic Survey, and U.S. 
Geological Survey and administered by 
the University of Texas Applied Research 
Laboratory. This version was delivered in 
pairs with phase-matched antennas plus 
calibrated receiver characteristics. 

The navigation error (typical four-SV 
solution) was: 14 meters, P-code; 47 
meters, C/A-code; 0.015 meters/second, 
velocity. 

Originally, GPS was developed to 
provide an all-weather, worldwide, con-
tinuous navigation system for absolute, 
three-dimensional, real-time navigation 
with 10-meter accuracy. But the TI 4100 
eventually achieved a contemporary mile-
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TI 4100 in the field:  Shown with antenna/
preamp assembly mounted on a surveyor’s tri-
pod and two phase-matched coaxial cable and 
attached DCU plus an external 12-volt battery 
pack. An internal battery sustained the equip-
ment while the battery was being changed.  
(An optional field ruggedized dual-cassette tape 
recorder is not shown)  All components of the 
TI 4100 were waterproof, including the front 
panel connectors, meters and switches.

The baseline error  

for the geodetic 

version of the TI 4100 

was less than a  

stack of five dimes.

stone relative navigation precision using 
carrier interferometric techniques as well 
as precise time transfer. 

Prior to the TI 4100, pseudorange was 
— and continues to be — described as 
the GPS receiver code ranging observable. 
Very little had been published about this 
observable, when the carrier tracking loop 
is in phase lock, or the intrinsic precision 
time transfer capability of GPS. 

The TI 4100 was built with military-
grade, custom application specific inte-
grated circuits (ASICs). Only the standard 
components were commercial grade. 

Several military GPS receiver designs 
evolved from the TI 4100 chipset as well 
as a highly classified Space Navigation 
Receiver (SNR). The TI 4100 ASICs were 
built using integrated injection logic (I-
squared L), a low-power bipolar silicon 
technology that was intrinsically radiation-
hardened and highly immune to single-
event upset. 

So, “the building blocks of the TI 4100 
worked beautifully in space,” according to 
Ward. The SNR was an unheralded success 
in space. The program, now unclassified, 
was called the “Looking Glass.”

Uniquely, the TI 4100 did not use coun-
ters to synthesize its measurements.  
Instead, it synthesized code states and 
carrier states as natural by-products of 
digital code and carrier tracking loops 
phase states. These were the uncorrected 
SV-transmit times and Doppler-induced 
carrier phases, respectively.

 The transmit times appeared in the 
form of the prompt replica code phase–
offset measurements with respect to the 
GPS start-of-week time epoch. 

The Doppler-induced carrier phase 
was actually the uncorrected, ambigu-
ous integer count and exact fraction of 
carrier wavelengths between the antenna 
phase centers of the SV and the TI 4100. 
The challenge of solving these GNSS 
SV-receiver differential integer ambigui-
ties continues to be the subject of many 
technical papers. 

Accuracy: In the Receiver and  
in the Field
The quantization noise of the TI 4100 was 
effectively zero. (It measured its replica 
code and carrier states with quantiza-

tion precisions of 2-32 P-chip and 2-32 
cycle, respectively.) Design attributes 
like this helped the TI 4100 achieve very 
high GPS receiver accuracy when using 
relative navigation techniques to remove 
all common-mode errors while contribut-
ing minimal GPS receiver error to the end 
solutions. 

Because the receiver generated these 
“natural” raw measurements, allowing 
researchers freedom to modify the way 
these measurements were incorporated, 
the TI 4100 led to many pioneering 
advances in ultra-high precision GPS 
applications using relative navigation and 
time transfer techniques. 

Initially, positioning techniques usually 
incorporated correction data derived 
from known and fixed reference location, 

but some precise relative navigation  
methods were developed that used mov-
ing reference points. 

Relative to a designated starting point, 
a single TI 4100 could navigate precisely 
for as long as the same four SVs could be 
tracked. For example, two TI 4100s were 
used simultaneously to demonstrate centi-
meter accuracy hover-hold techniques for 
helicopter applications. 

That was just one example. From 1982 
to 1986, industry scientists — including 
Ben Remondi, Clyde Goad, Bill Krabill 
and Ron Hatch — used the TI 4100’s raw 
measurements to demonstrate the preci-
sion and utility of GPS.

A Stack of Dimes
The receiver’s geodetic version achieved 
the most remarkable differential GPS 
technology breakthroughs.

Their phase-matched conical spiral 
antennas contained precise indexes on 
the tripod-mounted preamp bases. In the 
field, both indexes were pointed toward 
magnetic north to minimize differential 
phase center migration. The L1 and L2 
phase centers were also inscribed on the 
antenna radomes. 

The geodetic version of the TI 4100 was 
designed under contract and delivered to 
for the National Geodetic Survey, the U.S. 
Geological Survey, and the Naval Surface 
Weapons Center at Dahlgren, Virginia. In 
the 1980s and early ‘90s, these systems 
were used as the GPS standard for geo-
detic control using the Block I SVs then  
in orbit. 

Given the intrinsic accuracy of the 
receiver’s two-frequency carrier inter-
ferometry measurements, these systems 
exceeded previous first order geodetic sur-
veying standards. The typical baseline error 
was less than five millimeter — the width 
of a stack of five dimes. (Use of GPS also 
allowed surveys with very long baselines. 
Previous survey technologies had limited 
baselines to interstation line-of-sight.)

TI 4100 continued on page 22
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In Memoriam
After a courageous battle with leukemia, Richard Barker, 57, died January 
6, 2009. Richard was an honors graduate of California State Polytechnic 
University, where he received a BS in Engineering.

For the past 30 years, Richard worked for Fugro Chance Inc. in Lafayette as 
Manager of the IT Services and Systems Engineering & Support. During his 
years at Fugro, he pioneered many of the software and positioning systems 

which led to Fugro’s success. These systems included the BUOYTRAK remote processor package which inte-
grated LORAN and GPS for seismic streamer tracking.

Richard served over the years as: Satellite Division Treasurer; Land Representative, Council Member at Large, 
Technical Meeting General Chair, Program Chair and Technical Chair, he authored numerous papers on 
the subject of satellite positioning. He was a guest speaker at the 2007 American Meteorological Society’s 
Environmental Science Seminar and the 2007 Space Weather Enterprise forum both in Washington DC.

The geodetic survey version of the TI 
4100 achieved the only two-frequency (L1 
and L2) P-code interferometric operation 
in commercial GPS history because the 
Block I SVs did not have Y-code encryption 
capability. The TI 4100 achieved 5-millime-
ter triangulation closure accuracy across 
10-kilometer surveying baselines, the best 
performance of any other commercial GPS 
surveying receiver. 

Later, a version of the TI 4100 was de-
veloped that included P(Y)-code capability, 
but obviously this version was not used 
commercially. The GPS Joint Program 
Office called it “The Gold Standard of GPS 
Receivers.” The TI 4100 reverted to L1 C/A-
code when the anti-spoofing module was 
turned on in the Block II SVs.

With careful mission scheduling and 
planning, the receivers provided very 
cost-effective first order geodetic surveying, 
even though the GPS Block I test constella-
tion only provided about  about two hours 
of four-SV observations each day.

The long successful life of TI 4100 ended 
in 1988, when Texas Instruments retired it 
with honor. They also honored its maker 
in 1991, when Phil Ward accepted their 
Golden Parachute award.

In 1995, the USGS resurveyed Crater 
Lake: this time using established tech-
niques of modern GPS surveying. They 
achieved far greater precision than the 
original 1958 surveys in a fraction of the 
time — although the new methods did 
not confer muscle mass and tans upon the 

Phil Ward accepts the 2008 ION Kepler Award. 

operatives, as the 1959 survey did. 
Although the original mission of GPS 

as stated by the GPS Joint Program Office 
upon its formation in 1973 was to “Drop 5 
bombs in the same hole. . ..and don’t you 
forget it”, it is clear that many of the early 
contributors, including the young ensign 
named Phil Ward, would recognize its po-
tential to explore the beauty of the world. 

He continues to contribute to ION 
and to satellite navigation as principal of 
Navward Consulting. Phil and his wife, 
Nancy, live near Dallas, home of Texas 
Instruments. u

Marvin B. May is Chief Scientist at the 
Navigation R&D Center of the Pennsyl-
vania State University’s Applied Research 
Laboratory in Warminster, Pennsylvania.
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