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METHOD AND APPARATUS FOR DIGITAL 
DETECTION OF ELECTRONIC MARKERS 

USING FREQUENCY ADAPTATION 

This application is a divisional application claiming pri 
ority to US. patent application Ser. No. 10/759,747, ?led on 
Jan. 15, 2004, Which is herein incorporated by reference in 
its entirety. 

BACKGROUND 

1. Field of the Invention 

The present invention is directed toWard detection of 
concealed electronic markers that are commonly buried 
alongside pipes or cables and, in particular, to a digital 
implementation of a combined pipe and cable locator device 
to simultaneously search for buried markers With high 
accuracy and repeatability. 

2. Discussion of Related Art 

Utility conduits are often buried underground or con 
cealed in Walls and therefore are not readily accessible or 

identi?able. It is often necessary to locate these concealed 
utility conduits in order to repair and replace them. It is also 
important to knoW the location of utility conduits in order to 
avoid them While excavating an area. Examples of hidden 
utility conduits include pipelines for gas, seWage, or Water 
and cables for telephone, television, or poWer. 

There are various Ways to locate concealed objects, for 
example, using line locators or marker locators. Line loca 
tors are appropriate When seeking electrically conductive 
objects, such as metallic pipelines and cables. Line locators 
may also be used for ?nding non-electrically conducting 
conduits When the conduit is marked With a conducting trace 
Wire or trace tape buried along the conduit. The process of 
applying anAC signal to the conductor at an accessible point 
and detecting the resulting electromagnetic radiation is Well 
knoWn in the art. When an AC signal is applied, the 
conductor acts as an antenna radiating an electromagnetic 

?eld along its entire length that can be detected by a line 
locator. 

In such an application, a line locator used above ground 
detects electromagnetic emissions from conductors under 
ground. A disadvantage With relying solely on the line 
locator device is that it may fail to identify and distinguish 
among various types of utility conduits and conductors. 
Additionally, line locator devices cannot be used to locate 
non-conductive lines, such as, for example, gas lines, ?ber 
optic lines and plastic Water lines When those non-conduc 
tive lines are not marked With trace Wires. 

Conduits may also be marked With electronic markers, 
either at surface level or underground. Buried electronic 
markers may be used to locate and identify a number of 
concealed objects such as cables, pipes, access points, 
underground stock piles, survey points and septic tanks. 
Typically, marker locators locating passive, active, or smart 
markers generate an electromagnetic ?eld that induces a 
response in the marker that can be monitored by a detector 
of the marker locator. Again, signi?cant dif?culty in marker 
type identi?cation and depth determination may result, 
especially if multiple markers of differing types and depths 
are present. 
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2 
A recent development is disclosed in US. Pat. No. 

6,617,856 B1, Which describes a DSP based marker locator 
that substantially reduces detection inaccuracies attributed 
to analog mixers, antenna saturation, and DC offsets com 
mon in many designs. A quadrature mixer and IIR adaptive 
?lter are used to modify the integration (averaging) time of 
the system to enhance performance When the markers are 
deeply buried, and to alloW a more responsive mode (shorter 
averaging times) When this is not the case. 

It is desirable in such marker detection systems that the 
results be repeatable and accurate. Therefore, methods of 
detecting the maximum re?ected signal strength of a marker 
at a certain depth are important. It is also important that 
marker locators determine With a high degree of accuracy 
the particular type of marker that is present. Therefore, there 
is a need to develop more highly accurate and reliable 
systems for detecting marker types and marker depths. 

SUMMARY OF THE INVENTION 

In accordance With the present invention, a marker locator 
receiver digital architecture is described that provides for 
digital marker and line location. In this fashion, highly 
accurate identi?cation of marker type and depth determina 
tion can be accomplished. 
A marker locator according to some embodiments of the 

invention includes at least one transmitter channel coupled 
to an electromagnetic ?eld generator, at least one receiver 

channel coupled to an electromagnetic ?eld detector, and a 
digital processor coupled to provide signals to the at least 
one transmitter channel and to receive signals from the at 
least one receiver channel. In the marker locator, the digital 
processor receives signals from the at least one transmitter 
channel betWeen application of signals to the at least one 
transmitter channel, the digital processing system averaging 
signals received from the at least one receiver channel to 
determine signal strength and the frequency of signals 
received. 

A method of locating one or more markers according to 
some embodiments of the invention include generating a 
series of electromagnetic pulses, receiving signals as a 
function of time betWeen application of the pulses, averag 
ing the signals over a predetermined number of pulses to 
obtain an average decay signal, initially determining a 
frequency, ?eld strength, and phase for responses from the 
one or more markers, determining the frequency, ?eld 
strength, and phase more accurately, and re?ning the elec 
tromagnetic pulses in order to provide resonant frequencies 
for each of the pulses. 

Additionally, in some embodiments a dual-mode locator 
that simultaneously offers both line and marker location 
methods is presented. Using such embodiments, an operator 
using conventional line tracing methods (With a separate 
transmitter to directly or inductively couple the signal at an 
access point) can also be Warned of the presence of one or 

more electronic markers in the same vicinity. Furthermore, 
in some embodiments multiple marker types can be searched 
for simultaneously, and the user can be alerted to the 
presence of each marker type as encountered. When ambi 
guities in marker type and signal strength exist due to a 
“neighbor detection” or “near-far” problem, it is advanta 
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geous for a marker locator to be able to reliably discriminate 
targeted marker types from others using a quantitative 
method. During the search phase of marker location (for 
example, a background marker search activity While in 
line-locate mode), a frequency adaptation mechanism can be 
included to create the highest possible signal-to-noise ratio 
(SNR) in the re?ected marker signal response. Finally in the 
lock phase, When an individual marker is knoWn and locked 
onto by the marker locator, accurate and repeatable signal 
strength estimates can be attained prior to invoking a depth 
calculation. 

These and other embodiments are further discussed beloW 
With reference to the folloWing ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a marker locator in operation by a 
location technician. 

FIG. 2A shoWs an example of a ball-type passive marker. 

FIG. 2B shoWs an example of a disk-type passive marker. 
FIG. 3 shoWs the electrical schematic diagram for a single 

LC circuit of a passive marker. 

FIG. 4 shoWs a block diagram of an embodiment of a 

combined line and marker locator according to the present 
invention. 

FIG. 5 illustrates an example of the relative phase differ 
ences in a superposition of transmit signals from the per 
spective of a receiver ADC input. 

FIG. 6 shoWs a block diagram of an embodiment of a time 
average calculation used to estimate the marker response 
signal according to the present invention 

FIG. 7 shoWs a block diagram of an embodiment of a 

frequency domain operation that can be invoked on the 
averaged decay response to determine Which marker types 
are likely active in a current search. 

FIG. 8 shoWs a block diagram of an embodiment of a 

successive marker cancellation structure Whereby detected 
marker types are sequentially removed from the averaged 
decay signal. 

FIG. 9 shoWs a block diagram of an embodiment of a 

single-degree-of-freedom (SDOF) curve?t operation that 
can be invoked in a locked condition to create a modi?ed 

decay for the next stage. 
FIG. 10 shoWs a block diagram of an embodiment of a 

digital phase locked loop (DPLL) that can be used to update 
the marker frequency according to the present invention. 

FIG. 11 shoWs a block diagram of an embodiment of a 

?rst order numerically controlled oscillator (NCO) of a 
DPLL such as that shoWn in FIG. 10, according to the 
present invention. 

FIG. 12 shoWs a block diagram of an embodiment of a 

synthesis operation that takes as input the result of the SDOF 
curve?t shoWn in FIG. 9 and creates a synthesiZed time 
decay at the marker resonant frequency With starting phase 
Zero. 

FIG. 13 shoWs a block diagram of a time reversal of the 
input signal, Which can be a superposition of all active 
marker frequencies. 

FIG. 14A, Case 1, illustrates a marker transfer function 
for scenarios in Which only one active marker is present. 
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4 
FIG. 14B, Case 2, illustrates a scenario in Which three 

types of markers are present, and further Where all types 
have approximately the same amplitude. 

FIG. 14C, Case 3, illustrates an example of the same 
physical scenario as Case 2, but after a poWer control 
algorithm has increased the amplitude of marker type 2 
relative to the other tWo types. 

FIG. 15 illustrates a pulse stream and response in an 
embodiment of a marker locator system according to the 
present invention that detects a smart marker. 

In the ?gures, elements having the same designation have 
the same or similar functions. Elements in the ?gures are not 

draWn to scale. 

DESCRIPTION OF THE EMBODIMENTS 

Generally, electronic markers consist of tWo types, 
namely, active markers and passive markers. Active markers 
radiate a signal detectable at the surface; hoWever, they 
require a poWer source. Passive markers, on the other hand, 
require no poWer source and become active When induced 
by an external electromagnetic ?eld, Which can be generated 
With a portable poWer source. 

A marker locator is a device for detecting and determining 
the location of concealed or buried markers. Passive markers 
typically include a multi-turn Wire loop (coil) tuned With a 
capacitor to a pre-determined resonant frequency. A ?exible 
implementation of an electromagnetic marker locator is 
described in US. patent application Ser. No. 10/227,149, 
“Procedure and Device for Determining the Location of 
Buried Electronic Markers,” by Hubert Schlapp and Richard 
Allin, Which is herein incorporated by reference in its 
entirety. A fully digital implementation of an electromag 
netic line locator is described in US. patent application Ser. 
No. l0/622,376, “Method and Apparatus for Digital Detec 
tion of Electromagnetic Signal Strength and Signal Direc 
tion in Metallic Pipes and Cables”, by James W. Waite and 
Johan D. Overby, Which is herein incorporated by reference 
in its entirety. 

FIG. 1 illustrates a marker locator according to the present 
invention as operated by a location technician 6. Location 
technician 6 holds marker locator 1 directed toWards ground 
level 7 to ?nd the location of hidden passive markers 10 and 
12. The hidden passive markers 10 and 12 can each be coded 
With a resonant frequency in order to identify the type of 
utility lines 11 and 13 that each frequency respectively 
marks. 
Commonly, a passive marker is the combination of a Wire 

coil and a capacitor enclosed Within a non-metallic protec 
tive enclosure. The combination creates an inductance 

capacitance (LC) circuit de?ned by an inductance developed 
by the Wire coil and a capacitance held by the capacitor. The 
LC circuit operates in a resonance mode at its resonant 

frequencyf given by the equation: 

1 (Equation 1) 

Where L is the inductance of the Wire coil and C is the 
capacitance of the capacitor. 
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FIG. 2A shows an example of a ball-type passive marker. 
Passive marker 10 is a spherical passive marker housing 
three LC circuits 10A, 10B, and 10C. The coils of each LC 
circuit 10A, 10B, and 10C are positioned in orthogonal 
Cartesian planes such that the three tuned circuits produce a 
uniform radio frequency (RF) ?eld. 

FIG. 2B shoWs a disk-type passive marker. Passive 
marker 12 is a ?at passive marker housing a single LC 
circuit 12A With the coil positioned in the horiZontal X-Y 
plane. 

FIG. 3 shoWs the electrical schematic diagram of a single 
LC circuit. The coil acts as an inductor 16, and is connected 
in parallel With a capacitor 18 to form a resonant tank circuit 
14. The frequencyf of the passive marker is set by the 
resonant frequency of the passive LC circuit, Which can be 
tuned to a preset value. 

Different types of utility lines are each associated With 
unique resonate frequency values. Markers With different 
resonant frequencies may also be colored for quick identi 
?cation When installed. Six distinct frequency/color combi 
nations are commonly used: 77.0 kHZ (Orange/Black) for 
Canadian telephone and Cable TV; 83.0 kHZ (Yellow) for 
Gas; 101.4 kHZ (Orange) for Telephone; 121.6 kHZ (Green) 
for Sanitary/Waste Water; 145.7 kHZ (Blue) for Water; and 
169.8 kHZ (Red) for PoWer. Of course, these frequencies 
(and colors) have been designated by conventional use and 
are not meant to be restrictive. 

Though passive electronic markers have several advan 
tages over tracing Wires, they are still subject to detection 
ambiguities. U.S. application Ser. No. 10/227,149 (Schlapp, 
Allin) discloses methods of scanning for multiple marker 
types, With the goal to reduce the time consumed by separate 
searches for each type of marker, or to provide alerts for the 
presence of non-targeted markers. Additional search tech 
niques are presented With the aim of mitigating the “neigh 
bor detection” problem Where emissions of marker-types not 
being searched for overWhelm the receiver producing false 
positive indications, and the “near-far” problem Where emis 
sions from nearby markers can override signals from the 
farther placed marker possibly producing an erroneous 
marker indication. U.S. application Ser. No. 10/227,149 
further discloses methods of sequentially testing for the 
presence of adjacent markers and using the measured signal 
levels to deduce Whether or not targeted markers may be 
obscured by the “neighbor detection” or “near-far” prob 
lems. 

U.S. patent application Ser. No. 10/227,149 discloses the 
possibility of invoking a parallel search method in Which 
multiple marker types can be excited by a single transmitter 
pulse. Speci?c detection methods are discussed beloW that 
alloW discrimination of speci?c marker types from the 
collective marker response to such a transmit signal. 

Optimized accuracy of measuring both the marker type 
and depth can be achievable Where the marker LC circuit is 
repeatedly stimulated at a frequency that is precisely 
matched to the natural frequency of the marker. In Equation 
1, the marker natural frequencyf is subject to manufacturing 
tolerances in the inductive and capacitive elements, thus can 
vary from marker to marker (of the same type) by a feW kHZ. 
A marker signal strength detection device, then, should 
include some adaptation or search mechanism for ?nding the 
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6 
natural resonant frequency of a marker in order to increase 
accuracy of measurement. Once the natural frequency is 
determined for a speci?c electronic marker, a consistent 
measure of the signal strength is attainable at the best 
possible signal-to-noise ratio (SNR). 
A block diagram of a combined marker and line locator 

400 according to some embodiments of the present inven 
tion is shoWn in FIG. 4. Locator 400 includes a line locator 
section 424 and a marker locator section 423. In the embodi 
ment shoWn in FIG. 4, the top tWo data paths that originate 
from the reference antenna 401 and top antenna 402 are 

associated With a simple peak-mode line locator 424. The 
signal detected by reference antenna 401 can be processed 
through an ampli?er 441 and a ?lter 442 before being 
digitiZed by analog-to-digital converter (ADC) 443. Simi 
larly, the signal detected by antenna 402 can be processed 
through ampli?er 444 and ?lter 445 before being digitiZed 
by ADC 446. The digital signals from ADC 443 and ADC 
446 are input to a processor 420. The signal from ADC 443 
is received by channel processor 447 and the signal from 
ADC 445 is received by channel processor 448. Channel 
processors 447 and 448 determine signal strengths and 
signal directions, Which can be displayed on locator display 
450 through interface 449. In some embodiments, processor 
420 may include a microprocessor or microcontroller 

executing softWare for performing the functions of processor 
channels 447 and 448. Measurements of signal strength 
from antennas 401 and 402, Which are typically separated 
vertically by a knoWn amount, alloW calculation in proces 
sor 420 of conductor depth and the current through the 
conductor. In accordance With the present invention, any line 
locator structure may be included in line locator 424. For 
example, a line locator With left/right indication is disclosed 
in Us. Pat. No. 6,407,550, issued on Jun. 18, 2002 to 
Parakulam et al. and assigned to the same assignee as is the 
present disclosure, Which is herein incorporated by reference 
in its entirety. 

Marker locator section 423 according to some embodi 
ments of the present invention includes an antenna 406 
coupled to receive a transmitter output signal 422 and a 
receiver input signal 421. Marker locator section 423 is 
capable of transmitting electromagnetic radiation through 
marker antenna 406 at one or more of a plurality of ?xed 

frequencies. Further, receiver input signal 421 can include 
signals detected by marker antenna 406 at one or more of a 

plurality of ?xed frequencies. Marker locator 423 further 
includes a processor 420 coupled to receive the receiver 
input signal 421 for analysis and to generate the transmitter 
output signal 422. 

In some embodiments, processor 420 can include a ?xed 

point digital signal processor (DSP). In such a DSP, most if 
not all marker speci?c signal generation and detection 
algorithms can be implemented in softWare. Further, some or 
all of the functions of line locator section 424 can be 
performed by the DSP of processor 420. Receiver input 
signal 421 is input to sWitch 425. When sWitch 425 is 
engaged to recogniZe receiver input signal 421, receiver 
input signal 421 is then ampli?ed in ampli?er 426, ?ltered 
in ?lter 427, and digitiZed in ADC 428 before being input to 
processor 420. Additionally, transmitter output signal 422, 
digitally generated by processor 420, is input to digital-to 
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analog converter 403, ?ltered in ?lter 404, and ampli?ed in 
ampli?er or driver 405 before being received by switch 407. 
When sWitch 407 is engaged, transmitter output signal 422 
is applied to marker antenna 406. In some embodiments, 
?lters 427 and 404 can both be loW-pass ?lters. Filter 427 
then acts as an anti-aliasing ?lter While ?lter 404 acts as a 

reconstruction ?lter. 
As shoWn in FIG. 4, the only hardWare in marker locator 

section 423 are the analog ?lters, ampli?ers, and sWitches 
that control signals arriving at or coming from marker 
antenna 406. In addition, line locator receiver section 424 
also includes ampli?ers and ?lters. Thus, marker locator 
section 423 according to the present invention results in 
signi?cantly reduced analog front-end hardWare require 
ments, a Wide resistance to component tolerances, loWer 
calibration and test time, and ?exible frequency selectivity. 
Marker locators according to embodiments of the present 
invention provide accurate and consistent estimation of the 
electronic marker signal strength in extremely noisy envi 
ronments. 

As is shoWn in FIG. 4, processor 420 receives receiver 
input signal 421 into a time average block 430. Time average 
block 430 synchronously averages the signals received at 
periodic intervals upon repeated application of the transmit 
ter output signal 422 to marker antenna 406. As such, time 
average 430 can measure the time delay of the returned pulse 
With loWer noise than Without the average function. The 
output signal from time average 430 is input to marker 
search block 431. Marker search block 431 uses frequency 
domain methods to extract signals in the time average signal 
430 that correspond to particular marker types. When 
locked, phase calibration 432 and detection DPLL 433 have 
identi?ed the resonant frequency of a marker and can output 
the resonant frequency and the return signal strength for 
display on locator 450. Additionally, the frequency gener 
ated either by phase calibration 432 or by detection DPLL 
433, selected in sWitch 434, is input to marker transmitter 
output generator 435, Which generates digitally the trans 
mitter output signal 422. Therefore, processor 420 locks 
marker locator 423 onto one or more frequencies corre 

sponding to the resonant frequencies of one or more markers 

that are being simultaneously detected in receiver input 
signal 421. 
Much of the performance improvement achieved in some 

embodiments of the present invention is primarily due to the 
frequency adaptation and selectivity resulting from a set of 
digital phase locked loops (DPLLs) implemented in detec 
tion DPLL 433. In some embodiments, detection DPLL 433 
can include one DPLL for each marker type being simulta 
neously tracked. The tracking algorithm supports a succes 
sive detection process Wherein markers that are buried 
deeper and Whose signal may be obscured by shalloWer 
markers of a different type are exposed through cancellation 
of the stronger signals of the identi?ed markers. 

Each digital phase-locked loop in detection DPLL 433 can 
be a ?rst order phase-locked loop that adapts only the 
frequency of a numerically controlled oscillator (NCO). 
There is no phase adaptation since this is knoWn and 
deterministic, based on the repeated output signal from a 
synchronous transmitter pulse of transmitter output signal 
422. In some embodiments, the DPLL frequency update is 
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8 
performed only once per averaged time decay from block 
430 (corresponding to the time betWeen successive pulses of 
transmitter output signal 422). The procedure of updating 
the frequency only once per pulse period of transmitter 
output signal 422 represents a signi?cant reduction in the 
amount of data to be processed through the DPLLs. In some 
embodiments, data processing in processor 420 may be 
reduced by a factor of between 10 and 500 (depending on the 
pulse repetition rate). Therefore, in some embodiments the 
number of DSP instruction cycles utiliZed in the processor 
420 in each cycle can be minimiZed. Each DPLL frequency 
update is represented in a neW output frequency block that 
is combined together by superposition in block 435. 

In some embodiments, When multiple marker types are 
detected in marker search 431 a poWer control algorithm can 
be implemented to enhance the process of successive can 
cellation of stronger marker signals and thus help mitigate 
the near-far problem. The near-far problem occurs When 
signals from marker types that are adjacent in frequency to 
a targeted marker appear as if they originated from the 
targeted markers. The most common example is When a 
marker closest to the transmitter (shalloWest in the ground) 
overpoWers a targeted marker because their respective reso 
nant frequencies are similar. Because signal poWer drops 
exponentially With distance and the marker frequency 
response is relatively broad (as per the ?rst order LC ?lter 
characteristic of the typical marker), the Wrongly-identi?ed 
nearer marker can completely hide the targeted farther 
marker. Embodiments of the present invention alloW adjust 
ment of the transmitted signal poWer betWeen the targeted 
marker type and the adjacent markers in order to support 
removal of the energy signal originating from the adjacent 
marker by successive cancellation of that energy from the 
received signal. 

Another reason to implement poWer control is battery 
lifeiif the transmitter Were to continuously transmit at a 

poWer higher than that needed to maintain an acceptable 
SNR, the battery lifetime can be greatly reduced. Using a 
combination of poWer control and modi?cation of the trans 
mitted signal burst rate, the marker locator may transmit 
using the minimum poWer needed for maintaining the 
required SNR ratio, thus conserving its battery life. 

In some embodiments, the re?ected signal poWer levels of 
each marker reaching the receiver undergo constant changes 
because of persistent operator movement of the marker 
locator With respect to the ground. The signal processing 
problem that the changing poWer levels represents is com 
pounded by the groWing use of multiple marker types to tag 
utilities Within the same physical location (leading to 
instances of the near-far problem). To overcome these 
obstacles, real-time tracking of multiple marker types using 
digital phase locked loops, as Well as poWer control, can be 
utiliZed. In some embodiments of the invention, as described 
in the speci?cation, both the frequency and amplitude of the 
marker search signals can be adapted to optimiZe the detec 
tion of multiple marker types While avoiding many of the 
neighbor detection ambiguities prevalent in prior art marker 
locators. 

In some embodiments of the present invention, a consis 
tent signal strength measurement is maintained to provide 
the maximum possible SNR. This arrangement can be 
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achieved because the DPLL locks to the natural resonant 
frequency of the marker. An increased con?dence in the 
indications of depth and position provided by the marker 
location system can therefore be achieved. 

Marker locator transceivers, such as marker locator sec 
tion 423 of locator 400, transmit knoWn and adjustable 
frequency bursts While synchronously capturing the signals 
re?ected from the markers. In the embodiment illustrated in 
FIG. 4, the output signal bursts are created in transmitter 
output signal generator 435. For a simple search involving 
only one type of marker, the initial output signal passed to 
DAC 403 is a single sinusoidal tone at the nominal marker 

frequency (e.g., 101.4 KHZ for telephone cable markers). 
DAC 403 is also capable of transmitting a marker excitation 
signal combined by superposition that stimulates multiple 
markers simultaneously. In some embodiments, an impor 
tant constraint is placed on the transmitter output signali 
the phase of the output burst is set such that the beginning 
of the input block after ADC sampling in the receiver is 
de?ned as Zero degrees for each marker stimulus frequency. 
Therefore, the digital phase locked loop (DPLL) in the 
receiver path (i.e., in detection DPLL 433) can create an 
error signal and tend toWard a locked state at Zero-phase. 

To ensure that correct phase adjustments are made to the 
transmitted signal, the entire delay chain betWeen DAC 403 
and ADC 428 can be characterized by a calibration operation 
432. This synchronous stimulus response measurement pro 
cedure can be invoked When no markers are present in the 

environment. The result of the phase calibration operation 
432 is that the appropriate group delay can be accounted for 
in the transmit burst. The tail end of a transmitter burst for 
tWo marker frequencies is shoWn, for example, in FIG. 5, 
from the perspective of the data sampled at the ADC 428. 
The phase betWeen the tWo signals is Zero at time Zero, 
corresponding to the ?rst ADC sample of the neW burst. Not 
shoWn in FIG. 5 is the marker response data that is collected 
starting at time Zero. 

SWitches 407 and 425 (FIG. 4) limit the “self echo” signal 
seen in the receive chain that is due to the transmitter 

directly, rather than indirectly through the marker(s). These 
sWitches toggle betWeen ground and signal depending on the 
phase of the pulse repetition clock 435, With the result that 
the receiver chain sees ground during the high level output 
of the transmitter. An instant after time Zero (Zero phase at 
the ADC input), the transmitter output is grounded (through 
an impedance matching resistor), truncating the decaying 
impulse response of ?lter 404 and keeping the transmit 
output signal 422 from impacting the receiver measurement 
of the marker decay in receiver input signal 421. Even With 
the sWitches in place some energy does leak from the 
transmitter to the receiver, but this leakage energy can be 
Within the limits of the high gain analog circuitry of ampli 
?er 426 and ?lter 427 to sustain Without saturation. The 
residual self-echo signal is determined by calibration opera 
tion 423 and later subtracted from the averaged received 
marker decay signal. 
Some embodiments of the invention alloW the simulta 

neous excitation of multiple marker types, therefore trans 
mitter signal generation 435 uses the calibrated group delay 
values for each nominal marker center frequency from 
Which to form the output signal superposition. Table 1 beloW 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
shoWs an example of the group delay corresponding to a 
non-linear phase characteristic for one embodiment of the 
analog anti-alias ?lter 427. Because of phase dispersion, in 
FIG. 5 at time Zero, the tWo Zero phase marker stimulus 
signals input to ADC 428 Will not have this same phase 
relationship at the signals output from transmitter DAC 403. 
Table 1 represents the delays Where ?lter 427 is an 8th order 
ButterWorth ?lter. 

TABLE 1 

Marker Type Frequency (kHz) Magnitude (dB) Group Delay (us) 

Cable TV 77.0 0 4.87 
Gas 83 .0 0 4.93 
Telephone 101.4 0 5.19 
Sanitary 121.6 —0.01 5.65 
Water 145.7 —0.15 6.73 
Power 169.8 —1.41 8.16 

During transmitter output generation 435, the group 
delays can be taken into account for each marker stimulus 
signal and transmitter output signal 422 can be adjusted 
accordingly. The easiest Way to perform adjustments to 
transmitter output signal 422 is to generate the signals in 
reverse time order (starting With the required phase per 
marker type) at time Zero in the receiver. After the entire 
block is generated for all frequencies, it is fed to the DAC 
403 backWards in time from the order of creation. Thus the 
phase Zero reference point is almost the last sent out to DAC 
403. In some embodiments, a small number of extra samples 
can be created after time Zero. Typically, the extra samples 
are approximately equal to the group delay through the 
signal chain for each marker frequency. 

Other embodiments of this invention can utiliZe higher 
sample rate ADCs for ADC 428 that alloW anti-alias ?lter 
implementations that are essentially linear phase in the range 
of marker frequencies. Yet other embodiments can make use 
of a delta-sigma ADC 428 and DAC 403 that eliminate the 
need for external non-linear phase ?lters given the oversam 
pling inherent in the delta-sigma approach. In any of these 
other embodiments, the phase calibration task is simpli?ed, 
but other factors may steer the designer aWay from them. For 
example, higher rate ADCs generally require more poWer, 
Which limits their practical implementation in a battery 
operated marker locator. Furthermore there is a tradeolf in 
the number of bits of precision of an ADC With the maxi 
mum sample rate. Even so, rapid technology improvements 
in the communications sector (especially digital subscriber 
line (DSL) technologies) are driving the development of 
integrated DAC and ADC devices (codecs) that have com 
patible bandWidths With that of typical electronic marker 
detection systems. The DSL hybrid interface to tWisted 
copper pair transmission media, for example, requires a 
self-echo canceller and can provide a solution to the similar 
problem mentioned above resulting from the marker trans 
mit/receive antenna 406. 

After calibration, in some embodiments using a time 
division betWeen the transmit pulse and marker response, 
each and every transmit burst has substantially the same Zero 
phase (independent of marker type or group delay) When 
referenced at time Zero (at the ?rst ADC sample at ADC 
428). This key fact can be paired With another regarding the 
















