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(57) Abrege(suite)/Abstract(continued):
which a seismic sensor analog-to-digital converter Is synchronized The recelver replicates local version of remote common time

reference for time-stamping local node events The recelver can enter a low power, nonoperational state over penods of time dunng
which the seismic data acquisition unit continues to record seismic data, thus conserving unit battery power The system
Implements a method to correct the local time clock based on intermittent access to the common remote time reference using a
voltage controlled oscillator to account for environmentally induced timing errors The invention further provides for a more stable

method of correcting drift in the local time clock
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(57) Abstract: A wireless seismic data acquisition unit with a wireless receiver providing access to a common remote time reference
& shared by a plurality of wireless seismic data acquisition units in a seismic system. The receiver is capable of replicating local version
e\ of remote time epoch to which a seismic sensor analog-to-digital converter is synchronized. The receiver is capable of replicating
& local version of remote common time reference for the purpose of time stamping local node events. The receiver is capable of
& being placed in a low power, non- operational state over periods of time during which the seismic data acquisition unit continues to
N record seismic data, thus conserving unit battery power. The system implements a method to correct the local time clock based on
intermittent access to the common remote time reference. The method corrects the local time clock via a voltage controlled oscillator
to account for environmentally induced timing errors. The invention further provides for a more stable method of correcting drift in

the local time clock.
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METHOD AND APPARATUS FOR CORRECTING THE TIMING FUNCTION
IN A NODAL SEISMIC DATA ACQUISITION UNIT

CROSS REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to U.S. Provisional Patent Application Serial No.
60/994,711, filed on 21 September, 2007 (21.09.2007) and U.S. Non-provisional Patent
Application Serial No. 11/977,580, filed 25 October 2007 (25.10.2007), which are titled
“Method and Apparatus for Correcting the timing function in a Nodal Seisrﬁic Data

Acquisition Unit,” which are hereby incorporated by reference.

'BACKGROUND OF THE INVENTION

[0002] The present invention relates to the field of seismic exploration. More particularly,
the invention relates to a method and apparatus for the control and correction of the time
base used in a distributed nodal seismic acquisition system.

[0003) Seismic exploration generally utilizes a seismic energy source to generate an acoustic
signal that propagates into the earth and is partially reflected by subsurface seismic reflectors
(i.e., interfaces between subsurface lithologic or fluid layers characterized by different elastic
properties). The reflected signals (known as “seismic reflections”) are detected and recorded
by seismic receivers located at or near the surface of the earth, thereby generating a seismic
survey of the subsurface. The recorded signals, or seismic energy data, can then be
pfocessed to yield information relating to the lithologic subsurface formations, identifying
such features, as, for example, lithologic subsurface formation boundaries.

[0004] Typically, the seismic receivers are léid out in an array, wherein the arréy consists of
a line of stations each comprised of strings of receivers laid out in order to record data from
the seismic cross-section below the line of receivers. For data over a larger area and for

three-dimensional representations of a formation, multiple single-line arrays may be set out
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side-by-side, such that a grid of receivers is formed. Often, the stations and their receivers
are spread apart or located in remote areas. In land sefsmic surveys for example, hundreds to
thousands of receivers, called geophones, may be deployed in a spatially diverse manner,
such as a typical grid configuration where each line extends for 5000 meters with receivers
spaced every 25 meters and the successive lines are spaced 500 meters apart.” Depending
upon many geophysical factors, as well as operational down time due to equipment or
weather conditions, the spread units may be deployed for time intervals in excess of two
weeks.

[0005] Acoustic waves utilized In seismic exploration are typically generated by a
centralized energy source control system that initiates an energy event via a dynamite
explosion, air gun shot, vibrator sweep or the like. The acquisition system, i.e., the seismic
receivers and their control mechanism, is synchronized to the energy event such that the first
data sample of the acquisitio_n'period corresponds in time to the peak of the energy .event,
such as the start of a éweep for vibratory operations. Acquisition periods typically last
between 6. to 16 seconds following the first sample, with each seismic sensor being sampled
at an interval between .5 to 4 milliseconds. | ‘

[0006] Of fundamental importance to ahy seismic system is me time base method by which
the synchronization of the energy event and the sampling of the acoustic wave field is
accomplished. Figure 1 ;epresents the principal elements involved in a typical prior art a
seismi\c acquisition system 10 which is connected via a hardwire 12 to a plurality of
individual seismic data acquisition sensors 14. The elements are utilized to control the time

base and distribute the time base to each individual seismic data acquisition sensors 14,

thereby permitting the overall system 10 to be time synchronized. As shown, the prior art
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uses a single, centralized time base which insures that all individual seismic data acquisition
sensors 14 are sequenced during the acquisition cycle by the same time reference. The
synchronization time reference is maintained at a centralized base unit 16, such as an
operation management vehicle. This time base is typically disciplined by a continuously

operated wireless receiver 18, such as a global positioning system (“GPS”) receiver, which is
disposed to communicate with an external time reference 20, which in the case of a GPS
receiver are GPS satellites. The GPS receiver 18 directly disciplines a high stability voltage
control oscillator (“VCO”) 22 that is used to drive the system clock 24 to which all elements
are typically phased-locked. The acquisition system controller 26 utilizes a Phase-Locked-
Loop (PLL) to synchfonize its outbound command frames to the system clock 24. The
outbound command frames are in turn locked onto by the PLLs in the plufality of seismic
data acquisition sensors 14 cabled to the ecquisition system controller 26. Embedded in the
command frames 1s the sample clock signal used to synchronize the dnalog-to-di gital (A/D)
converters 28 in the sensors 14 to the GPS signal, which is typically 1 Pulse-Per-Second
(1PPS) signel' or any time interval that is an integer multiple of sample intervals following
that time epoch. In any event, the energy source controller 30 is synchronized to the system
clock 24 via discrete hardware interfaces that are either directly connected to the centralized
GPS disciplined clock 24 or will utilize a PLL locked on to the central timing reference
provided by the system clock 24. It is important to note that most prior art source control
systems do not utilize GPS disciplined time bases to perform timing functions, but rather, use
GPS time tags to time stamp certain significant events recorded by the system, such as
reception of the FIRE event or the TIMEBREAK event (which represents the time of the

peak source energy event) or the start of a vibratory sweep. The prior art acquisition system
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controller st‘eérs the time at which the FIRE event occurs to insure that the TIMEBREAK
event occurs at a time synchroﬁous with an A/D conversion of the spread seismic sensors, as
required for accurate wave field sampling.

[0007]} In contrast to the hardwired, centralized time base system of Fig. 1, more recent prior

art seismic acquisition systems have attempted to eliminate or minimize cabling between the
centralized base unit and individual seismic data acquisitidn sensors. In such cases, the
seismic sensors are integrated with other hardware in individual seismic data acquisition
units or nodes, such that some of the control and operational functions previously carried out
by the base unit are now performed at the individual seismic data acquisition units, such as
timing functions. Incertain of these “nodal” prior art systems, each seismic data acquisition
unit continues to communicate wirelessly with the centralized base, whereas in other
“autonomous™ nodal prior art systems, each seismic data acquisition unit operates
independéntly of the centralized base.

[0008] The principal elements involved in a typical prior art “nodal” seismic acquisition
system that utilizes autonomous seismic data acquisition units are similar to the block
diagram shown in Fig. 1, except that physical layer connection (either wired or wireless)
between a centralized unit and the field spread of seismic units is eliminated, such that the |
individual seismic acquisition units operate at least semi-autonomously from the central unit.
In the case of elimination of a wired physical layer connection, many of the drawbacks
arising from cables are eliminated, such as weight, cost and high failure .rates. Likewise, in
the case of elimination of a wireless physical layer connection, many of the drawbacks
arising from a wireless connection are eliminated, such as bandwidth limits, susceptibility to

interference, and the need for radio channel licenses.
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[0009] These autonomous seismic acquisition units are characterized by one or more seismic
sensors that are deployed in a spatially distributed array about the node. Each individual
sensor is in communication with the node via a cable. Commonly, multiple sensors are

wired to a single cable to create an array.

[0010] One significant improvement in autonomous seismic data acquisition is the
development of fully integrated, self-contained autonomous seismic acquisition units, such
as those described in U.S. Patent App. Serial Nos. 10/448,547 and 10/766,253. In these
applications, there is described a continuous recording, self-contained, autonomous wireless
seismic acquisition unit. The self-contained unit comprises a fully enclosed case having a
wall defining at least one internal compartment within the case; at least one geophone
internally fixed within said internal compartment; a clock disposed within said internal
compartment; a power source disﬁosed witlﬁn said internal compartment; and a seismic data
recorder disppsed within said internal compartment, wherein each of said electrical élements
includes an electrical connection and all electrical connections between any electrical
'elemen'ts are contained within said case. Thus, unlike the prior art, the seismic sensors or
geophones, are also contained within ‘the case 1tself, rendering the entire system sélf-
contained and eliminating external wiring or cabling of any type. The case is shaped to
eﬁhance deployment and coﬁpling with the ground by inaximizing the surface area of the
case in contract with the ground. Preferably, the case comprises a first plate having a first
periphery and a second plate having a second periphery, wherein the plates are joined along
their peripheries by the wall defining the internal compartment. As such, the case may be

disk shaped or tubular in shape. Such a unit is desirable not only for the shape of the case,
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but also because being fully self-contained, external cabling, such as between an electronics

package and a seismic sensor/geophone, are eliminated.

[0011] Inany event, when the physical layer connection with a centralized unit is eliminated,
the autonomous seismic units must be impleniented with a distributed time base, meaning
that a control clock system is disposed on each individual seismic unit. Moreo§er, without a
cable connection for synchronization or data telemetry, autonomous nodal seismic systems
must rely on the use of battery based power sources for the individual seismic unit
electronics. Wireless seismic acquisition units such as these operate ‘independently of the
énergy source control system and the timing clock associated therewith. Rather, they rely on
the concept of continuous acquisition of a timing signal, and in the case of the referenced
patent application above, the continuous acquisition of data as well. Knowing that the source
event is synchronized to the sample interval of the séismic data, the data can be associated
with the correct source event in a non-real time process following the retrieval of the node.
[0012] With the elimination of the physical layer connecﬁdn for distributed wireless seismic
acquisition units, the manner in which each seismic unit’s sample clock is derived and the
synchronization of that sample clock with the energy source events must address the loss of
the command frame synchronization Qf the prior art system in Figure 1.

[0013] In the prior art, autonomous seismic acquisition units commonly synchronize and
discipline their local time bases using the same method and apparatus implemented by the
centralized time base architecture systems. Specifically, synchronization is accomplished by
imblementing a wireless interface to a continuous, common time reference, such as a GPS
system of satellites. In such case, the GPS satellite time base is utilized as the system clock

via a GPS receiver installed on board each individual seismic acquisition unit as opposed to a
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GPS receiver installed on board the centralized unit. However, such a time base system for

autonomous units 1s undesirable for a number of reasons.

[0014] First, systems with continuously operating functions, such as a clock, utilize
significant amounts of power. While a centralized unit may have access to a continuous
power source, autonomous seismic acquisition units do not, but must rely on power source
with limited capacity, namely a battery. Specifically, the use of a continuously .operated
wireless receiver to disciplinea VCO is vefy power inefficient. For example a continuously
“operated GPS receiver could consume between 20 to 50 percent of the total battery power of
a seismic unit. To address this, pﬁor art acquisition systems most commonly utilize the
“stand alone” node described above, wherein a plurality of seismic sensors are deployedina
spatially distributed array about the node, with each sensor in communication with the node
via a cable. While such systems distribute the power load of a continuously disciplined
clock across multiple seismic sensors, such a system reintroduces the use of unreliable cﬁbles
to connect the spatially distributed seismic SEnsors. As me number of seismic sensors
connected to an acquisition unit approaches one, however, the percentage of the total powér
budget of the unit utilized to maintain wireless synchronization becomes. much more
Sl gniﬁcant and power becomes a limiting factor go.verning the deployment length of the
seismic acquisition unit.
{0015} Second, wireless access to the external time reference 20, will be significantly more
difficult for nodal acquisition seismi'c units as compared to a receiver at a centralized base
unit, such as a recording truck. The wiréless recéiv_er and antenna of a nodal seismic

acquisition unit is located within the unit itself (or in close proximity thereto) and such units

are generally deployed close to the ground (or in some cases may actually be below the
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ground surface). Moreover, physical placement of the unit is dictated by the geometry of the
spfead itself, and hence, physical placement cannot be altered to achieve bettei' wireless
access. Further, heavy foliage, rugged terrain and urban obstructions can all contribute to
limiting the ability of the nodal wireless receiver to maintain a continuous timing solution.
The result 1s that a continuous external time reference signal from a GPS satellite or other
source is likely to be disrupted and intermittent over the course of a shoot. In contrast, a base
unit such as a recording truck can generally be positioned in a location where wireless access
to the time reference is unobstructed and not an issue.

[0016) With limited wireless access to the external time reference 20, the nodal time bases
must rely on the stability or “holdover” capabilities of the VCd in the control loop to
maintain a stable frequency output during periods when the control Ioop does not have a

continuous reference to discipline the VCO. One prior art solution utilizes high stability

ovenjzed or atomic based oscillators acting as the “holdover” time base. However, the cost
and power requirements fbr such oscillato;s makes their use impractical. A more typical
‘solution is to use a high stability, téxhperature compensated quartz oscillator as the
“holdover” oscillator. This class of VCO can maintain a fixed frequency within + 5E-7 over
the industrial operating range 6f a node.

[0017] A third drawback to implementation of an autonomous seismic acquisition unit
utilizing a continuous GPS receiver as the system clock arises from the manner in which the
wireless receiver corrects the frequency of the VCO following long periods of poor wireless
availability. Current prior art methods cause distortion in the A/D process of the delta-sigma
converters used in such acquisition units. The control Ioops implemented in these prior art

GPS disciplined time bases are designed to steer the 1PPS output of the disciplined clock to
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align with the GPS 1PPS signal. This is accomplished by varying the frequency of the VCO
\to éompensate for the time difference between the two 1PPS references. The attack rates af
which this frequency correction 1s performéd ‘-is designed to minimize the time over which
the correction is made so that the disciplined clock is rapidly brought back into
synchronization with GPS time referenqe. While these GPS disciplined time bases typically
allow some limited control of the attack rate of the control loops, thus providing some
reduction in the distortion caused by the change in the VCO operating frequency, this
reduction in the attack rate greatly increases the time interval over which the correction is
made and over which the GPS receiver must remain in a high power consumption state.
[0018] There exist the need to establish a method by which autonomous nodal seismic
acquisition units, distributed over wide spatial areas, can be syﬂchronized to each other and
to a seismic energy controller while minimizing power consumption of the units. Such a
method must address the lack of either a wired- or wirelcss‘ physical 1ayér connection
between nodes or a éonuol unit and must do so in a low power manner. The apparatus used
to implement the time base interface to an external time reference, such as GPS, account for
the intermittent and unreliable nature of the time base due to operational and environmental
variables within which the unit must function. As such, it would be desirable to have a
control loop design to implement the time base so as to stabilize oscillator perfonﬁance when
access to an external time reference is not possible. Control loop algorithms should adapt to
oscillator performance charteristic and predictive methods should be used to avoid the néed

to access the external time reference during periods when there is a low probability of

successfully connecting to the external time reference.
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SUMMARY OF THE INVENTION

[0019] The present inveritiqn provides an apparatus to access a common time reference f'rdm
a spatially distributed nodal seismic acquisition system and a method by which a low-power,
synchronized timé base within the distributed nodes can be established with limited access to
the common time re.ference. The invention describes the control process of that dpparatus
which achieves the goals of a lon power time base within the bounded synchronization error
tblerances that are geophysically acceptable.

[0020] The invention provides an apparatus and method to permit utilizing of an external
precision time base in wireless nodal seismic acquisition units while conserving the unit’s
batter power. More specifically, the invention provides for non-continuous access via
intermittent operation of an on-board wireless repeiver to an external precision time base to
aperiodically tune open loop variables and to correct for synclﬁonization €rrors resultirig
from stability limitations of the open loop approach. The invention further provides a
method for correction of drift error between a local clock and the external precision time
base.

[0021] The portions of the seismic unit that relate to the time base generally include a
wireless receiver that interfaces with a node controller that tunes an adjustable timing signal
device capable of producing an adjustable timing signal that drives a disciplined sample
clock used to provide timing to an A/D delta-sigma converter. The node controller -
‘implements an open loop control algorithm that accounts for one or more internal or external
environmental conditions that impact the unit, such as external temperature, tilt, voltage,
crystal aging and the like, to estimate the VCO frequency and correct for the estimated

frequency error. Thus, the unit preferably includes various sensors such as a temperature

10
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sensor, a voltage sensor and/or a tilt sensor. In one preferred embodiment, historical
frequency characteristics ot the VCO are stored along with the associated environmental
sensor values in a frequency compensation table and used to stabilize the t}eqpency. In
addition to synchronizing the local time base, the wireless receiver is also utilized to provide
a precision time stamp to local events when the wireless receiver is in operation. Measured
environmental sensor values can be utilized to predict when the wireless receiver should be
activated to acquire a signal for tuning purposes.
[0022] In correcting for drift error, the drift between the timing reference and the sample
clock is measured using time stamping of the sample clock via the wireless receiver. The
wireless receiver 1s then placed into a low power sleep mode and the frequency of the VCO
is intentionally offset ﬁ'orh its nominal value to either increase or decrease the frequency of
“the VCO and the synthesized sample clock, in order to reduce the drift value. To minimize
distortion in the samﬁled data of the acquisition system that is phase locked to the VCO, a
small offset (<+ 1E-6), long duration correction is implemented. The length of time that the
drift correction offset is applied‘is a linear function of the size of the drift to be corrected and
the amount by which the VCO’s frequency is offset. Following the removal or reduction of
the accumulated drift, the continuous open loop frequency compensation process is still in

operation to maintain high VCO stability until the next drift correction process is executed.

[0023] While the invention could be used for any type of seismic unit; wired or wireless,
- autonomous or communicating with a central base, in the preferred embodiment, the
invention is utilized with conﬁnuously recording, autonomous seismic data acquisition units
that operate independently of other units. In one preferred embodiment, the autonomous

seismic data acquisition unit is comprised of a fully enclosed, self-contained case having a

!
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wall defining at least one internal compartment within which are fixed at least one seismic
sensbr, non-volatile storage, a power supply sufficient to permit continuous operation of the
unit and operating electronics, including the foregoing electronics utilized for the time base.
The casé is preferably constructed of a first plate and a second plate joined along their

peripheries by the wall defining the internal compartment, thereby reSulting in an overall

disk shape or tubular shape.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Figure 1 ié a system block d‘iagram of a prior art cabled seismic data acquisition
system that utilizes a single centralized time base for system operation.

[0025] Figure 2 is a system block diagram of a nodal seismic data acquisition system that
utilizes an external, common distributed time base for synchronization of the system
operation.

[0026] Figure 3 is a schematic view of the time base elements of the present invention.
[0027] Figure 4 is a timing diagram of the phase relations\hip between the nodes sample
clock and the external timing reference epoch (GPS 1PPS in this example) at the point at
which they are synchrohized as well as one possible phase relationship at an arbitrarily time
latter.
| [0028] Figure 5 is a timing diagram that presents one rﬁethod by which thé clock calibration
process of the invention can be implemented without causing distortion in the sampled
seismic data.

[0029] Figure 61s a flowchart of the drift correction process of the invention.

[0030] Figure 7 is a flowchart of the steps ﬁtilized to maximize 'the interval between drift

corrections.

13
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DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0031] The inventibn is implemented in a seismic acquisition unit such as that shown in
Figure 2, namely wireless nodal seismic acquisition unit. Specifically showninFigure2isa
system level architectural block diagram of a seismic survey syStem 100 that utilizes a |
distributed time base from an external timing reference to synchronize a plurality of
autonomoué, individual seismic data acquisition units 102. The distnbuted time base insures
that all indi\'/idual seismic data acquisition units 102 are sequenced during the acquisition
cycle by the same time reference. While the seismic survey system 100 of Figure 2 is similar
to the prior art seismic survey system 10 of Figure 1, the system 100 of Figure 2 1s
autonomous, without any wired or wireless physical layer connection with the centralized
base unit 16, i.e., no control signal from the base unit. Rather, each individual seismic
acquisition unit 102 includes a wireless receiver on board that communicates with an

external, precision time reference or base 20, such as GPS satellites, to discipline the local
time base of each unit 102. Likewise, while th,e‘ seismic survey system 100 of Figﬁre 2 has
some similarity to some autonomous prior art sei‘smic acquisition units, the prior art units
utilize the precisions satellite time base as the system clock itself, thereby creating many of
the drawbacks set forth above. FAs shown 1n Figure 2, however, each individual seismic
acquisition unit 102 of the invention includes both a wireless receiver 106 and a local
sémple clock 110 configured to be discipliﬁed, via a local controller 104, by wireless
receiver 106.

[0032] In Figure 2, the synchronization of the energy source 108 to the time reference is

done in much the same fashion as the prior art system 10 shown in Figure 1. However, the

energy source control 30 of the system 100 1s logically, as well as physically, disassociated

14
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with the seismic acquisition units 102 and can be located anywhere convenient for the
operating crew. The acquisition system controller of Figure 1 is replaced by a source
synchronizer component 122 that insures that the TIMEBREAK signal from the energy
source controller-30 1s on a sample interval boundary relative to the GPS 1PPS epoch. The
distributed nodal seismic acquisition units 102 access the same common time reference used
by the source control portion 120 of the system to insure synchronization within the survey
system 100.

[0033] One embodiment of the synchronized, distributed time base in a nodal seismic data
acquisition unit 102 1s shown in Figure 3. While only those elements related to the time base
portion of the nodal unit i1s shown, the complete unit 102 includes a seismic sensor, sufficient
non-volatile storage and battery driven power supplies to perrhit continuous operation for

time frames greater than two weeks, and preferably during the entire deployment of the units

102. Further each seismic acquisition unit includes one or more seismic sensors, such as
geophones. Preferably, all of thf;* foregoing electrical components are héused in a fully
enclosed case having a w.all defining at least one internal compartment within the case and in
which the components are secured. Those skilled in the art will appreciate that said electrical
components include electrical connection interconnecting the foregoing, and it is preferred in
the embodiments of the invention that all electrical connections between any electrical
components are contained within the case, rendering each data acquisition unit 102 entirely
self-contained and eliminating external WIring or cabling of any type.

[0034] While the case may have any shape, preferably the case is éhaped to enhance

deployment and coupling with the ground by maximizing the surface area of the case in

contract with the ground. In one embodiment, the case comprises a first plate having a first
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periphery and a second plate having a second periphery, wherein the plates are joined along
théir peripheries by the wall defining the internal compartment. The wall may be cylindrical
so that the case may have an overall disk shape or tubular shape.

[0035] Non-continuous access to a high precision time reference is aperiodically required
to tune the open loop variables and to correct for synchronization errors resulting from
stability limitations of the open loop approach.

[0036] While the invention will be described in terms of a precision satellite time base such -
as GPS, in other non-limiting embodiments, the source of the external time reference to
which each system or subsystem is synchronized could be implemented with other time
references such as WWVB or dedicated propitiatory UHF/VHF time broadcasts. The
invention is not associated with any specific time epoch, but preferébly all nodes and system
elements must share a common epoch for synchronization of the acquisition processeé.
[0037] In Figure 3, a diagram of the local time base of a nodal seismic data acquisition unit
102 according to the present invention is shown. The portions of the séismic unit 102 that
relate to the time base generally includes a node cqntroller 104, a wirelesé receiver 106, an
adjustable timing device 108, such as a voltage controlled oscillator (VCO), a disciplined
sample clock 110, an A/D delta-sigma converter 112 and a time tag unit 114. A D/A
converter 116 (preferably 16 bit) is uséd to provide analog control voltagé to VCO 108 from
node controller 104. One important aspect of the invenﬁon is the utilization of
environmental sensor 118 and a frequency compensation table 119 as described in more
detail below. While the adjustable timing device 108‘ will be described as a voltage control
oscillator, those skilled in the art will appreciate that such a device could be any oscillator

cable of functioning as described herein, including without limitation, a voltage controlled
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crystal oscillator, a voltage controlled temperature compensafed crystal oscillator
(VCTCXO) or a voltage controlled oven controlled crystal oscillator (VCOCXO).

[0038] Generally, disciplined sample clock 110 is used to directly clock the A/D delta-sigma
converter 112. The time reference for the sample clock 110 is provided by local VCO 108,
the frequency of which is controlled by local node controller 104 (as opposed to VCO
controlled diréctly by a.wireless receiver as done in prior art systems). It is the local node
controller 104 and the functionality that it provides which is one of the points of novelty of
the invention. Since the wireless feceiVer 104 1s not disciplining the local VCO 108, seismic
acquisition unit 102 can utilize a low power state to conserve power during operation. For
purposes of this disclosure, “low power state” refers to a state in which wireless receiver 106
is not communicating with precision time basé 20. Without a direct, continuous access to an
external time reference, the local node controller 104 cannot directly measure the VCO 108

frequenéy nor determine the frequency error of VCO 108. Rather, the node controller 104 |
will implement an open loop control algorithm that accounts form one or more intémal or
external environmental conditions that impact unit 102, such as external temperature, tilt,
voltage, crystal‘ aging and the like, to éstimate the VCO. frequenéy and correct for the
estimated frequency error. Such environmental conditions may be measured by one or more
environmental sensors 1 18. Prefefably, Sensors 1‘1 8 are low power, continuously operated
sensors, such as for example, temperature sensor 118a, tilt sensor 118b and/or voltage
sensor 118c, operating in a open loop control process that enha‘nces' oscill.ator stability
without the need for a high precision, high power, continuously operated time reference.

Without limiting the types of environmental sensors that might be utilized in the invention,

the environmental variables that are anticipated to have the most significant effect on the
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stability of the operating frequency of the VCO used in the local time base include
temperature, vertical orientation and VCO power supply voltage, wherein temperature
generally is the most significant of these factors. In various embodiments of the invention
one or more variables may be used to estimate the VCO operating frequency. Those skilled
in the art yvill appreciate that each environmental variable may generally contn'bute to the
overall instability of the VCO and are preferably accounted for in implémenting the
invention. The frequency error, temperature, inclination and power supply voltages of the
oscillator are stored into a frequency compensatioﬁ téble 119, preferably utilizing non-
_volatile memory, for use in disciplining VCO 108. Thc tablé may consist of an array of
dimension N where N 1s thé integer quotient of the apparatus operating environmental

condition range divided by a fixed environmental condition binning range.

[0039] Table 1 lists typical stability factors for a typical low cost, low power crystal

oscillator.

Environmental Variable Stability
Db

Temperature -20-70 °C
Voltage +5% Vcc
Tilt +180° X or Y plane

Table 1 Typical Crystal Oscillator Stability Variables

From this table it is obvious that temperature has the most significant effect on stability of

the VCO, but even the inclination or tilt of the oscillator could result in excess of 100 uSec

synchronization error over a 14 hour interval if not compensated for by the open loop

controller managing the VCO.

[0040] In order to implement the open loop control algorithm, node controller 104 must

establish an accurate association between the measurable environmental variables and the
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resulting frequency error of the VCO 108. In order to initially synchronize the local time
base and to measure the frequency error of VCO 168, node controller 104 must have access
to an external high accuracy ﬁme reference. Access to the external time reference is
provided by wireless receiver 106. While wireless receiver 106 is not used as the system
clock asitis in the prior art, wireless receiver 106 serves two purposes in this embodiment of
the invention: ﬂrst, it 1s used to provide the initial 1PPS epoch to which the sample clock 110
1s synchronized, and second, it 1s used to provide an accﬁrate time stamp, via time tag unit
114, of the A/D’s sample clock.

[0041] Figure 4 illustrates the initial synchronization of the sample clock to the time
referenc’e epoch (GPS 1PPS in the example of Figure 4), as well as the divergence of the
sample clock and the time reference over an arbitrary period of time. The difference in the
time stamps between two sample clocks 1s used to determine the frequency error of the VCO.
As mentioned above, the frequency error, temperature, inclination and power supply voltages
of the oscillator are stored into a frequency compensation table 119 -for use 1n disciplining
the oscillator. In doing so, node controller 104 is continuously learning the characteristic of
the oscillator’s frequency stability as a 1;|1nction of the environmental variables. The open
loop controller that disc.iplines the VCO 108 then utilizes this functional relationship to

control the frequency of the oscillator. Preferably, the time interval between freqﬁency

measurements is maximized to reduce the amount of time that the seismic acquisition unit

102 is in its high power operating state, 1.e., when the wireless receiver 106 is being utilized.

Node controller 104 utilizes an adaptive algorithm that maximizes the calibration interval
based on the previously measured oscillator stability. and the change in the amplitude of the

environmental sensors 118. The interval will be longer for more stable oscillators and the
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interval will be shorter for less stable oscillators. While this adaptive and aperiodic interval
based on the stability of the osctillator is one preterred implementation of the invention, the

interval may also be determined at regular time intervals or whenever there is a change in the

environmental parameters.

[0042] Regardless o'f the level of frequency stability that can be realized by the open loop
controller that is disciplining the VCO, there will always exist some instability that will
result in frequency divergence of tha local VCO 108 and the external time reference 20. This
divergence is primarily due to stability tolerances in the VCO oscillator and must be
corrected prior to the magnitude of _ihe divergence exceeding a geophysically significant
amount. In Figure 4 this divergence 1s referred to as “drift”. The correction method for the
drift error is a separate process from the continuous VCO frequency cbrrection method.
Whila each method can be practiced independently of one anotlier In a seismic acquisition
unit, in the preferred enibodiment, both methods are' utilized in the seismic acquisition units
of the invention. Drift correction requires the availability of the external timing reference 20
(GPS in this example) to measure the drift and does not use any of the environmental sensars

in the correction algorithm.

[0043] Figure 5 is an example of the clock calibration process that includes an example of
how the drift is removed from the sample clock 110 of Figure 3. The drift between the timing
'réference and the sample clock 110 i1s measured using time stamping of the sample clock 110
via the GPS receiver 106. The GPS receiver 1s then placed into a low power sleep mode and
the frequency of VCO 108 is intentionally offset from its nominal value to either increase or

decrease the frequency of the VCO and the synthesized sample clock, in order to reduce the

drift value. As shown in Figure 5, this could be accomplished by offsetting the frequency by
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1 large value for a short period of time (as at area “A”™) or by a small value for a longer time
interval (as at area “B”). For the purpose of simply reducing the drift interval, the large
frequency offset value would reduce the interval the most quickly, as show In Area A, as is
done by exisﬁng GPS diéciplined clocks such as those used in the prior art system shown in
Figure 1. However, a lafge change in VCO frequency creates distortion in the sampled data
of an acquisition system that is phase locked to the VCO since the rapid change in the clock
frequency creates in—band sampling noise in the A/D delta-sigma converters 112.
Consequently, the invention provides for a small offset (< + 1E-6), long duratidn correction,
as shown in area B. The length of tifne that the drift correction offset of the i'nvention 1S
applied is a linear function of the size of the drift to be corrected and the amount by which
the VCO’s frequency is offset. Following the removal or reduction of the accumulated drift,
the continuous open loop frequency compensation process is still in operﬁtion to maintain
high VCO stability until the next drift correction process is executed. By avoiding an abrupt '
correction as is done in the prior art, but rather spreading a correction out over time, data
distortion is mm1m1zed

[0044] With reference again to Figure 3, node controller 104 is interfaced with a wireless

receiver 106. Node controller 104 is typibally a microprocessor that implements algorithms
involved in the initialization, control and logging processes associated with the local time
base. Wireless receiver 106 provides access to an external, high accuracy time base 20, such
as a GPS satellite constellation, WWYVB, special radio signal or similar precisio.n.time base.
Wireless receiver 106 performs two functions, namely synchronization of the local time base

and time stamping local events, such as the time the A/D 110 converters sample clock 106.
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10045] The A/D sample clock 112 is sourced by the disciplined sample clock 110 which is
synchronized to a time epbch (ex. 1PPS) via the wireless receiver 106 and whose sample

interyal is set by the node controller 104. The disciplined sample clock 110 synthesizes the

sample clock used by thé A/D converter 112 from a frequency source provided by the VCO

108. The operating frequency of the VCO 108 is tuned by the control processes, executed on
the node controller 104, by variations of the analog control input on the VCO 108.‘ The 16 bit
D/A converter 116 is used by the node controller 104 to provide the analog control voltage of
the VCO 108. The open loop control process implemented on the node controller 104 utilizes

environmental measurements provided by the temperature sensor 118a, voltage ;ensor 118¢

and/or the tilt sensor 118b in contrélling the VCO 108. Historical frequency characteristic of
thé VCO 108 is stored along with the associated environmental sensor values m the

frequency compensation table 119 located in non-volatile storage.

[0046] The node controller 104 initializes the local time base by first establishing a reliable

connection via the wireless receiver 106 to the external common time reference used by all

nodes and subsystems in the seismic system. The node controller 104 calibrates the response
of the VCO 108 to changes in the analog voliage applied by the D/A converter 116 and
stores the resulting scale value for later use in the correction process. The wireless receiver
106 will replicate a local version of a time epoch (ex. lPPS) utilized by all nodes and

subsystems to which the disciplined sample clock 110 will be synchronized. The disciplined ‘

sample clock 110 will synthesizes a repeating Sample Clock at the rate specified by the node

controller 104 which is used by the A/D converter 112 to convert the analog representation
of the seismic sensor into a digital format. Following initial synchronization of the external

time epoch and the Sample Clock the wireless receiver 106 can be placed into a low power
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state to conserve battery resources and the Frequency Compensation process on the node
controller 104 is enabled.

0047} The frequency compensatiqn process, utilizing fréquency cqmpensation Fable 119,is
periodic executed on the node controller 104 and implements an “open loop” control
algorithm utilizing an empirically determined relationship between various environmental
variables and the operating freﬁuency of the VCO 108 to maximize the stability of the
frequency output of the VCO 108. An open loop control process uses indirect feedback to
discipline the output frequency .since a direct measurement of the frequency would require
acéess to an accurate frequency or time reference. This would, in turn, require the use of the
wireless receiver 106 which consumes limited battery power resources. The open loop
controller is driven by the current values provided by the temperature sensor 118a, voltage
sensor 118c and tilt sensor 118b, as well as the historical performance charteristic of the
VCO 108 in the frequency compensation table 119. One possible structure of the frequency
compensation table 119 is shown in Table 2. The frequency compensation table 119 can be
viewed as a linear array index by the current ambient operating temperature of the node. The
operating temperature range of the node is segmented into small range temperature bins (2
degree Celsius for the example in Table 2) which contain the time thét the last frequency
error measurement of the VCO 108 was made within the temperature range of the bin-; Also
stored in the bin is the actual temperature when the frequency was measured, the

environmental vanables and the resulting frequency error of the VCO 108.
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Temperature Bin -Deg C

Avg
mpg Temp

fof-
Tilt Tl

Table 2 Frequency Compensation Table Structure

[0048] The open loop controller will develop an interpolating equation relating the
Frequency Error and Average Temperature vaiue for the bin matching the current operating
temperature and the bin whqse Average Temperature is next closest to the current operating
-temperature. The resulting equation is then sofve using the actual current operating
temperature to estimate the Frequenéy Error to be corrected. The open loop controller uses
the estimated Frequency Error, as well as the scale value calculated dunng the initialization
process, té adjust the control voltage on the VCO 108 to improve the stability of the
' ﬁeduency of the oscillator.

[0049] In order fo correct for aging of the VCO 108, the open loop controller will reque;c,t a
néw measqrernent 6f the frequency if the iast measurement was perform over 5 days prior to
the current time. An update of the frequeng:y error value will also be requested if the current
Voltage level of the oscillator is différent by more than x .5% or if the current Tilt Value is

more than £15 degrees different from the values in the bin.
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[0050] Measurement of the Frequency Error of the oscillator requires the availability of the
external time reference provided by the wireless receiver 106. The frequency error is
calculated by measuring the drift shown in Figure 4 over an accurate time interval. The

equation below is used to calculate the frequency error of the VCO 108.

FreqError = (FNominal* (Driftl — Drift2) /(T2 -T1)) Eq 1

Where FregError is in Hertz, FNominal is the ideal or target frequency desired for the VCO
108 in Hertz, Drift! and Drift2 and T1 and T2 are in seconds. The time interval between the
_measurément of the first drift value (Drift]) and the second value (Drift2) is the value T2-T1.
The recjuired length of this measurement interval is a function of the desired accuracy of the
frequency error measurement and the accuracy with which the drift values can be measured.

Equation 2 is used to calculate the required interval over which the frequency error is

measured.

MI =2* ME *(FNominal + FT)/ FT Eq2

Where Mi (Measureﬁlent Interval) and ME (Measurement Error) are in seconds and
FNominal and FT (Frequency Tolerance) are in Hertz. For example if the FNominal
frequency is 10.24 MHz, ME is 55 nSec and FT i1s 5 mHz then the measurement interval
would need to be at least 226 seconds. The wireless receiver 106 is placed into its low power
sleep state during this interval to conserve power resources.

[0051] The foregoing process describes the Frequency Compensation method of the

invention provided to permit local clock calibration using a external time base to which
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1ccess is non-continuous or intermittent. This forms one of the points of novelty of the
invention in that the corrections are preferably “aperiodic” based on analysis of
environmental conditions and their effect on the local timing based intermittently derived
from the external time base. In addition, the invention provides for a method of Drift
Correction for the local timing device of the seismic data acquisition unit. The Drift

Correction method can be used in conjunction with or independently from the Frequency

Compensation method.

[0052] Preferably, whenever the Frequency Compensation method is applied and the
frequency compensation table‘ 119 1s updated with a new measurement of the Frequency
Error, the Drift Correction method is appliéd. When the frequency compensation table is
updated, the drift of the sample clock relative to the external time base is measured. This
drift, shown in Figure 4, must be removed in order to keep the sample clocks within a
specified tolerance. Figure 5 1s an example of the clock calibration process which includes a
drift conecfion process as well as the frequency error measurement process of the VCO 108
as described in the frequency compensation process above.
[00_53] The steps 6f the Frequency Compensation method and Drift Correction method are
illustrated in the flowcharts of Figures 6 and 7. The following steps (a) and (b) embody the
Frequency Compensation method, while steps (¢), (d) and (e¢) embody the Drift Correction
method: .
a) Enable the wireless receiver 106 to receive the an external time reference and
time stamp the local disciplined samﬂe clock 110 (Step 200). Calculate the ‘
Driftl (Step 202) of Eq. 1. The difference in time between the time stamp of

Step 200 and a theoretical time that the sample clock should have occurred is the
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Drift] measure. Record the current values of relevant environmental factors (Stpe
202), such as values from the temperature sensor 118a, voltage sensor 118c and
the tilt sensor 118b. Disable the wireless receiver 106 to conserve power‘ and Wait

a time interval at least greater .than the interval calculated using Eq. 2 (Step 204).
b) Enable the wireless receiver 106 to receive the an external time reference anci
time stamp the local disciplined sample clock 110 (Step 206). Calculate the
Drift2 and associated environmental values (Step 208). The difference in time
between the time starrip of Step 206 and the theoretical time that the sample clock
should héve occurred is the Drift2 measure in Eq. 1. The difference between the
two time stamps is the interval 72-T1 of Eq. 1 from Which the frequency error

- may be calculated (Step 210). Calculate the average for the various
environmental values of the unit, such as temperature, voltage and tilt over the
measurement interval. Disable the wireless receiver 106 to conserve power.
Update the frequency compensation table 119 with the current time and the
average values of the environmental vanables (Step 212). Insure that the

frequency compensation process updates the operating frequency of the VCO

108.

c) Based on the Drift2 measurement, calculate the time length, i.e., the Drift
Correction Interval, required to eliminate this drift value if the frequency of the
VCO 108 was offsét by £1E-6 times the nominal frqueﬂcy of the VCO 108
(Step 214). Offset the frequency of the VCO 108 by the £1E-6 shift (Steﬁ 216)

‘and wait for the completion of the Drift Correction Interval (Step 218).
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d)

Enable the wireless receiver 106 to receive the an external time reference and
time stamp the local disciplined sample clock 110 (Step 222). Power down the
wireless receiver 106. The difference in time between the time stamp of Step 222
and the theoretical time that the sample clock should have occurred is the third
drift measurement. This third drift measurement value should be close to zero. In
Step 224, é determination is made whether the value is acceptable or whether the
drift correction process needs to be performed again. If outside of a £ 2 uSec
interval then the process needs to be performed again. A new Drift Correction
Inteﬁd should be calculated folloWing the steps of the probess and the £1E-6
frequency offset should continue to be applied. It should be noted that the

polarity of the offset may be different in those cases where the initial correction

applied overshot the intended drift correction.

Remove the £1E-6 drift correction frequency offset and continue to execute the

peﬁodic Frequency Compensation process (Step 226). "

[0054] The interval between drift corrections needs to be kept at a maximum in order to

‘'minimize the activation of the wireless receiver 106 and thereby minimize power

consumption. This interval is determined according to the process of Figure 7 by an adaptive

algorithm that calculates the average stability of the VCO 108 since the last drift correction

and also over the last 24 hours of operation. Thus, the last drift correction is identified in

- Step 300.

In Step 302, the wireless receiver 106 is enable to receive the an external time

reference. Whichever stability value is the largest will be used to predict when the VCO 108

will exceed a predetermined percentage of the maximum synchronization interval. In one

embodiment, the predetermined percentage is 70%. The next frequency compensation table
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119 update and drift correction cycle is then schedule to be performed at this time. However,
if the scheduled time falls into a time period during which access to the external time
reference is known to be degraded, the calibration process will be scheduled to occur at a
time prior to the calculated interval but outside of the known poor reception period. For
example if the time reference is the GPS system and the downloaded Almanac indicates that
no satellites would be available at the scheduled time X then the clock calibration process
would be scheduled at time Y when multiple satellites would be available and where time Y
is prior to time X.

[0055] Based on the foregoing, it will be appreciated that the method of the invention
minimiies powér consumption of autonomous seismic data acquisition units by only
intermittently utilizing a wireless receiver to access an external precision timing reference. It

will further be appreciated that the invention also addresses those instances where a wireless

signal is not available for establishing a precision time reference.
[0056] While certain features and embodiments of the invention have been described in

detail herein, it will be readily understood that the invention encompasses all modifications

and enhancements within the scope and spirit of the following claims.
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CLAIMS
1. An seismic data acquisition unit comprising:
a. A seismic sensor:;

b. A control processor on which the control process for a local time base is

implemented;

c. A sample clock used to initiate analog-to-digital conversion of the output Qf
said seismic Sensor:;

d. An environmental sensor in communication with the control processor and
capable of providing data concerning a local environmental condition; and

e. An ‘adj ustable timing signal device capaBle of producing an adj ustéble timing
signal to the clock, wherein said adj ustable timing signal device is configured

to be disciplined by the control processor utilizing data from the

environmental sensor.

2. The apparatus of claim 1, further comprising a frequency compensation table

containing time stamped oscillator frequency error measurements as a function of the

environmental condition data.

3. The apparatus of claim 1, wherein the environmental sensor is a temperature sensor.
4. The apparatus of claim 1, wherein the environmental sensor is a voltage sensor

capable of monitoring oscillator power supply voltage.
5. The apparatus of claim 1, wherein the environmental sensor is a tilt sensor.
6. The apparatus of claim 1, further comprising a wireless receiver interfaced with said

control processor, said receiver capable of being placed in a low power state when not

in operation;
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7. A method for building a frequency compensation table for use in timing

synchronization of a seismic data acquisition unit, said method comprising the steps
of:
a. providing a seismic data acquisition unit having a wireless receiver, a local
oscillator and a local sample clock;

b. wirelessly accessing an external time reference;

c. determining local oscillator frequency error by differencing external time
reference time stamps of a local A/D sample clock over a time interval chosen
to provide a given frequency accuracy fora variable time stamp uncertainty;
and

d. storing in a frequency compensation table on board said seismic data
acquisition unit a parameter structure comprising (i) measured frequency
error, (11) a time; reference determined from the external time reference, and

(ii1) a measured oscillator operating environmental condition, encountered

over the frequency measurement time interval.
8. The method of claim 7, wherein the measured oscillator operating environmental

condition is the average of a plurality of measured oscillator operating environmental

conditions taken over the measurement time interval.
9. The method of claim 7 wherein the step of storing further comprises the step of

measuring the average oscillator operating temperature over the measurement interval
and including the measured oscillator operating temperature in the frequency

compensation table.
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10. The method of claim 7 wherein the step of storing further comprises the step of

measuring the average oscillator operating voltage over the measurement interval and
including the measured oscillator operating voltage in the frequency compensation
- table.
11. The method of claim 7 wherein the step of storing further comprises the step of
measuring the average inclination of the seismic data acquisition unit over the

measurement interval and including the measured inclination in the frequency

compensation table.

12. The method of claim 7, further comprising the step of

a. Determining a current power supply operating voltage of the local oscillator;
b. Determining a stored power supply operating voltage corrésponding to the

current operating temperature stored in the memory; and

-¢. Aperiodically updating the frequency of the local oscillator based upon the

difference in the two determined values.
13. The Iﬁethod of claim 7, further comprising the step of
a. Detérminiﬁg a current operating temperature of the local oscillator;
b. Identifying an error correction value in locally stored data based on the

determined operating temperature; and

c. Aperiodically updating the frequency of the local oscillator based upon the

error correction value.

14. The method of claim 7, further comprising the step of -

a. Determining the current inclination of the seismic data acquisition unit;
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b. Determining a stored seismic data acquisition unit inclination corresponding
to the current operating temperature stored in thg memory; and

c. Aperiodically updating the frequency of the local oscillator based upon the
difference in the two determined values.

15. The method of claim 7, further comprising the steps of aperiodically updating the
frequency of the local oscillator when the elapsed time since the last measu-rement'is |
greater than the product of the short term average drift of the local oscillator
measured over the last calibration interval, and the elapsed time from the ptevious
frequency measurement.

16. The method of claim 7, further comprising the steps of aperiodically updating the
frequency of the local oscillator when the elapsed time since the last measurement 1s
greater than the product of the long term average drift of the local oscillator over the
last 24 hours, and the elapsed time from the previous frequency measurement.

17. An autdnombus seismic data acquisition unit comprising:

a. afully eﬁclosed, self-contained case having a wall defining at least one
internal compartment;

b. atleast one geophone rigidly fixed within said case, said geophone having at
least one electrical conneétion, wherein all electrical connections for said
rigidlf fixed geophone are contained within said case;

c. asample clock disposed within said case and capable of initiating analog to

digital conversion of data from the seismic sensor;
d. a power source disposed within said case;

e. a seismic data recorder disposed within said case;
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f.

a control prbcessor disposed within said case and on which the control process
for a local time base are implemented;

a wireless receiver disposed within said case and interfaced with said control
procéssor, said receiver capable of receiving a timing signal from an external
time reference and being placed in a low power state when said receiver is not
in operation;

an environmental sensor in communication with the control processor and
capable of providing data concerning a local measured condition; and

an adjustable timing signal device capable of producing an adjustable timiﬁg

signal to the clock, wherein said adjustable timing signal device is configured
to be disciplined by the control processor utilizing data from the

environmental sensor;

wherein the case comprises a first plate and a second plate joined together by

said wall defining the internal compartment.

18. The acquisition unit of Claim 17, wherein said case is tubular in shape.

19. The acquisition unit of Claims 1 and 17, wherein the adjustable timing signal device

is a voltage controlled oscillator.

20. A method for providing a stable timing signal for a seismic data acquisition unit, said

method éomprising the steps of:

a.

b.

generating a local timing signal for the seismic data acquisition unit;
providing a device capable of adjusting said local timing signal;
providing a first set of environmental characteristic data, including the time of

measurement for the device that produces the adjustable timing signal,
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wherein said first set of environmental characteristic data relates '
environmental chéracteristic data to the device timing errors;
d. measuring environmental parameters; and
e. using said first set of environmental characteristic data and measured |
environmental parameters to produce an adjustment for said local timing
-signal;
f. utiliziﬁg the device to adjust the local timing signal to correct for the timing
errors, thereby producing a stable timing signal.
21. The method of claim 20 wherein the timing signal is a periodoc voltage having a
nominal frequency.
22. The method of claim 20 further comprising the steps of monitoring environmental

parameters for changes therein and repeating steps (c)-(f) whenever changes in the

environmental parameters are detected.

23. The method of claim 20 wherein step (c) — (f) are repeated at regular predetermined

time intervals.

24. The method of claim 20 wherein the said environmental parameters are selected from
a group consisting of temperature, tilt and voltage.

25. The method of claim 20, further comprising the steps of:

a. providing a precision timing signal at the beginning and end of a first time

interval;
b. comparing the local timing signal with the said precision timing signal at the

beginning of said first time interval and determining a first timing error;
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C.

comparing the said stable timing signal with the said precision timing signal at

‘the end of said first time interval and determining a second timing error;

using the values of the said first and second timing errors, the said first time

interval, and the nominal frequency and calculating a first frequency

correction adjustment;

establishing a sccdnd time interval; )
using values for the said second timing error, the second timing interval, and
the nominal frequency and calculating a second ﬁ'equency’ correction
adjustment to reduce the timing error to a timing error differential at the end

of the second time interval;

applying the first and second frequency adjustments to the stable timing signal

at or near the beginning of the second time interval; and

removing the second frequency correction from the stable timing signal at the

end of said second time interval.

26. The method of claim 20, further comprising the steps of:

d.

b.

providing a local clock function derived from the stable tirﬁing signal;
pro_ﬁdi_ng an external master precision clock removed from the seismfc data
acquisition unit;

synchronizing the stable timing signal and said local clock function with the
external master precision clock at the beginning of a designated time iﬁtewal;
determining the time difference between the local clock function and the

master precision clock at the end of the designated time interval; and
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e. prorating the time difference over the designated time interval, using the
prorated time values to correct the time values for data acquired using the
stable timing signgl.

27. The method of claim 26, wherein recorded data values may be corrected using the
prorated time difference over the designated time interval by interpolating and
shifting the recorded data values to their corrected time

28. The method of claim 20, further comprising the step of determining a timing error
based on an external clock and each time the timing error is determined, updating the
first set of environmental characteristic data for the device by measuring the
environmental parameters and adding this information, along with the timing error
and measurement time information, to the first set of environmental chéracteristic
data for the device.

29. A method for providing a controlled frequency timing signal for a seismic data
acquisition unit, said method comprising the steps of:

a. providing a device having an adjustable frequency timiﬁg signal that is
initially set at a nomihal operating frequency;

b. providing é precision timing signal at the beginning of a given first time
interval;

c. comparing the adjustable frequency timing signal with the precision timing

~ signal at the beginning of the first time interval and determining a first timing

erTor,
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d. comparing the adjustable frequency timing signal with the precision timing

signal at the end of the first time interval and determining a second timing
error;
using the values of the first and second timing errors, the first time interval,

and the nominal frequency to calculate a first frequency correction

adjustment;

establishing a second time interval;

using values for the second timing error, the second timing interval, and the
norhinal frequency to calculate a second frequency correction adjustment
sufficient to reduce the timing error to a predetermined value at the end of the
second time interval;

applying the first and second frequency adjustments to the stable timing signal
at or near the beginning of the second time interval; and

removing the second frequency correction from the stable timing signal at the

end of the second time interval.

30. A method for providing a controlled frequency timing signal for a seismic data

acquisition unit, said method comprising the steps of:

a.

b.

generating a local fiming signal for the seismic data acquisition unit;
providing a device capable of adjusting said local timing signal;
providing a local wireless receiver capable of being configured to have a first

state in which the wireless receiver 1s dormant and a second state in which the

receiver is operating and capable of detecting an external precision timing

- signal;
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d. switching said receiver to its second state and detecting a precision timing
signal;

e. switching said receiver to its first state following detection of a precision
timing sigﬁal;

f. measuring a set of environmental data; and

g. utilizing the set of environmental data and the precision timing signal to cause
the device to adjust the local ﬁming signal.

31. An autonomous seismic data acquisition unit comprising:

a. a fully enclosed, self-contained case having a wall defining at least one
internal compartment;

b. at least one geophone rigidly fixed within said case, said geOphone having at
least one electrical connection, wherein all electriéal connections for said
rigidly fixed geophone are contained within said case;

c. asample clock disposed within said case and capable of initiating analog to
digital conversion of data from the seismic sensor;

d. apower source disposed within said case;

e. a seismic data recorder disposed within said case;

f. a control processor disposed within said case and on which the control process
for a local time base are implemented;

g. an environmental sensor in communication with the control processor and
capable of providing data concerning a local measured condition; and

h. an adjustable timing signal de\}ice capable of producing an ad; ustable timing

signal to the clock, wherein said adjustable timing signal device is configured
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to be disciplined by the control processor utilizing data from the
environmentai Sensor;
i. wherein the case comprises a first plate and a second plate joined together by
said wall defining the internal compartment.
32. The method of claim 20 wherein step (c) — (f) are repeated ét adaptive, aperiodic
intervals based on the stability of the oscillator.
33. A method for correcting drift in the local timing signal of an autonomous seismic data
acquisition unit, said method comprising the steps of:
a. Providing a precision timing signal from a source external to seismic’ data
acquisition unit;
b. Providing a local timing signal from a source internal to a seismic data
acquisition ﬁnit;
c. Calculating a timing signal drift utilizing the precision timing signal and the -
local timing signal,;
d. Offsetting the operating frequency of the local timing signal by a dnft
- correction frequency offset;

e. Adjusting the local timing signal based on the calculated timing signal dnft;

and

f. Removing the drift correction frequency offset.
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