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Abstract
Downhole wireless communication in the form of mud pulse telemetry enabled directional drilling over
the past 60 years and has been hugely successful. Technologies like Measurement While Drilling (MWD),
Logging While Drilling (LWD), and Geosteering would simply not exist without it. But in the Production
and Producing end of the business, applications for downhole wireless communication have been less clear,
especially where long distances and long-term monitoring are concerned. Several wireless technologies
are in use today for long-term production applications. Electromagnetic (EM), acoustic, and pressure
pulse telemetries are finding application as wireless production gauges, drill stem test tools, and drilling
alternatives to pressure pulse. But the large-scale vision of, "Breaking the Wire!" in production wells has
not yet occurred. Permanent Downhole Gauges (PDG) with an umbilical to surface are still the product of
choice for long-term production monitoring. A history of wireless approaches in production applications
will be given and the different methods used in the industry will be explained. A comparison and contrast of
wireless telemetry methods will be explored, explained, and evaluated. Advantages and disadvantages will
be listed for each approach. A ranking system will be employed to illustrate the evaluation results of the
different wireless telemetry methods. New variants for wireless telemetry, power supplies, and measurement
methods will be proposed. Preferred applications for each gauge type will be given. Downhole gauges can be
improved by integrating pressure pulse, a downhole power generator, and downhole flow rate measurement
into a single unit. The overall size can be ten times shorter than existing systems while still generating
a larger wireless signal. Such a system would make wireless downhole gauges much more practical and
should significantly increase their uptake in the industry. Real-time measurement of downhole pressure and
downhole flow rate transforms the accuracy and effectiveness of Pressure Transient Analysis (PTA). Better
reservoir understanding can be gained by using only drawdown tests, without shutting in the well. Smaller
tools are generally more cost effective.

Background
Production monitoring downhole wireless gauges are best compared to their cousin, the Permanent
Downhole Gauge (PDG). A PDG is attached to the tubing string of a completion and run to depth. The gauge
is powered and communicates via a ¼ inch (6.35 mm) electrical umbilical or Tubing Encased Conductor
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2 SPE-207466-MS

(TEC) run parallel with the tubing. The TEC exits the wellhead and terminates at a surface control unit
(SCU) at the wellsite. From that point, data can be relayed wherever the Operator prefers, usually to a
company database or Supervisory Control and Data Acquisition System (SCADA). PDGs are the standard
for production monitoring in the industry (Carpenter 2015; Enyekwe 2014), but they do have the drawback
of increased capital expense (CAPEX) and a system failure rate of approximately 10% after 10 years,
depending on downhole and surface conditions (author's personal experience). The failure rate of the gauges
themselves is generally 2-3% at five years (Chorneyko 2006), so downhole umbilicals, connectors, and
surface infrastructure problems generally comprise the remainder. Since a PDG system repair would involve
a full well workover, failed PDGs tend to remain unworking indefinitely or until a greater purpose for the
workover is encountered. While the loss of monitoring information is regretted by Production and Reservoir
engineers, it does not justify a well workover on its own. One solution is a retrofit wireless gauge run
inside the production tubing, employed when and where needed. It can replace the function of a failed PDG
or provide new production monitoring in an older well that never contained a PDG. Operational Expense
(OPEX) can be utilized for these systems. If performance, price, and reliability of retrofit wireless gauges
were to improve further, they would acquire a part of the existing PDG market and "break the wire."

Existing Wireless Systems
Wireless gauges are divided into two main configurations: tubing-conveyed and retrofit. Tubing-conveyed
wireless gauges must be run and retrieved from the well with a rig. These wireless systems are used sparingly
since they are battery powered and have limited lifetimes of 1 to 7 years, depending on the well temperature
(Metrol 2021b). Tubing-conveyed wireless can also be used in a hybrid approach to "connect" a lower
completion wireless gauge to an upper completion transmitter / receiver wired with TEC to the surface.
Here the wireless connection is shorter and would generally be called "short hop" or "medium hop" since
the wireless signal does not have to be transmitted all the way to the surface (long hop). Once the batteries
are depleted, the tubing-conveyed wireless gauge is inoperative, like a failed PDG. More recently, inductive
couplers have been deployed to reliably connect upper and lower completion umbilicals and give PDG-
style performance for the life of the well (Bouldin 2017).

Retrofit wireless gauges run inside the tubing can be secured by a selection of mechanical tools such
as a gauge carrier, nipple-less plug, or a lock mandrel inserted in a nipple. Retrofit wireless gauges offer
a lot of flexibility; they can be retrieved at any time and their battery power supply is better suited for a
shorter-term installation.

Downhole wireless telemetry can be grouped in two technology categories: electromagnetic (EM) and
Sonic. Movement of EM waves in air or vacuum is more fundamentally a form of radiant energy, typically
called electromagnetic radiation. For downhole applications however, the EM telemetry technology is more
analogous to electric conduction, where a modulated electric charge signal is conducted from one location
to another via a conductive medium, typically the tubing, formation, or a combination of both. Sonic, or
pressure waves, is more fundamentally a form of mechanical energy transferred in an elastic medium like
gases, liquids, solids, or a combination. Sonic telemetry can be further broken down into acoustic telemetry
and pressure pulse telemetry, where the main differentiator is the frequency and modulation scheme.

Wireless Telemetry in General
In order to transfer a signal from one location to another, it is vital to have received signal, S power higher
than the noise levels in the surrounding environment, this is often denoted as Signal to Noise Ratio (SNR).
On the logarithmic scale, SNR is the sum of signal power, S in decibels subtracted by the noise level, N
in decibels (dB).

(1)
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For the receiver of any telemetry system to be able to receive and demodulate a signal S, the SNR must
be positive, and S higher than the receiver sensitivity, Si.

(2)

(3)

As noise levels of the environment is often hard to improve or mitigate, the transmitted signal power is
an important parameter of the telemetry system. The transmitted signal, St will always attenuate from the
transmitter on its way to the receiver.

(4)

The total attenuation for a telemetry system can be estimated; however complex equations and
consideration must be made to calculate the attenuation coefficient(s) which depends on the transmission
environment and telemetry type. Total attenuation or Atotal can be viewed as a simplified relation between
the attenuation coefficient α, distance d, and signal frequency f:

(5)

As seen from the above simplified relation, total attenuation is proportional to the distance and the signal
frequency. Thus, if a finite amount of signal power is available at the transmitter side, one can lower the
signal frequency or reduce the distance to increase signal power at the receiver. The transmission signal
frequency also affects the quantity of information transmitted per unit time, often referred to as bandwidth,
or the bit rate in bits/sec. The higher the bit rate, the faster data packages can be transmitted.

Electromagnetic Telemetry
Electromagnetic fields are simultaneously composed of electric fields and magnetic fields as different
manifestations of the same phenomenon (Wikipedia 2012).

Figure 1—Electromagnetic Waves (PEDIAA 2016)

EM waves can be divided into many useful categories based on frequency. See Table 1 below for a more
complete description of the electromagnetic spectrum.
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4 SPE-207466-MS

Table 1—List of electromagnetic frequencies, wavelengths, and their applications

Electromagnetic telemetry for downhole applications uses Extremely Low Frequency waves or ELF
for several reasons: unguided wave, long transmission distance, and conductive and heterogeneous media.
All these factors contribute to the total attenuation; therefore the frequency is reduced as low as possible,
typically 0.1 to 20 Hz, and distance limited to 500 to 3000 meters. When greater distances must be covered,
multiple EM devices can be used at regular intervals to receive and retransmit the signals. These additional
devices are called repeaters and increase cost and complexity and reduce reliability of the system. A typical
EM wireless telemetry system is illustrated below in Fig. 2.
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Figure 2—Example of electromagnetic telemetry in a well (Zeng 2017).

A big advantage of EM telemetry is that it can travel in the formation and even better in wellbore tubulars.
The signal is normally received by measuring the time varying current, magnetic, or electric fields between
the surface portion of the tubing and a grounding rod (earth antenna) placed in the ground away from the
wellhead.

Sonic Telemetry
Sonic signals, or pressure waves, are a form of mechanical energy transferred in an elastic medium like
gases, liquids, solids, or a combination from a transmitter to a receiver. Sonic telemetry is often called
acoustic telemetry or pressure pulse telemetry, where the main differentiators are frequency range and
modulation scheme. Acoustic telemetry can be viewed as a continuous wave transmission (sine waves),
while pressure pulse is either discrete pulse signals transmitted at pre-determined intervals, or as a sine
wave. An illustration of mechanical waves is shown below in Fig. 3.

Figure 3—Longitudinal waves in a spring are a good analogy for
compressional acoustic waves in the tubing string of a well (Boundless 2021)

There are several categories of sound waves based on frequency, see Table 2 for a more complete
description of the sound spectrum.
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Table 2—List of sound frequencies, wavelengths, and their applications

Acoustic telemetry in pipes is a popular form of wireless telemetry used today in production applications,
though most of the tools are used for Drill Stem Testing, or DST which is considered a drilling application.
Acoustics is a very flexible option since many repeaters can be used to reach very deep depths and data rates
are relatively fast. Telemetry "hops" between repeaters varies from 500 to 1500 meters (Hunter 2017; Tubel
2005; Tubel 2021). Some manufacturers even double up repeaters to increase telemetry reliability through
redundancy; no one tool failure can cause a system failure. Signal attenuation is lower in unconstrained
tubulars like drill pipe or production tubing. Constrained tubulars like cemented casing, packers, and
wellheads increases attenuation significantly. The signal is received by attaching an acoustic receiver sensor
directly to the wellhead. This can be very advantageous since there is no need for surface modifications;
often the acoustic receiver sensor is attached by a magnet to the wellhead. An example of a wireless acoustic
telemetry system is shown below in Fig. 4.

Figure 4—Acoustic telemetry in wellbore tubulars with repeaters (Gooneratne 2019)

Mud pulse telemetry is by far the most widely used wireless telemetry in the oil patch. See Fig. 5 below.
Since mud is pumped into the well continuously, a downhole pulser can either restrict (positive pulse) or
bypass (negative pulse) the flow to create pressure waves reflecting upward against the direction of the
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fluid flow and read at the surface with a high-speed pressure transducer. If the pulser is a valve type, the
pressure signature will resemble a square wave. If a rotating siren pulser is used, the signature will resemble
a sine wave. A significant advantage of mud pulse telemetry is that no repeaters are needed and transmission
lengths of 30,000+ feet are common with data rates of 10 bit/sec and more (Emmerich 2016). The main
contributors for achieving this level of performance is a combination of high transmitted signal strength,
high amplitude of the pressure waves, and low attenuation in the signal path. The low attenuation is a result
of a lossless (in mass) fluid circulating system, low pressure loss in tubing (low hydraulic energy loss) and a
single-phase continuous fluid. The high level of signal strength is because the energy source is not a part of
the downhole tool itself; it simply converts the hydraulic power in the circulated mud into pressure waves
by operating a flow control device. This is not the case with traditional EM and Sonic telemetry tools for
production applications where the all the signal power must be generated from a self-contained battery pack.

Figure 5—Pressure waves in fluids for MWD/LWD system (Malekizadeh 2021)

It is interesting that the great success of mud pulse telemetry for drilling applications has not found similar
success in production monitoring applications. There are many positives with pressure waves generated by
hydraulic energy, such as high signal strength, no repeaters, and long transmission distances. The pressure
wave would travel with the fluid direction. The main disadvantage for a production monitoring application
is data cannot be transmitted when the well is shut in. Also in mud pulse telemetry drilling applications, the
fluid stream is single phase while in production applications, the fluid stream can be multiphase. Specifically,
the presence of gas in the fluid introduces significant noise, reflections, and losses that severely attenuate
the signal.

All telemetry systems must have a positive Signal to Noise Ratio, or SNR (in Decibels or [dB]) to transmit
across a channel (Eq. 1). Transmitted signals can be received in the presence of significant noise, it is
simply a matter of higher signal transmission power and lower frequency to reduce the total attenuation. The
PulseEight Fluid Harmonics System (Tendeka 2021) was the first to demonstrate a production application of
pressure pulses created downhole with a valve that could transmit up the tubing string and be read at surface
with a standard wellhead pressure transducer. The pulse created is very low frequency, on the order of 0.001
- 0.100 Hz which reduces the total attenuation (Eq. 5) and has a high pressure amplitude which gives high
signal strength and the ability to be read under very noisy conditions. Successful wireless transmission has
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8 SPE-207466-MS

been demonstrated both in high Gas Oil Ratio (GOR) wells and gas wells with slug flow and high levels of
pressure/noise variations at the surface (Naldrett 2012; Green 2014).

If a significantly higher sensitivity pressure transducer were used to measure the signal at the surface,
increasing the receiver sensitivity, significantly higher frequencies could be used while maintaining the
same level of SNR for reliable telemetry (Eq 1; Eq3; Eq5). The Wimo™ Wireless Monitoring Downhole
Gauge (Wireless Instrumentation Systems 2021) combines the benefits of pulser a siren used in MWD and a
battery pack used in traditional wireless telemetry tools by combining into a single turbine electric-generator
making a very space efficient design. The turbine-generator also serves as a mass flow rate meter, further
increasing the utility of the instrument for Pressure Transient Analysis (PTA).

Pressure Transient Analysis Without Shut-Ins
If accurate pressure and flow rate are measured downhole, then shut-ins are no longer needed to
achieve accurate reservoir characterization (Camilleri 2021). "Fracture conductivity, half-length, mobility,
permeability, skin, drainage area, depletion, and reservoir pressures, including in multizone wells, are all
interpretable from ESP-enabled high-frequency downhole rate and pressure data. Utilizing the drawdown
while producing allows the engineer to extract this information without interrupting production, simplifying
time-lapse reservoir evaluation, even in slugging wellbore environments." If a wireless downhole gauge
also measured real-time flow rate, it would expand the product capability for PTA and RTA analysis.

Other Possible Downhole Telemetry Types
Many have studied the field of wireless technology and made suggestions about existing or alternative
technologies to fill the gap (Arsalan 2014). There are several more basic types of energy (Wikipedia 2016)
and other wireless telemetry capabilities have been proposed or built using them:

• Chemical telemetry (Pelletier 2021) proposed using chemical tracers released downhole and
continuously measured at the surface as a form of digital telemetry. Several tracers could be
released at once using independent timings, then detected and decoded at the surface. Such a
system would have analogies to EM telemetry where many frequencies can be simultaneously
communicated over a single channel.

• Thermal telemetry can be used as a form of downhole wireless communication. When a well is shut-
in, the well fluid approaches the gradient temperature of the formation. When the well is flowed, a
thermal transient can be read either on DTS or a PDG and interpreted for information about flow
rate and fluid type. This method becomes less effective after longer flow periods because the near
wellbore heats up and no longer reflects the gradient temperature of the reservoir. An improved
version of thermal telemetry called HIPlog (WellStarter 2021) uses an autonomous heat source to
create a thermal pulse and the flowing temperature profile is read with a PDG or other measurement
device in the well or at the surface (Nyhavn 2020).

• Nuclear telemetry could be implemented like chemical telemetry described above, but even low
order radioactive particles released freely in a flowing fluid would not be acceptable due to health,
safety, and environment (HSE) issues.

Ranking of Wireless Production Downhole Gauge Types
When ranking multiple systems, it is best to employ a decision matrix so that all gauge types, criteria,
rankings, and results can be illustrated on a single page. Many times, when multiple weightings are applied
to criteria and rank, bias is "baked in" before the analysis has even begun. The Pugh Decision Matrix (Pugh
1981) in Table 3 below is a good method to evaluate many alternative solutions while trying to minimize
bias. One concept is chosen as the baseline (Column A) and the remaining concepts are ranked per each
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SPE-207466-MS 9

criterion as Better (+), Same (S), or Worse (−) compared to the baseline concept. This minimal weighting
method seeks to defer any bias to the end of the evaluation.

Table 3—Pugh Decision Matrix of Wireless Production Downhole Gauge Types

The Pugh matrix can be performed more than once by choosing a different concept for the baseline. A
good baseline concept usually falls toward the middle of the group as it best illustrates a better or worse
concept.

Notice that several concepts are listed with NOGO in the evaluation. These are related concepts but
contain at least one criterion that is so negative, it disqualifies the entire concept. This was done on purpose
in the evaluation to include most forms of well data gathering methods, even if they do not actually qualify as
a "downhole wireless gauge." Columns B, C, and D are NOGO because they are not downhole, replaceable,
or real time, respectively.

Once all the criteria are written and the evaluations made, the plusses and minuses are tallied and
compared. The best overall concept will usually have the least minuses. In this evaluation, the pressure
wave concepts (Columns F and G) scored the fewest minuses at three each. This was for their inability to
transmit data during a shut-in and inability to operate below a well plug. The EM and acoustic concepts
really shine for these two criteria.
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10 SPE-207466-MS

The next exercise in the Pugh matrix is to compare the severity of the minuses for each concept. This is
the point where bias or weighting is admitted into the study. If the goal for a pressure pulse gauge were to
shut-in the well for a Pressure Transient Analysis, both systems can record shut-in pressure buildup data and
transmit it to the surface once flow resumes. This would be judged a "little minus." Conversely, inability to
operate in openhole or the need for multiple repeaters for an acoustic gauge (Column E) could be judged a
"big minus." If the application was real time monitoring below a plug, then the pressure wave gauge rankings
would be changed to a "big minus." Finally, the turbine used in the pressure frequency gauge (Column
G) can be a big minus in certain environments where heavy oil, asphaltines, or paraffins are present and
environments must be selected more carefully for this option. So, judgement is ultimately dependent on the
application and the Pugh method holds up well under this type of scrutiny.

Manufacturers of Wireless Gauges
A list of wireless gauges for production monitoring applications is compiled below in Table 4. While this list
is comprehensive, it is not exhaustive and there are several other groups working with downhole wireless
telemetry. This list was reserved for developers and manufacturers that had published information on their
websites for the purpose of public consumption. Others not listed made public announcements but gave no
detailed information of their systems. The Gauge Type below corresponds to Column A to G in the Pugh
Decision Matrix in Table 3.

Table 4—Wireless Gauge Model and Manufacturer by Type of Gauge

Applications
Applications for different types of wireless telemetry are listed below in Table 5:
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Table 5—Wireless Gauge Applications by Type of Gauge

Electromagnetics (EM) telemetry with a battery pack (Column A) is versatile and shines in Plug and
Abandon (P&A) monitoring and Drill Stem Testing (DST) applications. P&A monitoring is particularly
good because the wireless signals can communicate in the formation around a plug without the need for
a tubular conduit or fluid flow. DST communication signal is strong with repeaters but not as fast as
acoustic solutions. EM has been used for MWD/LWD and would cover well for safety valves and intelligent
completion applications. As the need for CO2 storage and sequestration increases, EM use will rise as the
primary solution for long-term P&A monitoring.

Acoustic telemetry with a battery pack (Column E) particularly shines in DST because the signal strength
is strong with several repeaters and telemetry speed is relatively fast. More recently, dry tree production
monitoring applications have seen traction. Acoustic has been used sparingly in subsea applications and
would work reasonably well in safety valve and intelligent completions applications.

Pressure pulse telemetry with battery pack (Column F) has been used in MWD, and later LWD
applications since the 1970s. In 2018 the telemetry became commercial for production monitoring and PDG
replacement applications and has seen significant traction recently (Green 2018). Future applications in
safety valves and intelligent completions are likely.

Pressure frequency telemetry with turbine-generator (Column G) has been sparingly used in LWD starting
around 2000. The turbine-generator is smaller than a battery pack and requires replacement less often. Since
drilling applications are rather short, a battery issue here would be largely Load Current rather than Self-
Discharge, which is discussed in more detail in the next section. A new downhole gauge system has been
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12 SPE-207466-MS

developed using this telemetry method and is beginning commercial applications as this paper is being
written. The turbine-generator is applied not only as an active power generator source (battery replacement),
but also as a telemetry means and a mass flow meter. Applications look promising for PDG replacement
and production monitoring, particularly in PTA/RTA analysis where downhole flow measurement makes
a big difference. A very small battery is included to record pressures when wells are shut-in. Data can be
transmitted to the surface once fluid flow resumes. Since a battery pack is not the capacity limitation for
this concept, it would be the best one for high temperature, long duration applications.

The Downhole Battery Paradox
There are two basic types of batteries: primary cells (non-rechargeable) and secondary cells (rechargeable).
While much development has occurred in rechargeable battery and capacitor technology over the last 20
years, there is no commercially available rechargeable or super capacitor system that works long-term at
typical downhole temperatures. Water-based electrolytes begin outgassing above 85°C (185°F) dramatically
reducing the battery capacity and lifetime. Most rechargeable batteries cannot sustain a 25% discharge per
day at 125°C (257°F) for more than 2 to 3 months. Thermal batteries containing molten salt electrolyte are
rechargeable, can sustain very high temperatures, but are inoperative below 250°C (482°F) since the salt
becomes a solid. This "gap" in secondary battery technology means that only primary batteries can be used
for most downhole applications. Battery Lifetime can be generally described by Eq. 6 below:

(6)

Eq. 6 illustrates that in short-term, room temperature applications where Self-Discharge is minimal and
Load Current is the primary factor that determines Battery Lifetime. But in long-term, high temperature
applications, self-discharge becomes the primary factor that determines battery lifetime. In Fig. 6 below, one
manufacturer details their downhole gauge's useful life as function of time. When manufacturers illustrate
maximum useful life at temperature, the actual use is very minimal (perhaps one data set per day) so Load
Current is minimal. Fig. 6 mostly represents self-discharge capacity as a function of temperature. Even with
high temperature primary lithium cells, the useful life at 150°C (302°F) is approximately 12 months. So,
battery capacity could be doubled but the useful lifetime would remain about the same.

Figure 6—Battery Powered Acoustic Gauge Lifetime vs. Temperature (Data published by Metrol Paragon 2021b)

Clearly the downhole battery paradox needs to be addressed. Downhole power generation is very
promising and many concepts have been reviewed to harvest energy from the produced fluids. There are
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two basic types of downhole generators: 1) passive generators collect small amounts of power without
interfacing the fluid flow, and 2) active generators collect large amounts of power but come into direct
contact with the fluid flow (Noui-Mehidi 2019; Arsalan 2018; Ahmad 2015). Passive power generators do
not produce sufficient current to real-time power a wireless signal generator. A rechargeable battery would
be needed to store the energy in between the transmission periods. Considerable research has gone into the
development of a downhole, high temperature, rechargeable battery in the last 15 years, but no practical
solution has been commercially produced (Fripp 2008; Wright 2018). An active power generator, such as
a turbine-generator combination would provide sufficient current to real-time power a wireless telemetry
system without the need for a rechargeable battery. The only system on the market to utilize this capability
is illustrated in Column G in Tables 3 and 4. The battery paradox is the main reason why wireless gauges
have not taken over the market position of wired Permanent Downhole Gauges. More research on elevated
temperature, rechargeable batteries is needed to before this gap can be filled and wireless gauges can eclipse
current wired solutions.

Conclusions
Wireless technologies continue to expand capabilities and are becoming more mainstream in the oil industry,
but they have not, "broken the wire" and become more popular than umbilical-controlled Permanent
Downhole Gauges. The following general points can be made:

• Tubing-conveyed wireless tools have become less popular because primary cell (non-rechargeable)
battery performance limits lifetime to 1-6 years depending on temperature, which is too short for
most rig-installed completion lifetimes.

• Through-tubing retrofit wireless gauges have increased in popularity for surface and platform
wellheads because they can be retrieved and replaced more frequently.

• Current technology secondary cell (rechargeable) batteries only perform below 85°C and above
250°C, which is incompatible with most oilfield environments. Even though significant research
on high temperature rechargeable batteries has been conducted over the last fifteen years, clearly
much more is needed.

• Turbine-generators can minimize the need for primary batteries and can operate successfully at
higher temperatures. But turbines are susceptible to wellbore solids and fouling materials and
should be implemented carefully with respect to the wellbore environment.
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Abbreviations
AM Amplitude Modification

CAPEX Capital Expense
dB Decibels

Diag Diagnostic
DH Downhole

DST Drill Stem Test
DTS Distributed Temperature Sensing
EHF Extremely High Frequency
ELF Extremely Low Frequency
EM Electromagnetic
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FM Frequency Modulation
GOR Gas Oil Ratio (SCF Gas / Bbl Oil)

HF High Frequency
HES Health, Safety, and Environment

Hz Hertz or Frequency in Cycles per Second
IR Infrared
LF Low Frequency

LWD Logging While Drilling
MF Medium Frequency

MWD Measurement While Drilling
NDT Nondestructive Testing

NOGO Short for "No entry" or a dead end option
OPEX Operational Expense

P&A Plug and Abandon
PDG Permanent Downhole Gauge
PFT Pressure Frequency Telemetry
PPT Pressure Pulse Telemetry
PTA Pressure Transient Analysis
RTA Rate Transient Analysis
SCF Standard Cubic Feet (gas)

SCADA Supervisory Control and Data Acquisition System
SCU Surface Control Unit
SHF Super High Frequency
SNR Signal to Noise Ratio or S/N
TEC Tubing Encased Conductor

Turb+Gen Turbine-Generator
UHF Ultra High Frequency

UV Ultraviolet
VF Voice Frequency

VHF Very High Frequency
VL Visible Light

VLF Very Low Frequency
WiFi Wireless Fidelity

Units

Abbreviation Name Scientific Notation

zm Zeptometer 10−21

am Attometer 10−18

pm Picometer 10−12

nm Nanometer 10−9

μm Micrometer 10−6

mm Millimeter 10−3

m Meter 1

Hz Hertz 1

KHz Kilohertz 103
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Abbreviation Name Scientific Notation

Km Kilometer 103

MHz Megahertz 106

Mm Megameter 106

GHz Gigahertz 109

THz Terahertz 1012

PHz Petahertz 1015

EHz Exahertz 1018

ZHz Zettahertz 1021

YHz Yottahertz 1024
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