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a b s t r a c t

This paper investigated the failure cause of phantom downlinks of a flow rate detection mechanism in a
rotary steerable system and developed a prevention algorithm. Downlinking is the process of controlling
a drilling tool from the surface by sending commands to downhole. Directional drillers send downlinks
to the rotary steerable system to adjust steering parameters to achieve the desired well plan. The
downlink demodulation of downhole tools is achieved through the measurement of flow rate and cor-
relation of waveform with predefined command models; downlink acceptance is based on the corre-
lation rate. One case study revealed that phantom downlinks were due to the variation of turbine
rotation speed, which was the result of alternator load changes. A prevention algorithm of conducting a
signal energy check was proposed and implemented. The algorithm can successfully prevent phantom
downlinks that are usually of low-level energy and only accept authentic downlinks. The work improved
the downlinking reliability of the rotary steerable system. This methodology can be further applied to
other downlink demodulation mechanisms using collar speed or pressure measurement.

© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Downlinking in the drilling industry refers to the process of
communicating from the surface or from drilling rigs to downhole
tools. These tools can be any number of devices, and “downlinking”
is typically used in reference to communication with intelligent
tools, i.e., Logging While Drilling (LWD) [1], Measurement While
Drilling (MWD) [2] and Rotary Steerable Systems (RSS) [3]. For
example, by using downlinks, downhole reamers can be activated
or de-activated [4], steering settings of RSS tools can be adjusted
[5], or the transmission frequency or telemetry frames of MWD
tools can be re-configured in real-time to avoid interference from
drilling motors [6]. The ability to communicate with smart

downhole tools from the surface gives drillers more flexibility in
designing and controlling bottom hole assembly (BHA).

The downlinking process can be performed by different drilling
variables controlled from the surface and received by the downhole
system, including pressure fluctuations via downhole pressure
transducers [7], the flow rate through downhole turbines [8], vi-
bration via downhole accelerometers [9], rotation speed through
rate gyro sensors or magnetometers [10] and electromagnetic
telemetry through the earth to downhole receiving antenna [11].
All of these downhole demodulation systems require a micropro-
cessor that is programmed to recognize the specific sequence
transmitted from the surface [6].

With the advent of digital oilfield, drilling automation and
remote drilling operation demand reliable downlinking modula-
tion and demodulation [12,13]. It has seen that different methods
were applied to improve the efficiency and accuracy of down-
linking modulation on the surface. For example, the different
automated downlinking system was utilized in the field [7] and
autonomous detection of downlink commands on the surface by
using artificial intelligence was tested in field application [14], as a
surveillance method for crews. For downhole tools, demodulation
of downlink commands can be interfered by noises seen by
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controllers that perform the command decoding process. One of
the demodulation failures is phantom downlinks, which refer to
commands that are not initiated on the surface but are executed
based on the flow change detected by downhole controllers.
Phantom downlinks can change the drilling configurations, such as
target direction or desired dogleg, of an RSS tool. If a phantom
downlink is not promptly detected by the surface crew, a harmful
situation could be created, in which the drilled wellbore deviates
significantly from the planned path/configuration. Even if detected
early, the phantom downlink still results in the use of non-
productive time (NPT) to send a corrective command to the tool.

This paper discusses the investigation into phantom downlinks
and the development of a prevention algorithm for a point-the-bit
rotary steerable system, which utilizes a mud-driven turbine for
power generation and flow rate detection.

2. Downlinking and detection algorithm

The downhole mud turbine alternator is the compound of a
hydraulic turbine shaft connected to an electric alternator for po-
wer generation. Mechanically, an electric alternator consists of a
rotating part and a stationary part: the rotor, the rotating part of an
electrical machine, and the stator, the stationary part of an elec-
trical machine that surrounds the rotor [15]. Downhole tools use
turbine-driven alternators to generate power for electronics and
actuators inside downhole tools. The turbines convert fluid kinetic
to rotational energy through the dynamic action of rotating blades,
as shown in Fig. 1. The turbine rotation speed reflects flow rate
changes of drilling fluid through the turbine and can be measured
by counting the zero-crossing points of the voltage generated by
the alternator.

As shown in Fig. 2, surface operators send desired commands in
a series of mud pulses, known as a downlink sequence, bymanually
changing the flow rate at driller pump control panels, or by auto-
matically modulating the flow rate using specially designed
equipment [5]. Downhole tools contain a turbine-driven alternator
that generates a voltage signal corresponding to the measured flow
rate. A controller in the downhole tool that is electronically con-
nected to the flow meter determines the downlink sequence sent
from the surface. The controller also correlates the detected signals
to their assigned commands and operates the tool in response to
the commands.

Each downlink command is composed of changes in flow rate,
which in turn affect the turbine rotation per minute (rpm) of the
RSS tools. Even though the surface sends the rectangular downlink
waveform, the shape of the received signal is rounded as it passes a
low-pass filter formed by wellbore geometry and mud circulation
properties.

For drilling strings with RSS, most downlinks are deployed for
RSS navigation to ensure the correct wellbore path. An RSS con-
trols the direction and inclination in which a wellbore is drilled
using a continuously rotating steering mechanism. The steering or
navigation direction of RSS depends on the settings used in the
tool electronics. When the parameters of a tool need to be
adjusted, the directional driller (DD) can send commands to it

through downlinking. The ability to send commands from an
operator to downhole drilling tools efficiently and reliably is of
great importance and can enhance the precision of the drilling
operation. RSS tools that deflect a portion of the drill string to
steer the bottom hole assembly (BHA) are typically more effective
when under tight control by a surface operator. The ability to
continuously adjust the projected direction of the well trajectory
by sending commands to a steering tool can enable an operator to
fine-tune the projected well path based on real-time surveys and
logging data.

In such applications, both the accuracy and timeliness of
command transmission are critical. For example, by sending a
steering command while the well is drilled, wellbore paths can
be created that follow a desired plan on the surface. Up to
several hundred downlink commands are available for drilling
configuration setup, downlink bit-period changes, and other
configuration adjustments. Each downlink lasts from several
minutes to tens of minutes. DDs use downlinks to steer RSS
according to the well plan; however, downlinking is a lengthy
process. Thus, the reliability of the downlink detection algorithm
is of significance.

Downlinking to RSS tools use different modulation schemes,
such as Amplitude Shift Key (ASK), Phase Shift Key (PSK) [16], Bi-
nary Frequency Shift Key (BFSK) and Binary Phase Shift Key (BPSK).
For example, for the BPSK scheme, the two different phase states
represent the two binary digits zero and one in the carrier signal;
q ¼ 0� is for binary one and q ¼ 180� for binary zero, as shown in
Fig. 3.

Fig. 1. Turbine driven alternator, power generation, and load.
Fig. 2. The downlink waveform detected at downhole tools.
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This paper studies RSS tools employing the BPSK downlink
scheme. One command is a BPSK rectangular waveform, as shown
in Fig. 4. The length of each command bit is 18 s. The change of
“high to low” represents the digit “0” while the change of “low to
high” represents the digit “1”.

The downlink demodulation process is shown in Fig. 5. Firstly,
the turbine speed signal is sampled every 2 s. The data samples are
then bandpass filtered; the bandpass filtering can be achieved on
the fly for each newly acquired data sample as soon as enough
samples have been obtained. Equation (1) can be used to compute
the filtered sample value:

TRpmf ¼
1
N

XN

i¼1

TRpmðiÞBandpassðiÞ (1)

where TRpm is the N-entry turbine rotation speed representing the
last N unfiltered samples, BandpassðiÞ is an N-entry bandpass filter,
and TRpmf is the filtered value.

This filtering process is straightforward to implement and re-
quires a minimal amount of processing power. The characteristics
of the bandpass filter are shown in Fig. 6. Bandpass filtering ensures
that the subsequent correlation is performed only around the car-
rier frequency band of the signal, with DC components and high-
frequency noise removed.

Afterward, the correlation between the two vectors is defined
as:

C¼ TRpmf :DLM
TRpmf :DLM

(2)

where TRpmf is the filtered turbine speed signal, and DLM is the
downlink model represented by data sequences stored in the
memory of the RSS tools.

Practically, for two-row vectors of TRpmf and a DLM of length N,
the correlation can be computed as:

C¼
PN

i¼1TRpmf ðiÞ:DLMðiÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�PN
i¼1TRpmf ðiÞ2

�
:
�PN

i¼1DLMðiÞ2
�r (3)

If the value of the correlation C is higher than a predefined
threshold value, which is usually between 70% and 85%, the cor-
responding command is accepted and executed by the RSS tools.

The downlink models can be obtained by applying the bandpass
filtering process of Eq. (1) to an idealized representation of the
downlink signal, e.g., the rectangular waveform in Fig. 4, to
generate downlink models. These models are stored in thememory
of the RSS tools.

The RSS tools have deployed the demodulation methodology
described above over the past five years, and the overall reliability
of downlink demodulation is high. However, the correlation
computation in Eq. (3) does not take the magnitude of the turbine
speed signal into account and only focuses on its similarity with the
changing patterns of downlink models. For example, in Fig. 7, two
downlink waveforms are shown; the turbine speed variation of the

Fig. 3. The BPSK modulation scheme.

Fig. 4. The waveform of a downlink command on the surface.

Fig. 5. The downlink demodulation block diagram.

Fig. 6. Characteristics of the bandpass filter.

Fig. 7. Two Downlinks and their correlation rates.
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first downlink is of 300 rpm amplitude while the second downlink
is of 800 rpm amplitude. Though the two downlinks are of signif-
icant amplitude difference, their correlation rates of 96% and 97%
are almost the same.

3. Phantom downlinks and failure causes

While running the RSS tools in downhole, field operation
observed reoccurring phantom downlinks accepted during drilling.
Several incidents in which RSS tools accepted downlinks not sent
from the surface have been reported by field locations running the
tools.

The alternator used for demodulating downlinks is also
responsible for generating the power used by electronic systems in
the tools. The power used by these systems is referred to as the
alternator load. The turbine speed of the alternator mainly depends
on its driving flow rate. During drilling, the flow of drilling fluid or
mud drives turbine rotation, with the flow rate positively corre-
lating with turbine speed. Moreover, the alternator load affects and
creates an inverse correlation with the turbine speed, as shown in
Eq. (4):

uturbine ¼ f1ðflowrateÞ � f2ðloadÞ (4)

where uturbine is turbine rotation speed, f1 is the function repre-
senting flow rate to turbine speed and f2 is the function repre-
senting alternator load to turbine speed.

When flow rates are constant, the notional relationship between
turbine speed and alternator load is {negatively correlated}, as
represented in Fig. 8. The turbine rotation speed varies when the
alternator load fluctuates because the alternators cannot respond
immediately to the actual load change. When the load increases,

the turbine rotation speed decreases; conversely, when the load
decreases, turbine rotation speed increases. In harsh drilling con-
ditions, the alternator load of RSS tools may vary significantly,
resulting in the fluctuation of turbine rotation speed.

Fig. 9 shows one incident of downhole phantom downlink while
drilling. The data is taken from the logging memory of the RSS tool
used in this job. The data were sampled at a 2-s interval with the
length of 1 h and 10 min.

The top plot shows the turbine speed curve; the region in the
red ellipse on the left shows the turbine speed waveform or the
phantom downlink, which resulted in a tool configuration change.
The bottom plot shows that the configurable parameter of “target
inclination” was changed from 85.7� to 86.3� by the phantom
downlink. This command was not sent from the surface. Therefore,
once surface crews observed the configuration change, a corrective
downlink was sent immediately. The red ellipse on the right in the
top plot encompasses a correction downlink sent from the surface
location to correct the configuration of the tool. The bottom plot
confirms that the “target inclination” was corrected to 85.5�.

Fig. 10 presents a detailed analysis of alternator load demand
and turbine rotation speed, as well as their frequency spectrum
during the phantom downlink.

The top plot shows motor torque demand, which represents the
alternator load. During drilling, the torque demand varied signifi-
cantly to achieve control; the upper-middle plot shows the motor
torque demand after the bandpass filtering; the middle plot shows
the curve of turbine speed.

The lower-middle plot shows the magnitude plots of the FFT
transformation of the filtered torque demand waveform, which
represents the alternator load, and the turbine speed waveform.
Alternator load and turbine speed have similar frequency compo-
nents. Therefore, the alternator load caused the changing pattern
on the turbine speed because flow rates were constant during the
time.

The bottom plot shows the magnitude values of the FFT trans-
formation of the turbine speed waveform and the downlink com-
mand model. These two signals are of high similarity in the
frequency domain. Therefore, the turbine speed variation pattern is
similar to or highly correlated with the downlink command.

Analysis of the plots shows that the alternator load affected the
turbine speed value, and turbine speed variation formed a similar
pattern with the downlink command. As a result, a phantom
downlink was detected and decoded without the notice of surface
crews.

4. Phantom downlink prevention algorithm

Eq. (4) and the above case study have established that the
amplitude of the phantom downlink is small compared to a good
downlink command; the amplitude of the turbine speed variation
of the phantom downlink is roughly 20 rpm, while the amplitude of
the turbine speed variation of the corrective downlink is over
600 rpm. Reviewing all reported cases of phantom downlinks re-
veals that the resulting amplitude of the turbine speed variation is
small and does not exceed 50 rpm. Downlinking guidelines of RSS
tools require that the flow rate change remains between 5% and
20% in comparison to the baseline value. For a nominal turbine
speed of 3000 rpm, 5% of flow rate change corresponds to a mini-
mum of 150 rpm variation, which is much higher than the ampli-
tude of the phantom downlink signal.

Therefore, energy checks are introduced to reject possible
phantom downlinks. Signal energy can be defined in the below
equation:

Fig. 8. The relationship between turbine rotation speed and alternator load.

Fig. 9. The Phantom downlink and the corrective downlink highlighted in the red
cycle.
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E¼
XN

k¼0

ðSigðkÞ �meanðSigðkÞÞÞ2
.
N (5)

where E is the signal energy, Sig is the waveform of interest, and N
is the length of the calculation window.

From the above equation, we can derive the energy of the
filtered turbine speed signal:

E¼
XN

k¼0

�
TRpmf ðkÞ �mean

�
TRpmf ðkÞ

��2.
N (6)

where E is the signal energy, TRpmf is the filtered turbine rotation
speed, and N is the length of the calculation windows.

As the signal TRpmf is bandpass filtered, the direct current (DC)
component has been removed. Therefore, Eq. (5) can be simplified
as follows:

E¼
XN

i¼1

TRpmf ðiÞ2
.
N (7)

The energy value of the TRpmf signal is always calculated while
computing the correlation rate in Eq. (3).

Fig. 10. Load demand, turbine rotation speed, and the frequency spectrum analysis.
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The threshold energy for a downlink signal is defined as below:

EThreshold ¼
�
TRpmbaseline � 5%

2

�2

÷2 (8)

where TRpmbaseline is the nominal turbine rotation speed during
drilling operation; 5% is the minimum change requirement of flow
rate for a downlink; and is calculated based on the sinusoidal signal
[17].

Based on the energy check, the acceptance of a downlink must
meet the following criteria:

EThreshold (9)

E> EThreshold

with the implementation of the phantom prevention algorithm, the
downlink demodulation process is optimized, as shown in Fig. 11.

Before the execution of the command, the energy check is con-
ducted. If the command energy is higher than the threshold value,
the received command is then executed; otherwise, the received
command is deemed as a phantom downlink and is rejected.

The energy check algorithm was employed on the previous
phantom downlink case to verify the prevention algorithm. From
Fig. 8, it is noted that TRpmbaseline is 4050 rpm. The threshold energy
can then be obtained using the previous equation.

EThreshold ¼ 5125 (10)

Data in Fig. 12 displays values as the energy check is run against
the previous phantom downlink case. The top plot is the turbine
speed measurement; the middle plot is the filtered turbine speed
after the bandpass filtering; the bottom plot is the calculated en-
ergy values.

For a command to be accepted, the energy must be higher than
the threshold value. Therefore, the phantom downlink shown can
be rejected by the energy check owing to the signal energy being
much lower than the threshold value. At the same time, the energy
check can ensure that the corrective downlink, whose energy ex-
ceeds the energy threshold, is accepted.

Downlink command energy is calculated while performing the
correlational computation. Therefore, this prevention algorithm
does not consume much extra processing time or power of
downhole controllers.

5. Discussions

During the investigation, it is found torsional stick-slip vibration
can also affect the turbine rotation speed and thus potentially cause
phantom downlinks. Stick-slip vibration is a torsional vibration
mode often encountered in drilling operations, which is charac-
terized by recurring significant changes in the rotational speed of

Fig. 11. The downlink demodulation block diagram with phantom prevention
algorithm.

Fig. 12. The downlink demodulation block diagram with phantom prevention algorithm.
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the drill bits or downhole drilling tools. For downlinking detection,
the flow rate is obtained by the measurement of voltage frequency,
which is the rotation speed between the alternator statormounting
on an RSS collar and the alternator rotor driven by the flow. During
stick-slip, the rotation speed of the alternator stator exhibits the
same variation pattern as RSS collar. Therefore, the stick-slip vi-
bration adversely affects the flow rate detection. However, no evi-
dence is established that stick-slip vibration caused any phantom
downlink in this analysis, even though it is likely.

As mentioned above, different downhole demodulation sys-
tems, such as those for pressure, flow rate, vibration, and collar
rotation, have been developed for drilling tools. All these downlink
systems could be affected by interference noise. For example, stick-
slips [18] during drilling could interfere with collar rotation
downlink detection, and drilling shock and vibration [19] could
interfere with vibration downlink detection. This noise could
potentially introduce phantom downlinks into these demodulation
systems. Though the investigation work and the prevention algo-
rithm introduced in this paper are related to the downlink decoding
through the utilization of drilling fluid flow rate through downhole
turbines, this methodology can be applied to other downlink
decoding mechanisms.

6. Conclusions

Downlinking is a critical process to send on-demand commands
from the surface to downhole tools, especially for RSS. Because rig
operation is always associated with high cost, downlinking failures,
such as phantom downlinks, can result in expensive NPT.

Reoccurring phantom downlinks on RSS tools were observed
during drilling field operations. An investigation has been con-
ducted to understand the failure cause of phantom downlinks. The
frequency spectrum of alternator turbine speed was analyzed by
using high-speed downhole data; it was found that the variation of
alternator load can cause fluctuation in its turbine speed. If turbine
speed fluctuation has a similar pattern with downlinks, phantom
downlinks will be created.

A prevention algorithm to prevent phantom downlink was
proposed and implemented by utilizing the principles of energy
checks. These checks do not introduce extra downhole processing
workload as signal energy is calculated during the correlation
process; the algorithm allows the prevention algorithm to reject
low-level phantom downlinks and ensure only true downlinks are
accepted.

In summary, the failure causes found in this work can aid
operation and design engineers in understanding the failure causes
of downlinking issues and guide design engineers in implementing
the prevention algorithm. Ultimately, this study can contribute to
enhancing the service delivery of the drilling process through the
improvement of downlinking in RSS tools. Moreover, the improved
downlinking detection algorithmwith a signal energy check can be
applied to other downlink decoding mechanisms.
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