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Introduction

Purpose and scope

This manual gives a basic and simplified theoretical background to the measurement principles of
Acoustic Doppler Current Profilers with focus on the Aanderaa Doppler Current Profiling Sensor (DCPS
5400/5402/5403).

This manual gives a basic and simplified theoretical background to the measurement of waves using a
SeaGuardll DCP Wave.
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CHAPTER 1 The Doppler principle

This chapter gives a basic description of the Doppler principle and how it could be used to measure
relative radial velocity between different objects.

1.1 The Doppler Effect

Acoustic Doppler Current Profilers measure water velocity using a principle of physics discovered by
Christian Johann Doppler (1842). The Doppler effect relates to the change in frequency for an observer
moving relative to a source of sound or light. Doppler first stated his principle in the article, ‘Concerning
the colored light of double stars and some other constellations in the heavens'.

In daily life a common example of the Acoustic Doppler effect or Doppler shift is the siren of an
ambulance as it approaches, passes and recedes from an observer. Compared to the emitted frequency,
the received frequency is higher during the approach, identical at the instant of passing by, and lower
during recession. When the source of the waves is moving towards the observer, each successive wave
crest is emitted from a position closer to the observer than the previous wave. Therefore, each wave
takes slightly less time to reach the observer than the previous wave. Hence, the time between the
arrivals of successive wave crests at the observer is reduced, causing an increase in the frequency
(compressed sound waves). Conversely, if the source of waves is moving away from the observer, each
wave is emitted from a position farther from the observer than the previous wave, so the arrival time
between successive waves is increased, reducing the frequency. The distance between successive
wave fronts is then increased (stretched out sound waves). The total Doppler effect result therefore from
motion of the source and motion of the observer.

The relationship between the source frequency, fsand the Doppler shifted frequency, fp, can be given
by:

Where c is the speed of sound, v, is the velocity of the observer and vsis the velocity of the source.

In terms of the corresponding periods Eq. 1-1 becomes:

c—v, f
TD:T{ ]:T; > Eq. 1-2
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1.2 Doppler shifts using acoustic scatterers

A Doppler current profiler applies the Doppler principle by acting both as source and receiver while
bouncing short pulses of acoustic energy off particles/scatterers (e.g. clay, silt, bubbles, phytoplankton,
zooplankton) that are always present in natural waters. The scatterers are floating in the water and are
assumed to move with the same horizontal and vertical speed as the water. The scatterers will reflect the
transmitted sound energy back in all directions and a small amount of the reflected signal is Doppler
shifted towards the receiver. Because the instrument both transmits and receives sound pulse, the
Doppler shift is doubled (once on the way to the scatterers and a second time on the way back after
reflection). Assuming that the velocity of the particles (vo) and the instrument/source (vs) are much slower

than the speed of sound (v, << ¢ andv, << c¢), the resulting equation for the Doppler shift becomes:

¥
Af =2f; 70 Eq. 1-3

Example:
With a 600 kHz transmitted sound frequency, 1500m/s speed of sound and scatterers moving at 1 cm/s,
the Doppler shift is:

0.01 m/s
Af =2.600kHz 201 S _e i
4 “1500 m/s “ Fa 14

But what we explained so far only works when sound sources and receivers get closer to or further from
one another.

1.3 Decomposition of Doppler shift / radial motion

If we come back to the ambulance approaching the observer directly, the pitch would remain constant
until the vehicle hit him, and then immediately jump to a new lower pitch. Because the vehicle passes by
the observer, the radial velocity does not remain constant, but instead varies as a function of the angle
between his line of sight and the ambulance's velocity.

In the Figure 1-1 a transmitter transmits a signal towards a reflector (scatterer). In the first figure the
reflector is stationary. The circles around it indicates the wavelength of the returned signal in all
directions; for a stationary target the wavelength of reflected signal will be the same in all directions and
it will have the same frequency as transmitted, and no Doppler shift regardless of the angle.
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Positive Doppler shi Doppler

Figure 1-1: Doppler shift from a stationary and moving target

For a moving reflector as in the second figure, the wavelength/frequency of the reflected signal will differ
depending on the position of the receiver. The Doppler shift will depend on both the target speed and the
angle 8 between the direction of the moving target, and the direction from the target to the transmitter.
We assume that the source is stationary. For angles 8 <90° the Doppler shift is positive and for angles 6
>90°, the Doppler shift is negative. At 6 =90° there is no Doppler shift. The angular motion changes the
direction between the source and the receiver but not the distance separating them.

The derived Doppler shift as function of speed and direction can be then expressed as:

fa=f( %) cos(6)

Eq. 1-5
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CHAPTER 2 Narrowband / Broadband - principles of operation

2.1 Geometry and features of the Aanderaa DCPS

The Aanderaa Doppler Current Profiling Sensor (DCPS) has four transducers acting both as transmitters
and receivers. All four transducers transmit acoustic pulses simultaneously at approximately 600kHz.
The transducers are oriented 90° in azimuth from each other and with a 25° angle to the vertical.

They are incorporated into a cylindrical shaped housing that contains all the necessary electronics
offering an independently working sensor. It includes a three axis solid state compass able to obtain the
current direction independently of the sensor orientation and to constantly measure and compensate the
measurements for tilt. A high quality temperature sensor can be included and a powerfull microprocessor
(capable of 150 million multiplications each second) is calculating to produce results for real time output
or storage to a logger e.g. SeaGuardll.

Figure 2-1: The Doppler Current Profiler Sensor 5400.

The configuration of tranducers on the DCPS is the so-called ‘Janus’ configuration, named after the
Roman God, Janus, who could simultaneously look forward and backward. The configuration is
particularly good for rejecting errors in horizontal velocity caused by instrument tilting since the two
opposing beams allow vertical velocity components to cancel out when computing horizontal velocity.
Also instrument tilting, pitch and roll cause velocity errors proportional to the sine of the pitch and roll.
The four beams allow for calculation of two horizontal velocities with positive doppler shift (moving
towards instrument) and two with negative (moving away) and four beams with vertical velocities. The
direction of the vertical current is defined as positive when moving upwards.

Actually, horizontal current speed and direction can be calculated with just three beams. The fourth
beam is redundant but in the DCPS it allows for an evaluation of whether the assumption of horizontal
homogeneity (as described in chapter 3.1) is reasonable, comparing the four vertical velocity
estimates.
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Utilizing four beams also makes it possible to calculate four different three-beam solutions by omitting
one of the transducers. This can be useful in the case when for example one of the beams are receiving
erroneous data caused by objects like mooring lines and floats that are not moving with the water flow.
The DCPS has this ability built in (refer chapter 4.1). It gives enhanced possibilities to understand the
prevailing conditions and obtain high quality data.

The DCPS has two user selectable modes to measure currents; narrowband or broadband.

2.2 Narrowband Doppler Processing

The narrowband processing consists of measuring the frequency Doppler shift in order to calculate the
current velocity and direction at different distance from the sensor. So far, we described the Doppler
effect observer by one scatterer. When the transmitted signal is reflected from a number of scatterer
distributed in the water volume, each of the scatterer will return an exact copy of the transmitted signal
with modified amplitude and phase (refer Figure 2-2). The phase of the signal will vary with the
distance between the scatterer and the instrument and the amplitude of the reflected signal depends on
the acoustic impedance of the scatterer, the size of the scatterer and the distance. Due to the random
distribution of the scatterers both amplitude and phase will be more or less random. At the receiver all
contributions of the distributed scatterers will be summed into a single signal. This summed signal will
reflect the average Doppler shifted signal for this cell.

NN, €——m— 0 P o e —— (X TS A S

Figure 2-2: Reflection from a single reflector and cell containing a large number of scatterers

The DCPS working in the narrowband mode transmits pulses, which are pure sinusoidal signals with a
fixed frequency of 600 kHz.

Depending on if the particles are moving away or toward the instrument the Doppler shifted signal will be
a compressed or stretched version of the transmitted signal.

2.3 Broadband Doppler Processing

A Doppler shifted signal will either be a compressed or stretched version of the original signal. The rate
of compression can either be measured as a change of frequency (Narrowband processing), or
estimated by measuring the change in pulse duration (Broadband processing). In broadband two
identical pulses are transmitted as one transmission. The time delay between them are known at the
transmitter and measured at the receiver. Based on the change in arrival time between the two pulses,
the radial water current speed is calculated accordingto Eq. 1-5.

The two pulses are designed in order to maximize the arrival time accuracy. A key feature to achieve this
is to increase the bandwidth without shortening the pulse duration.

AANDERAA

a xylem brand



Page 12 April 2019 - TD 310 DCPS Theoretical Primer

The accuracy of the time measurement for a given pulse is dependent on the bandwidth;

1
At of —
BW Eq. 2-1

By increasing the bandwidth, the uncertainty related to the time estimate will be reduced proportionally to
the bandwidth. A bit simplified we could say that the bandwidth of a given signal will depend on the pulse
duration and the change of frequency during the pulse duration. Shortening the pulse will increase the
bandwidth, but the transmitted energy will also be reduced and shorter profiling ranges will be the result.
Another better approach is to keep the pulse duration and at the same time increase the bandwidth. This
can be achieved by using phase modulation or even better using frequency modulation. For a frequency
modulated signal, the net frequency span during the transmission will give the bandwidth directly.

In narrowband the frequency is fixed, and the bandwidth of the pulse depends on the duration of the
pulse. In Broadband mode, the DCPS transmits two successive identical sub-pulses in which the
frequency gradually sweep/chirp from 570 to 630 kHz with a known and fixed time lag in-between the
two pulses (see Figure 2-3).

Figure 2-3: lllustration of a broadband Tx pulse, consisting of two identical pulses.

The bandwidth will then only depend on the frequency sweep, and be independent of the pulse duration
(refer Figure 2-4). By measuring the time lag between the two pulses in reception, and comparing it to
the pulse lag that was transmitted, the Doppler shift can be calculated.

Each of the sub pulses consists of a frequency chirp, i.e. the signal change frequency as a function of
time.
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Figure 2-4: DCPS Tx pulse bandwidth

In order to explain the principles of operation we will consider measurement at three different
distances/cells along one of the four beams. The cells of interest are cell N and its two adjacent cells
(see Figure 2-5).
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Figure 2-5: lllustration of a broadband Tx pulse, consisting of two identical sub pulses.

At time to, the transmitted pulse insonifies cell N and cell N-1. Particles moving in these two cells will
reflect the signal back, and the received signal will be the sum of the reflections from these two cells. If
the scatterers are uniformly distributed, 50% of the reflected signal will be from cell N and 50% will be
from cell N-1.

Some milliseconds later at t1, the transmitted signal has moved further and insonifies cell N+1 and N.
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Because the two sub pulses are identical, the reflected signal from cell N at to will be almost identical with
the reflected signal from the same cell at t1. By finding the maximum correlation between the two
received signals from each cell the time lag between the two pulses can be measured. This time lag will
be modified if the particles are moving towards the instrument or away from it. If the time between the
two sub pulses at the transmitter is called To, and the change in lag from the reflected cell, compared to
To is called At, the Doppler shift and current speed v can be calculated with Eq. 2-2 below.

¢ 1,
yv=—|————1| Eq. 222
2\ T, + At

2.3.1 Correlation factor

By looking at we realize that the scatterer response from the first subpulse at to will be identical to the last
subpulse at t1 if the scatterer remains the same at these two time instances. Likewise it will be sensible
to assume that the response from the two remaining subpulses at to and t1 will be totally uncorrelated. If
the scatterers are uniformly distributed, the scatterers stays within the cell and no noise is present, the
correlation factor will be 0.5 reflecting a 50% correlation of the signal at to and t1. One could also argue
that the signal is close to 100% correlated for 50% of the pulse, whereas the remaining 50% of the pulse
is totally uncorrelated.

There are three main effect that will modify the correlation factor.

1) The signal to noise ratio will gradually be reduced with range . This will in turn reduce the part of
the signal that is correlated as the noise at to and t1 will be uncorrelated. With added noise the
correlated part of the signal will no longer be 100% correlated.

2) |If the scatterers are not uniformly distributed the energy in the correlated part will no longer
represent 50% of the total reflected energy. This will be the case when the signal hits an object
or a boundary like the surface or bottom. The correlation factor will typically follow these
transitions low-high-low when an object is reflecting the transmitted pulses.

3) In order for the correlated part to be 100% it will require the scatterers to remain identical for the
time duration ts-to. This can only be achieved in the case of 0 water current and the scatterers
remains stationary. When the scatterers are exposed to current, some of the scatterers will move
out of the cell, and some new scatterers will move in. Due to the short time duration ti-to, the
scatterers experience very little movement and the correlation factor for high SNR (Signal to
Noise Ratio) cells are close to 0.5.
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2.3.2 Ambiguity

The output of the correlation process is a phase value. When the Doppler shift is zero the phase is zero.
When the Doppler shifts increase, so will the phase. A Doppler shift of approximately 1.25 m/s along the
beam corresponds to a phase equal to 360 (360 = 0) which is exactly the same as for zero Doppler shift.
For this reason the cross correlation process is not able to distinguish a Doppler shift of 1.5 from a
Doppler shift of zero. In fact any Doppler shift outside the 1.25m/s range will be wrongly detected to be
within the range 0 — 1.25 m/s.

This is called ambiguity and could hamper the correct operation of the instrument if not corrected for.

For a DCPS sensor in broadband mode, the center frequency is 600 kHz. One period of average
frequency of 600 kHz corresponds to a period time of 7, =1.67-10°s. By using Eq. 2-2 the ambiguity

Doppler speed along the beam is calculated to be 1.25m/s.

Taking into account the orientation of the beams, 8=25 degrees off the vertical axis, the corresponding
ambiguity horizontal speed will be:

V), = vbﬂ =m.48m/s
sin(6) Eq. 2-3

By allowing some tilt, a useful unambiguous speed of at least 1m/s will be achieved. The ambiguity lock
function of the DCPS broadband mode can be used in order to lock the instrument in a horizontal current
range, which is below 1m/s.

If the user is confident that the horizontal current will not exceed 1 m/s this configuration would be the
preferred broadband configuration.

In case the ambiguity lock is not selected, several stages of ambiguity solving methods are automatically
implemented in the DCPS in order to achieve a non-ambiguous solution.

These methods include:
O Use of transmission pulses that are designed to give different ambiguity intervals. The
combination of phase output from these set of pulses are unique for a limited number of
intervals.

O Remaining ambiguities are solved by putting consistency requirement on neighbouring cells in
time and space and using statistics in order to resolve potential ambiguity.

AANDERAA
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Compared to Narrowband, the Broadband mode gives a significant reduction in single ping standard
deviation.

For example, for a 2m cell size, the equivalent single ping standard deviation is around 3 cm in
broadband versus 20 cm in narrowband. The variation is reduced by the square root of the number of
ping (accuracy improvement). In this example, the accuracy of one broadband ping would be equivalent

to (%)E 44 narrowband pings. On other words, to reach a similar standard deviation in narrowband
B

as in broadband, the defined number of pings in narrowband would have to be 44 more than in
broadband.

Even though the current consumption is higher per ping in broadband, the net power savings is
significant using broadband compared to narrowband.

When the instrument is deployed in a buoy at the surface, the buoy will be affected by the surface
dynamics which will highly influence the accuracy of the measurement. In general the buoy will remain
stable but may experience some movement. In addition the surface current will also be influenced by the
orbital movement due to surface waves. The duration of the transmitted pulse is in the order of 1ms, and
the instrument movement during transmission may affect the measured current value.

So, if the instrument is moving due to waves or vibration, this movement can be looked upon as
independent noise that will be added to the single ping standard deviation from the sensor itself.

— 2 2
o= JJSE‘HSGT + O ave Eq. 2-4

If we consider an example where the equivalent wave current noise is 20 cm/s, by using the above
equation and assuming that the noise from the sensor is independent from the wave introduced noise,
the ping accuracy would become:

Ong wave =\ Tip + 0orape = V202 + 202 = 28 cm/sec Eq. 25

Os5wave = 02 + 0rnpe = V32 + 202 = 20.2 cm/sec Eq. 2-6

By evaluating the accuracy of one BB ping versus one NB ping we see that this relation has been

significantly changed; (%}E 1.92 ping. The BB ping is still more effective in terms of accuracy per
B

ping, but not in terms of accuracy per Wh of power consumption.
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2.3.3 Limitation in the automatic ambiguity solution

The ambiguity resolving method incorporates use of two different Tx pulse sets each consisting of two
sub pulses. In order to be able to resolve the ambiguity correctly, the 3D water current vector, as seen
from the instrument should be fairly equal for two successive transmissions. If the instrument is exposed
to movement during the measurement phase, this requirement would be violated and increase the
probability of having unfiltered ambiguities in the detected current measurements.

This could be the case if the instrument is installed on a surface platform exposed to heavy seas. Normal
current fluctuations do not cause any problem to the ambiguity resolution algorithm.

If horizontal current speed is expected to be above 1m/s and the instrument is expected to move around
rapidly (as in buoy downward looking situation for example), narrowband mode is the preferred mode to
be used.

2.3.4 From signal transmission to reception

Whether the instrument is configured in broadband or narrowband, the user needs to configure the
number of cells and the cell size (from 0,5 to 5m).

The cell could be defined as the volume of water in which the instrument is performing the measurement.

By defining the cell size and the number of cells, and knowing the speed of sound, the instrument
determines the time frame when the reflected signal from the corresponding cell will be received.

In the Figure 2-6, at t0, the sensors transmits the acoustic pulse. At the receiver the recording for the
first cell (CO) starts when the center of the transmitted pulse reaches the beginning of CO at t2, and stops
when the center of the pulse leaves CO at t4. In other words, the receiver collects samples for the same
duration as the transmitted pulse. In Narrowband, the extent of the pulse in water also matches the cell
size.

It will correspond to t1, when it reaches the second cell (cell1), it will correspond to t2, etc. The blanking
zone is defined as the time needed for the transducer to shift from transmitting mode to receiving mode.
For this reason the receiver will always start the measurement outside the blanking zone. The blanking

zone is equivalent to 1 meter.
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Figure 2-6: Transmission/Reception of reflected signal

2.3.5 Cell Spacing function

When configuring the instrument, it is possible to define cell spacing. When cell spacing is shorter than
cell size there will be an overlap between cell,, the size of the cell is not changed, but the spacing
between them is reduced as the next cell will “overlap” the previous cell. If the cell spacing is equal to cell
size the cells will follow each other with neither space between or overlap. If cell spacing is longer than
cell size there will be a space between to neighbour cells.

Figure 2-7: Principles of cell spacing

The advantage by using overlap is that one can reduce the cell spacing without reducing the cell size.
This feature is especially useful when it is important to measure the current as close to the
surface/bottom as possible. Cells that contain samples from the surface/bottom are contaminated by the
strong surface/bottom reflections and are not usable for measuring the current. By having small spacing
between cells the last good uncontaminated cell can easily be picked out. It will also improve the vertical
resolution without reducing the cell size.
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2.3.6 Multiple columns - surface or instrument reference functions

When configuring the instrument it is possible to define up to three columns (profiles) simultaneously for
optimum flexibility.

Each column may be set-up with individual cell size and cell overlap, and may further be defined as
being either instrument referred or surface referred (requires pressure sensor).

When a column is instrument referred, the distance from the instrument to the start of the column is kept
constant; a setting which is usually used in deep waters where the surface is distant or when bottom
currents are to be monitored. Refer Figure 2-8.

"" Illllillllilllll>

Figure 2-8: lllustration of the multiple columns capability and surface or instrument referred
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CHAPTER 3 Calculation of vertical and horizontal currents

3.1 Obtaining currents from multiple levels above/below the sensor

The four transducers transmit short pulses (pings) of acoustic energy into the water which are reflected
against particles. By systematically clocking these reflections further and further away from the sensor
and collecting their doppler shift, currents can be measured at multiple levels, up to 150 (divided over
three columns; column 1: max 75 cells, column 2; max 50 cells and column 3 with 25 cells)
simultaneously. For more information refer to the DCPS manual TD 304).

An important factor in this context is knowing the speed of sound at the sensor which is obtained from an
intergrated temperature sensor and assumed or measured salinity and pressure information. Al
instruments from Aanderaa have the option for plug-and play addition of smart-sensors for salinity,
pressure and other parameters. It is possible to calculate the speed of sound “dynamically” so the sensor
sends speed of sound changes based on values obtained from the sensors “continuously” to the DCPS
Sensor.

In most cases for a sensor like the DCPS that has a maximum range of about 100 m in the best case, it
is not important to know the full sound speed profile above/below. A strong stratification with large
differences in sound speed could however have implications for at what distance from the instrument the
cells are located.

The DCPS sensor is operating at around 600 kHz which gives a typical range of 40-100 m depending on
the scatter conditions. In general clear water with a low amount of particles gives shorter range and so
do warm water. But also in situations where there is too much particles in the water (above 100 mg/l),
like in a turbid river the range will be limited.

For the Doppler current technique to be valid, some assumptions must be fulfilled:
1. The scatterers must drift with the water currents.

2. The water motions must be of a large scale compared to the separation of the beams (horizontal
homogenity of the water).

3. The water motions must be of a large scale compared to the length of the transmitted pulse (vertical
homogenity of the water).

The first assumption is critical since the movement of the scatterers in the water volume represents the
water movement. It is essential that the scatterers do not move by themselves differently from the water
current.

The other two assumtions are less critical.
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3.1.1 Relationship between current measured at beams and earth referenced
current.

The DCPS has four transducers that are oriented 90° in azimuth to each other and with a 25° angle to
the vertical. The transmitted signal from the transducers 1 to 4 will propagate in the pointing directions of
the transducers and are denoted Beam1 — Beam4 (Refer Figure 3-1 ). In the sensors reference system
(x, ¥, z) the pointing directions for the transducers are defined as follows;

e Beam 1. Pointing in positive x-axis and positive z-axis direction (x1=sin(8), y1=0, z1=cos (8)).

e Beam 2. Pointing in negative y-axis and positive z-axis direction (x2=0, y>= -sin(8), zo=cos (8)).
e Beam 3. Pointing in negative x-axis and positive z-axis direction (x3=-sin (8), ys=0, zs=cos (6)).
e Beam 4. Pointing in positive y-axis and positive z-axis direction (x4=0, y4= sin (8), zs=cos (8)).

The sensor reference system is defined by a right handed system with x-axis aligned with north axis, y-
axis aligned with west and z-axis aligned with up if pitch, roll and heading are all zero.

Up-axis

North-axis

West-axis

Figure 3-1: Sensor/beam geometry.

Decomposition of current Doppler vector along beams:

A positive Doppler shift is measured when the current is going towards the transducer. Any current
direction can be decomposed into the sensors X, y and z axis. In case of a current parallel to the x-axis,
only beam1 and beam3 will be able to measure the current, and similarly for a current parallel to the y-
axis only the beam2 and beam4 will be able to measure the current. In these two special cases the
current will be orthogonal to the two remaining beams, hence no current will be measured at these
beams.

For each of the current directions x, y, and z, the contribution from each of the sensors will be reduced
due to the angle between each of the beams and the x, y and z axis. (refer Figure 3-2.)
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Figure 3-2: decomposition of beam currents

Correspondingly if the current is described in the sensors reference frame x, y and z each of the beam
currents can be described. The following equations gives the relationship between the decomposed
current field (x,y,z) and the contribution on each of the sensors.

Bl =-x-sin(¢), B2, =0, B3 =x-sin(d), B4, =0
Bl, =0, B2 =y-sin(0), B3, =0, B4 =-y-sin(0)
Bl, =—z-cos(0), B2, =—z-cos(f), B3, =—z-cos(d), B4, =—z-cos(0)

By summing the contribution from each of the sensors for the axis x, y and z, the following equations can

be derived.

B3 —Bl =2x-cos(0) = x= _1 (§3,-S1) )

: : 2sin(@) = - :

1

B2 —B4 =2y-sin(@ = y= S2. -S4, 2

; y =2y-sin(60) y 2sin(t9)( y—54,) ()
Bl +B2 +B3 +B3 =—4z-cos(f) =>z=— (Bl,+B2 +B3, +B4) 3

4cos()

The equations (1-3) gives the relationship between the beam current and the decomposed current x, y
and z.

3.1.2 Transformation from the instrument reference system to the earth
reference system

The build in accelerometer and magnetometer is used to establish the orientation of the instrument
relative to the earth reference system. The output from the “orientation sensor” is described as a rotation
of the sensor along each of the axis x, y, and z. As mentioned earlier, for a non-rotated sensor, the x-axis
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will be aligned with north, the y-axis will be aligned with west, and the z-axis will be aligned with up. A
positive rotation around the x-axis corresponds to a positive roll value. A positive rotation around the y-
axis corresponds to a negative pitch value, and finally a positive rotation around the z-axis corresponds
to a negative value (counter clock rotation).

Each of these rotations can be described by a rotation matrix:

1 0 0

X X

V' |=[0 cos(d) —sin(@)| v u, =A_-u 6:x—axisrotation
2| |0 sin(@) cos(d) | z
x| [ cos(p) 0 sin(e)] x

V' = 0 1 0 y u, =B -u  @:y—axisrotation
| | =sin(p) 0 cos(p)] =z
x| [cos(¢) —sin(g) O x

V' |=]|sin(¢) cos(¢) Ofy u,=C,-u  ¢:z—axisrotation
E 0 1]z

By multiplying the rotation matrixes, the combined total rotation matrix can be found:

uEarth =Cz ‘By .Ax ‘u =nyz ‘u

When wis related to the current in the sensor reference frame (x,y,z), the u ., will be related to the
current in the earth reference frame. The product D=C_-B, - A can be expressed by:

cos(g)cos(@) cos(@)sin(@)sin(f)—sin(@)cos(d) cos(@)sin(@)cos(H) + sin(4)sin()
D =| sin(¢@)cos(¢) sin(@)sin(@)sin(@) +cos(@)cos(d) sin(g)sin(¢)cos(d) —cos(@)sin(F)
—sin(e) cos(@)sin(d) cos(@)cos(0)

This gives the relationship between the current in sensor reference frame and the current in earth
reference frame.

north = x -cos(@) cos(@) + y - (cos(@) sin(¢) sin(d) —sin(¢) cos(d)) +

z-(cos(@) sin(@) cos(@) + sin(@) sin(E)) 4)
west = x -sin(¢@) cos(@) + y - (sin(@) sin(@) sin() + cos(@) cos(H)) +
z-(sin(¢) sin(@) cos(@) —cos(¢) sin()) (%)
up =—x-sin(@) + y - (cos(e) sin(A)) + z - (cos() cos(H)) (6)
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The combination of equation (1-3) and (4-6) gives the necessary equations in order to convert Doppler
current measurement from the four beams into the current given in the earth coordinate reference frame
for a given orientation of the sensor. The sensor orientation is measured for each ping. Within a record
the current are averaged in the earth reference frame while utilizing the orientation measurement
individually on a ping to ping basis.

At each depth level and for each of the four beams the total Doppler shift is obtained. To this both
vertical and horizontal currents contribute but the contribution from the horizontal currents is normally
larger because these currents are typically about 10 times stronger (unless there is strong up/down
welling).

By using the descrived trigonometry, the current speed obtained from the Doppler shift given by each
transducers is decomposed into positive or negative (moving towards or away from the transducer)
currents in the X, Y and Z planes. By summing these up from the different beams and correcting for how
the instrument was oriented with input from the compass and the accelerometer the speed and direction
is calculated. After this calculation is done an adjustment for sound speed, fixed or measured, is
implemented.

A minimum of 3 beams is needed to do these calculations but the DCPS has 4. In the DCPS the beams
redundancy gives the possibility to calculate four 3-beam solutions and compare these with each other
and with the 4-beam calculation. This is particularly useful if there are disturbing objects in one of the
beams or if the circulation pattern is heterogeneous (described in Chapter 4-1).

3.2 Compensation for tilt and rotation in each measurement (ping)

With the inbuilt 3-axes compass (gives heading) and an accelerometer (gives tilt) each single is
compensated for tilt and rotation of the sensor.

SeaGuardIl DCP SeaGuardIl DCP

15 degrees tilt

Figure 3-3: lllustration of the beam repositioning when the instrument is tilted; example with 15
degrees tilt
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Beam repositioning: refer Figure 3-3.

When the sensor is tilting in one direction two of the beams will become more horizontally oriented and
two more vertically oriented. The more vertically oriented beams will have a shorter travelling distance
than the more horizontally oriented beams to reach the depth level / the cell at which the current will be
measured. The DCPS will automatically tilt/time compensate the individual beams for each measurement
so that the Doppler shift obtained for all the four beams will be obtained from the same depth level to
obtain the true horizontal layer. The tilt compensation algorithm is updated for each ping and works with
tilts up to £50°. Above £35°, the tilt sensor is outside the calibrated range. The profiling range and
accuracy will decrease. For indication, at 50° ilt, the effective range will be 25m.

3.3 Surface current measurements

The DCPS, when upward looking, has the unique ability to measure the speed of the “boundary
condition” that can be assimilated as the surface currents in the top cm layer (requires pressure data
either using a pressure/tide/wave sensor sending data to the DCPS or mounted on the SeaGuardl
equipped with pressure/tide/wave sensor). When it comes t