An introduction and overview of MIMO radar
applications for pit slope monitoring: MSRY ESPRIT

Sharla Coetsee Reutech Mining, South Africa
John-Philip Taylor Reutech Radar Systems, South Africa
Priyanka Narshai Reutech Mining, South Africa

Abstract

The concept of Multiple Input and Multiple Output (MIMO) radar applications for pit slope stability monitoring is
discussed and illustrated based on the physics utilised by the system. The Estimation of Signal Parameters via
Rotational Invariance Techniques (ESPRIT), is used to determine the Direction of Arrival (DOA) with an antenna
array.

The system is a staring array, meaning that the antenna is deployed in a stationary position. The area that may
be scanned is fixed, and comprises an area of 90° in azimuth and 60° in elevation. The resolution is highly refined
with an operating range between 50 and 4 000 m. The system is fully georeferenced in order to allow for full 3D
identification of alarming points.

The advantage of using a MIMO architecture is that there is continuous observation of an area by means of fast
repetitive observation, as opposed to a periodic scanning of the area. This means that atmospheric change is
measured at a near real time update rate, thereby enabling the effective mitigation of atmospheric interference.

MSR ESPRIT is suitable for pit slope conditions where there are both highly brittle and fast moving instability,
which may be complex in nature, in the form of differential movement rates across the unstable portion of the
slope. Additionally, pit slopes that experience inclement weather conditions, such as temperature inversions and
microclimates, will benefit from this technique of removing atmospheric-induced errors, resulting in a more
accurate and precise true movement profile.

1. Introduction

Multiple Input and Multiple Output (MIMO) is a radar architecture suitable for use in pit slope stability monitoring.
The physics behind the application of the technique differs to pencil-beam and Synthetic Aperture Radar (SAR)
architectures. The MIMO architecture employs multiple transmit channels in order to artificially increase the
aperture size while requiring few receiver channels.

Furthermore, the Estimation of Signal Parameters via Rotational Invariance Techniques (ESPRIT) radar utilises a
staring array, implying that the full target area is observed with a much faster update rate than possible with a
sequential scan strategy.

When a system takes multiple sequential samples, on a predetermined scan path, there may be significant
atmospheric events between each observation of a particular area. These events in turn may cause large errors
in movement measurement, which must be compensated for.

The ‘MSRY ESPRIT’ is Reutech Mining’s fourth generation of movement and surveying radars, developed
specifically for repeatability of measurement, increased scan speed, target consolidation, advanced atmospheric
reduction and less mechanical wear.

The selection decision and theory of MIMO technology concept, atmospheric correction theory, the design of the
resultant MIMO antenna and the applicability of this technology to pit slope monitoring is discussed and illustrated.

2. ‘Beating the Atmosphere with Speed’

The capability of a radar to measure pit slope movement to a sub-millimetre accuracy is relatively easily achievable
in a quiet atmosphere. However, adverse atmospheric effects such as a varying Refractive Index (RI) due to air
pressure, temperature and humidity fluctuations (especially at longer ranges) create inaccuracies and ambiguities



in the accumulated movement. Atmospheric effects result in an additional component in the measured phase of
the reflection, which may not be mitigated effectively, in turn causing phase ambiguity (refer to Section 4 for detail
on these concepts).

A radar tracks slope movement indirectly. The phase of the reflected signal is used as a proxy. The movement
accuracy is therefore linked to the accuracy of the phase measurement, scaled according to the wavelength of the
radar signal. Phase measurement error is linked to the stability of the master oscillator, which in turn is technology
dependent and cannot be easily improved.

In order to improve movement tracking accuracy, an appropriate wavelength must be chosen. Shorter wavelengths
result in greater movement tracking accuracy, but does not propagate as well over longer distances. Longer
wavelengths propagate easier, and are less prone to atmospheric influence, but does not offer particularly good
movement tracking accuracy.

Shorter wavelengths add another undesirable property to a radar system. The phase measurement is ambiguous
when the movement (or apparent movement due to atmospheric effects) are larger than a quarter wavelength
(more about this concept in Section 4).

A staring radar (i.e. phased array) provides the advantage of high update rate. The phase of the return signal is
sampled more often, which makes it unlikely for consecutive observations to measure more than a quarter
wavelength difference. The processing algorithms can therefore safely assume that all observations are
unambiguous, even in adverse atmospheric conditions. In essence, ‘we had to create a system that scanned so
fast, we could beat the atmosphere with speed, we need to monitor faster then what the atmosphere can change’
(pers. coms Leon Nel 19" May 2022).

A phased array with a particular angular resolution is large and expensive, mainly due to the required number of
independent receiver channels. MIMO is a technique by which the same advantages of a phased array (i.e. high
update rate and good angular resolution) can be achieved, but with a smaller physical array and fewer receivers,
resulting in a significant cost reduction.

In addition to an improved scan time, a staring array system performs electronic beam-forming, which means that
the system does not have moving parts during normal operation. By contrast, a pencil-beam system must be
mechanically steered in order to scan the area of interest, and a SAR system must mechanically move the sensor
in order to build the synthetic aperture. A staring array system is therefore more robust with longer maintenance
intervals.

3. Some Theory on MIMO Technology

The concept of phased array and MIMO technologies is discussed.

3.1 The concept of phased array

A schematic with an object, light rays from that object, a focussing dish (with resulting image) and an array are
illustrated in Figure 1. The image can be captured by using a camera in optical systems, but this soon becomes
impractical when working at radio wavelengths. The size of the dish is termed “the aperture”.

An optical system typically works with wavelengths in the visible spectrum, i.e. 400 to 700 nm. X-band radar
wavelengths are approximately 30 mm, or 50 000 times larger. This implies that an equivalent number of voxels
in an X-band image requires a dish and sensor 50 000 times larger.

This scale is evident in the case of radio astronomy sensors. Very long baseline interferometry (VLBI) uses sensors
placed all over the globe in order to realise an effective aperture that is the diameter of the Earth, or about 12 Mm.
That size at L-band (300 mm) wavelengths is equivalent to a 20 m optical telescope. This enables radio
astronomers to form images of the centre of our galaxy, for example (Thompson et al. 2008).

A pencil-beam radar has a relatively small dish, and a single “pixel” sensor. The dish-and-sensor assembly is
physically moved in order to look at different parts of the object at time. A phased array, by contrast, consist of an
array of sensors that are positioned in what would be the antenna otherwise. The aperture of a phased array
sensor is therefore the same as the antenna equivalent. The image, in the case of a phased array, is formed



mathematically. Both amplitude and phase of each sensor is measured, and a Fourier analysis is used to generate
the image. Optimal sensor spacing is half a wavelength (Skolnik 1990).
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Figure 1.  Schematic illustration showing an antenna and phased array architectures.

3.2 The concept of MIMO

Li & Stoica (2009) titled the first chapter of MIMO Radar, Signal Processing, MIMO Radar — Diversity Means
Superiority, and this is the foundation of this form of radar technology. They describe a number of benefits of
applying this type of technology for target identification and tracking, which are discussed (with points from Sharon
2020 and Sharon & Eberhardt 2020), in that:

- A MIMO radar system can transmit via antennas multiple probing signals that may be selected (Figure 2),
(depending on transmit signal properties such as the carrier frequency and sweep component), as
opposed to a scaled version of a single waveform using a standard phased-array radar.

- There is diversity in the separated transmit and receive antennas (as designed by the radar engineer)
which in turn defines the elevation and azimuth resolution of the voxels that will be represented on a
synthetic map interface for which movement data is presented (refer to Section 5).

- The collocated transmit and receive antennas allow for resolution enhancement, higher sensitivity (for
slower moving targets), more pronounced parameter identifiability and direct applicability of the adaptive
array techniques (for faster moving targets).

- The number of targets identified uniquely by a MIMO radar is n' times of the phased array counterpart,
thus allowing for additional target tracking capability.

- Solving of fading, clutter and self-interference mitigation, thereby allowing for the position of an identified
target to be resolved in more than multiple frequencies, with the necessary corrections applied.

Li & Stoica (2009) outlined the MIMO formula, which explains the application of the concept of multiple transmit
and receive nodes on a single antenna array. For each receiver antenna element, the signal can be described by:
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where
Mt is the number of transmit antenna elements

xm(n) denotes the discrete-time baseband signal transmitted by the m™ transmit antenna element.



0 is the location parameter(s) of the target in azimuth angle and range

fo is the carrier frequency

m(6) is the time needed by the signal emitted via the m™" transmit antenna element to arrive at the target, reflect,

and return to the receiver element in question.
(.)* is the conjugate transpose

N is the number of samples for each transmitted pulse

‘Linearly independent waveforms can be transmitted simultaneously via the multiple transmit antennas of a MIMO
radar. Because of the different phase shifts associated with the different propagation paths from the transmitting

antennas to targets, these independent waveforms are linearly combined at the

target locations with different

phase factors. As a result, the signal waveforms reflected from different targets are linearly independent of each
other, which allows for the direct application of Capon and of other adaptive array algorithms’ (Li & Stoica 2009).
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Figure 2. MIMO MSR (left) and a pencil beam MSR (right).

To explain how the concept works:

Targets

i wox(t;) /’ \
\‘ / |‘

-

/A \
J/! ‘\‘hﬂ‘(t) 1 b,x(t)

/ | .\x Received beam

f \

/ \
/ oA ]
N TR Y 1
- SR [
] N L
e

- Multiple transmitters transmit linearly independent waveforms. These can be separated in time, frequency,

or some other method (Kingsley & Quegan 1992).

- Each receiver channel receives the sum of the transmitted signals, as reflected by the target, but because
the transmitted waveforms are linearly independent, each receiver channel can resolve the original
transmit signals. This is used to produce multiple channels of transmit-receive pairs.

- Under an assumption that the target is in the antenna array far-field, these transmit-receive pairs can be
rearranged such that all transmitter antennas are in the same physical location. The resulting receiver
locations form a virtual array that can be used by traditional phased-array processing.



4. An Overview of Atmospheric Correction Principles for Ground Based
Radar Systems

The concept of phase return, an overview of refractivity index, removing the atmospheric component from total
phase and the importance of scan time are discussed.

4.1 The concept of phase return

All slope monitoring radars transmit waveforms that can be approximated as single-frequency sinusoidal. This
approximation is valid because of the relatively small bandwidth when compared to the centre transmit frequency.

The echo from the target has a time-delay directly proportional to the distance from the radar. This time-delay is
measured as a phase shift between transmitted and received signals, which is relatively easy to measure
accurately.

In simple terms, if a reflective target is stable, then the phase registered by the radar for the reflected signal will
be the same between two consecutive measurements. If a phase change is registered, then a movement of the
target has occurred between the two acquisitions, the magnitude of which can be calculated based on the phase
delta, as illustrated in Figure 3.
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Figure 3. The transmitted (TX) and received (RX) signal for two consecutive measurements, there is no change,
however, the bottom example illustrates a phase delta (outlined in red).

4.2 An overview of refractivity index

A radar measurement is dependent on the speed of light, which in a vacuum is constant at 299 792 458 m/s. In
air the speed of light is slightly slower. The ratio of the speed of light in a vacuum to the speed of light in air is
termed the refractive index, n. The radar cannot distinguish between real target movement and apparent
movement due to changes in the refractivity, N, where N = (n — 1) - 10°. The refractivity varies with changes in
the air temperature, pressure and humidity.

In order to measure the movement of the pit slope to sub-millimetre accuracy, the radar must correct for the
refractivity contribution. In general, the radar is ‘far’ from the pit slope, and therefore the temperature, pressure
and humidity of the air column between can vary significantly. Typically, a daily cyclic variation of tens of millimetres
will be observed due to genuine conditions experienced by the pit slope monitoring system. Thus begins the
challenge of incorporating atmospheric corrections into the radar processing algorithms.

The balance is to make atmospheric corrections, whilst keeping the detail of the pit slope movement taking place.
It is important to note that the weather station is located on the radar system, and therefore the corrections made
to the data generated is singular for the location of deployment.

The rule of thumb for Rl is that 1 part per million (1 ppm) over 1 kilometre introduces 1 mm of false movement if
not correctly compensated for. Figure 4 illustrates a typical temperature and reflectivity plot for a period of
approximately six weeks, with marked diurnal fluctuations.
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Figure 4. Example of a typical temperature and refractivity plot.

What is important is not the absolute magnitude of the refractivity, but rather the relative difference from one scan
to the next. Slope monitoring radars generally compare two consecutive scans to each other. The differences are
then used to determine the actual movement. The differences between a scan's Rl is an indication of how the
propagation time changes between consecutive scans (or phase change introduced). This implies that if the time
to broadcast a signal to the slope and then receive the signal increases or decreases, this may be registered as
false movement (either by under or overcompensation of the atmospheric removal process).

4.3 Removing the atmospheric component from the total phase

The radar perceives both true movement atmospheric-induced error as the same phenomenon. This perception
can be summarised as:

APT = 8T + 8a
[2]

where

AO®T is the total phase measured between consecutive scans

8T is the true movement of a target

ba is the atmospheric contribution (consisting of k, a constant, RT, the range to the target and AN, the change in
refractivity between scans, in parts per million (1 ppm =1 mm over 1 000 m))

Remember that one quarter of a wavelength, or 7.5 mm, is the most the sensor can tolerate before entering phase
ambiguity, for MSR systems (each service provider is different and it is important to understand which frequency
and therefore wavelength they utilise). Thus, the true movement of the pit slope minus the atmospheric contribution
has to be resolved. From here, the importance of scan time must be considered.

4.4 The importance of scan time

Take a scan time of two minutes which is fairly typical for an MSR Modular system, this is equal to 30 scans per
hour. Therefore a phase update of 30 times per hour. For this example, assume the target movement is 5 mm/hr
or 120 mm/day and is linearly progressive (no acceleration or declaration). In order to track this movement:

8T =d/n [3]
where
8T is the true movement of a target (per scan)

d is the deformation or the target movement
n is the number of scans



Of the phase change that is measured, 0.16 mm is taken up by the real movement. What is left for the term of k
RT AN is 7.34 mm (7.5 mm — 0.16 mm).

Take a scan time of less than two seconds for an MSR" ESRPIT. This is 1 800 scans per hour. Therefore a phase
update of 1 800 times per hour. For this example, similarly assume the target movement is 5 mm/hr or 120 mm/day
and is linearly progressive (no acceleration or declaration). Of the phase change that is measured, 0.003 mm is
taken up by the real movement. What is left for the term of k RT AN is 7.497 mm (7.5 mm — 0.003 mm). As the
scan time is that much faster, the real movement component is smaller, therefore there is more flexibility to
compensate for atmospherics.

4.5 Summary of the application of the theory using a real world example

The slope movement in Figure 5 peaks regularly at - 0.5 mm/h, with outliers at - 1 mm/h. The MSR Modular, with
a scan rate of every 2 minutes or so, will measure a peak scan-to-scan movement of approximately 33 ym (a
micrometre is a unit measurement of electromagnetic wavelength).

By contrast, the atmospheric contribution regularly changes by 30 ppm over the course of approximately six hours
for this dataset. If one assumes a pit where the region being monitored is 2 km from the radar, the resulting there-
and-back variation is approximately 20 mm per hour, with a much higher rate observed on 8/9™ June. A 2 minute
scan interval therefore equates to a typical scan-to-scan atmospheric contribution of about 1 mm, but the scenario
on 8/9" June is much larger.

Looking at the 10" of June in more detail (Figure 6, y-axis scale of 2 ppm increments), the difference in the scan-
to-scan Rl is illustrated. It may be noted that changes of 5, 12, 1, 3, and 2 ppm occur over a period of five
consecutive scans (represented by the blue dots). It is this rapid atmospheric change over the scan interval that
presents the challenge of effectively removing the RI contribution from the total phase change (which assumes
true movement of the pit slope and the atmospheric contribution, Equation [2]).

The ESPRIT scan rate is 60 times faster, so the scan-to-scan atmospheric contribution is approximately 10 um,
and the peak slope movement approximately 0.5 um. In Figure 7, the Rl for scan-to scan changes are illustrated
for the MSR'YESPRIT. Note that the scale on the Rl plot is in increments of 0.5 ppm. The scan-to scan differences
are consistently 0.5 ppm. These measured changes of the Rl are significantly less that of the MSR Modular system
as the scan time has been remarkably reduced. As discussed, this therefore means that the atmospheric
component to be removed from the totals phase change between scans is that much less.
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Figure 5. Example a relative range (also known as deformation or displacement), average velocity (using a four
hour time window), temperature and refractivity trend plots.



5. The MSRY ESPRIT

5.1 Antenna design and detail
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Figure 6. Example scan-to-scan refractivity changes for an MSR Modular system.
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Figure 7. Example scan-to-scan refractivity changes for the MSR"Y ESPRIT.

The MSRY ESPRIT antenna is specifically designed to scan in both 2D and 3D, with comparable range, azimuth
and elevation/vertical point spacing to the MSR Modular series of radars. A schematic illustration of the MSRY

ESPRIT antenna is provided in Figure 8 and may described as:

- The range resolution is defined by the predetermined transmitted sweep bandwidth. The dominant
scatterer for a particular portion of the pit slope is allocated a position in 0.5 m increment range bins. The




movement within a range bin is the summation of many points. Movement is accumulated even if a point
migrates from one range bin to the next.

- There are two 2D transmitters. The azimuth resolution is defined by the distance between these two nodes.
- The 2D receiver bank resolves both the azimuth and the range of the target (or dominant scatterer).

- The 3D transmitter bank, together with the two receiver banks, define the elevation (i.e. vertical) resolution,
which is related to the spatial separation between the top and bottom receiver banks.
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Figure 8.  Schematic illustration of the MSR"Y ESPRIT antenna showing the 2D and 3D transmitters and
receivers.

For the MSR" ESPRIT database parameters, a horizontal and vertical point (or voxel) spacing was calculated for
the system, these are a horizontal point spacing: 0.1110° and a vertical point spacing: 0.0500°. Table 1 details the
bin size, azimuth and elevation/vertical point spacing for selected operating ranges.

Table 1. Bin size, azimuth and elevation/vertical point spacing for selected operating ranges
Operating Range bin size Azimuth point Elevation/vertical
range (m) (m) spacing (m) point spacing (m)
500 0.5 1.0 0.4
1000 0.5 1.9 0.9
2000 0.5 3.9 1.7
4 000 0.5 7.7 3.5

A schematic illustration of the concept of range bins is shown in Figure 9. The radar separates the pit slope into
0.5 m range bin increments for which the dominant scatterer is assigned. An image of a pit slope and the synthetic
map (10 mm relative range scale) is detailed in Figure 10. A zoomed inset (dark blue square) is presented in
Figure 11 whereby the x, y and z coordinates, range, relative range, average velocity and velocity delta details are
provided for the selected point. Utilising the ruler provided by the software, the vertical and horizontal point spacing
has been measured and is 1.3 m and 2.4 m respectively.
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Figure 9.  Schematic illustration of the range bin concept, with the bin slope separated accordingly.
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Figure 10. Image of a pit slope, and the associated synthetic map for MSR'Y ESPRIT. The inset outlines a number
of voxels (Figure 11) for which the point spacing has been measured.



Figure 11. Synthetic map illustrating the measured horizontal and elevation/vertical point data (voxels).

5.2 The application of MIMO technology to MSR"V ESPRIT

The ESPRIT radar system makes use of a MIMO architecture in order to reduce the number of receivers required
relative to the equivalent phased array system. The virtual 2D array consists of over 200 elements, and the virtual
3D array consists of over 200 x over 50 grid elements. These virtual arrays can be constructed while using a single
waveform generator and up to four receiver channels. The antenna subsystem adds phase-coding to the transmit
and receive antenna elements in such a way that individual antenna elements can be resolved by means of digital
signal processing. A schematic illustration of the real antenna and the virtual antenna is presented in Figure 12.
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Figure 12. Schematic virtual array formed by means of MIMO.

5.3 MSRY ESPRIT software features

There are a number of software features that were designed and included specifically for MSR"Y ESPRIT. These
include:

- A 2D scan is taken every two seconds. The resulting information is used to update the synthetic map by
means of a rolling time window of two minutes.

- A 3D scan (5 minutes in length) is taken once every 12 hours for which the 2D scan is assigned.

- There is a Rapid Atmospheric Indicator (RAI) which is used to indicate how much a point is effected by
atmospherics. One should rarely see any value greater than 0 %.



- The Amplitude Dispersion Index (ADI) used to indicate how stable a specific point is. One will see values
from 0 to 25. These are in arbitrary units, where 0 is a stable point and 25 is an unstable point.

- A no-return flag is used to signal that a target or dominant scatter is no longer present.

5.4 MSRY ESPRIT hardware overview

The MSR" ESPRIT comprises of a number of modules that form the fully powered, trailer based radar. These
components are illustrated in Figure 13 and include:

- System Power Supply (SPS), which includes the Generator Module, Solar Module and batteries. In
addition, the system can be plugged into mains power if required.

- Human Machine Interface (HMI), which is the on-board lap top that controls the system and illustrates the
movement data collected.

- Radio Frequency Unit (RFU), which transmits and receives the electromagnetic waveform.

The system can operate in temperatures between -30°C to +55°C and wind speeds up to 120 km/h.
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Figure 13. MSR" ESPRIT.

6. Conclusions

A technical overview of the selection choice for MIMO technology and a brief history of the development MSR"Y
ESPRIT has been provided. Detail pertaining to phased array and MIMO techniques, as well as the atmospheric
correction for ground based radars was discussed. The antenna design and detail, including not only the physical
but also the virtual array components was illustrated with reference to the resolution and therefore point spacing
of voxels which represent movement data for the synthetic map. The concept of scan time repeatability in terms
of negating phase ambiguity by ‘beating the atmosphere’ and accumulating only true pit slope movement profiles
was demonstrated using this MIMO technology for the monitoring of pit slopes.
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