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ABSTRACT: This paper investigates the viability of a structural health monitoring 

technique using frequency-modulated continuous wave radar to measure displacement. It 

is shown that using radar to determine time-varying displacement (and hence interstorey 

drift ratios) avoids numerous problems found in contemporary structural health 

monitoring methods, namely integral drift errors and structural modification 

requirements. This method of structural health monitoring is appropriate for monitoring 

structures of any size, providing certain system design criteria are met. Smaller structures 

are shown to require larger radar transmission bandwidths in order to accurately detect 

small disturbances, while larger structures require systems with longer sampling periods 

and greater signal transmission power in order to maximise their detectable range. The 

former criterion was shown to be able to be met through simulation, as the smallest 

achievable detection error in displacement was found to be as low as 0.26%. The sensor is 

simulated against the displacement response of a single degree of freedom structure 

subject to ground motion excitation, with the sensor able to track the displacement well. 

The simulation results justify the further development of a hardware prototype. 

1 INTRODUCTION 

Radar is an electromagnetic wave-based technique used to detect the presence of objects and their 

distance from a transceiver unit. The transceiver unit transmits radio waves of known frequencies and 

compares these waves to received echoes to determine the distance to nearby reflective objects. There 

are numerous methods used to determine the distance to reflectors, including time of flight of the 

signal, and frequency analysis of a frequency modulated radar signal. This paper presents a method 

that employs the latter technique in a novel application, structural health monitoring (SHM). 

Within SHM, drift sensing is the process by which the distance a structure displaces from its resting 

position is measured. The structure’s motion is typically monitored directly to observe its response to 

external forces, such as those induced by earthquakes. The motion is then interpreted to determine the 

structure’s integrity.  

Modern displacement sensing implementations typically incorporate accelerometer devices to 

determine the acceleration of the structure at different positions, and twice-integrate these results to 

obtain displacement data. This process is susceptible to integral drift (Thenozhi 2012), which is 

difficult to compensate for and introduces errors into displacement calculations. A process by which 

displacement can be directly measured would be beneficial in this respect. An alternative technique 

that has been investigated utilises line-scan cameras to directly measure displacement (Nayyerloo, 

2011). However, this requires line-of-sight between pairs of points on the structure. This technique is 

therefore unsuitable for retro-fitting to structures without significant modification. Non-line of sight 

(NLOS) SHM techniques are therefore of interest. 

The principles of radar are widely known and have been implemented in a number of different 

situations beyond their initial military application. These situations typically require precise distance 

tracking from a relevance station/vehicle to a target, such as in aircraft altimeters and automotive 

proximity sensors. In the former application, a radar signal is transmitted downwards from the aircraft, 

reflected off the ground, and received again by the aircraft’s altimeter transceiver. The latter 
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application transmits radar signals from the front and rear of the car and receives echoes from nearby 

fixed and mobile reflectors, such as other cars. The proliferation of these applications indicates that 

radar is a suitable tool for accurate object detection and ranging, which is a feature required by SHM. 

This paper presents a displacement sensing technique that utilises radar technology. This technique 

should complement many of the existing techniques currently used in SHM. The requirements of a 

SHM system are presented, as is the method by which the proposed radar SHM technique should 

operate. This technique is then simulated using MATLAB, and the results of this simulation are 

interpreted to verify the suitability of this technique in a SHM context. 

 

Figure 1. A building before (black) and during (red) a seismic event. The quantities used to calculate the 
interstorey drift ratio are indicated in blue. Note that in this example, d1 represents a negative drift and d2 
represents a positive drift. 

 

 

Figure 2. An example of a radar drift sensing implementation, with a transceiver in red, reflectors in grey, and 
the reflected signal path in blue. 

2 METHOD 

2.1 Structural Health Monitoring Requirements 

Instead of directly observing the material of a structure, SHM techniques instead typically measure the 

distance components a structure drifts in the horizontal plane from its resting position, e.g. floors. 

Figure 1 provides a cross-sectional illustration of the physical quantities which are measured using 

these methods. The data gained from these measurements allow the forces on the structure to be 
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calculated, and these forces can be compared with the predetermined limits of operation to determine 

the structure's integrity. In a multi-storey structure, each floor is able to move in the x- and y-

directions in its horizontal plane, and also has torsional modes of vibration (Carr 1994). The 

displacement (or drift) at a sufficient number of points on each floor must be measured in order to 

extract the modes of vibration at each level. 

A SHM system should be able to measure drift amounts as small as those that would cause negligible 

damage to the structure, and as large as those that cause catastrophic structural failure. These limits are 

dependent on the sizes of the structures being monitored. 

Interstorey drift ratios (IDR; that is, “the difference in lateral displacements in between two 

consecutive floors normalised by the [interstorey] height” (Miranda 2006)) are calculated for the ith 

storey as 

i
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h
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Values below 0.5% (Naeim 2005) or 1.0% (Priestley 2000) are considered to be undamaging, so any 

proposed method should be able to measure at least as accurately as the lower of these values. 

Similarly, IDR values in the range of 1.5% – 2.0% (Naeim 2005, Jiang 2008) are considered to be 

severely damaging to a structure. A SHM technique should therefore be able to accurately measure 

IDR values in the range 0.2% – 2.5% to ensure that any potentially damaging drift can be measured. 

SHM is typically used on inhabitable buildings (which are assumed to have minimum horizontal 

dimensions as small as 5 m) and some larger structures, such as dams or bridges (which are assumed 

to have maximum horizontal dimensions as large as 10 km, so an SHM technique could be required to 

measure drifts as small as 10 mm and as large as 250 mm. 

The displacement data for each point on the structure ideally needs to be measured continuously by 

any proposed SHM method so that the time-variant stress on the structure can be examined. Within the 

time series output, the maximum displacements from the structure's resting state should be able to be 

extracted so that the maximum IDR can be checked. Ultimately, SHM data's validity is dependent on 

the accuracy of its displacement measurements; as such, measurement accuracy should be prioritised 

over time resolution if a trade-off between the two exists. While the time-series data may be useful for 

structural integrity analysis, peak measurements of a structure's IDR can reveal how severely a 

structure has been damaged. 

2.2 Frequency-Modulated Continuous Wave Radar System 

This paper proposes a method by which the aforementioned requirements can be met, using a 

frequency-modulated continuous wave (FMCW) radar system. This particular radar system 

continuously transmits a signal with a time-variant frequency and compares it to received echoes to 

ascertain the signal’s time of flight. The channel response indicates the location of reflectors in the 

vicinity of the transceiver. The distance between the transceiver and moving targets can then be 

ascertained by mixing the channel response with the transmitted signal. An example of this 

implementation is shown in Figure 2. In this implementation, a transceiver is placed equidistant 

between two reflectors. The transceiver expects to receive two reflected signals of the same frequency; 

if signals with two different frequencies are received simultaneously, the sensor is no longer 

equidistant, and thus there was been some interstorey drift. 
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Figure 3. An FMCW signal, with the transmitted signal plotted in red, the received echo plotted in green, and the 
frequency difference plotted in blue. 

2.2.1 Frequency-Modulated Continuous Wave Operation 

The frequency of the transmitted signal typically varies in a linear or quadratic fashion over time; an 

example of this FM signal is depicted in Figure 3. Upon reception of the echoed signal, it is multiplied 

by the signal currently being transmitted (Brooker 2005); in other words, the received signal is a 

delayed copy of the transmitted signal. 
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Here, Ac is the amplitude of the transmitted and received signals, ωc is the carrier frequency at the time 

of transmission, Ab is the rate of increase of the frequency sweep, and Tp is the channel delay. 

This formulation for vout leads to the expanded equation for the mixed signals,  
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The phase shift for each cosine term in (5) is 
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The first cosine term has a linearly increasing frequency 
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pbcout TAm  2  (7) 

This frequency is approximately twice as large as the carrier frequency, and as such can simply be 

filtered out using a low-pass filter. This leaves the second cosine term, which has a frequency of 
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Note that this frequency is proportional to the time delay Tp, and is therefore also proportional to the 

distance the signal has travelled. Once the frequency of this term has been identified, it can be 

converted into a distance using an equation derived from the classical FMCW formula (Brooker 2005, 

Deacon 2011): 
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where c is the speed of light (and the assumed speed of signal transmission), Tmod is the period over 

which the linear frequency sweep occurs, and f0 and f1 are the starting and finishing frequencies of the 

transmission signal frequency sweep (respectively). 

2.2.2 Suitability in Structural Health Monitoring 

The value of fr can be obtained by applying a Fourier transform to the observed vout. An algorithmic 

approach to this problem using a Fast Fourier Transform (FFT) will apply limitations to the frequency 

resolution. As such, this resolution limitation is transferred to the distance calculated using (9). In 

order for the FMCW technique to be considered suitable for SHM, its resolution must be greater than 

the minimum drift detection requirement of 10 mm stated in Section 2.1. 

Discrete-time Fourier transforms have an inherent frequency resolution of  
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where fs is the signal’s sampling rate, and Nd is the number of data points being analysed. In the case 

of FMCW radar, the number of data points in the transformed signal is the number of points sampled 

during one frequency sweep, or Tmod × fs. Hence, for FMCW, 
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The distance resolution for FMCW is therefore 

   0101

mod

22 ff

c
f

ff

Tc
d







  (12) 

The notable result of (12) is that the distance resolution of an ideal FMCW system is inversely 

proportional to the sweep bandwidth (f1 – f0). In order to meet the previously stated minimum drift 

detection requirement, a SHM system purely reliant on FMCW displacement measurement must have 

a sweep bandwidth significantly greater than 15 GHz. Additionally, vout must be sampled at a rate 

greater than twice the frequency corresponding to the greatest expected distance to satisfy the Nyquist 

criterion. The maximum range of an FMCW system is proportional to the sweep time; as such, longer 

sampling periods are required to measure longer distances. Real-world implementations will also 

require significant transmitter amplification to ensure that the signal can be reflected. 

Because FMCW implementations rely on limited channel interference, investigation into the method’s 

suitability in indoor applications is pertinent. Similar systems have been implemented for the purpose 
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of indoor positioning (Gierlich 2007, Wang 2013). These systems used the ISM band, with sweep 

bandwidths of 150–160 MHz. The distance measurement accuracy (16.5–28 mm) of these systems is 

encouraging, given the relatively narrow bandwidths used. With a wider bandwidth, FMCW-based 

drift sensing should be sufficiently accurate for SHM purposes. 

FMCW radar transceivers and reflectors should be positioned on a structure to effectively measure the 

structure’s IDR. Ideally, the quantity of transceivers should be minimised in order to minimise 

implementation cost. The location of these sensors is the subject of future investigation. 

Because displacement is measured directly in this proposed method, rather than calculated by the 

integration of acceleration data, this method will not contain errors related to integral drift. This fact 

gives this method an advantage over existing accelerometer-based methods. An FMCW 

implementation will be able to determine whether or not a structure’s centre of oscillation has been 

changed due to significant structural failure. The method’s NLOS nature ensures that it should be able 

to be implemented without significant structural modification. This advantage also allows for a 

reduction in system cost compared to some other contemporary SHM methods, particularly due to the 

ease of retrofitting for a radar-based approach. 

SHM systems must be able to transmit the large volumes of data collected to a base station for 

analysis. Because the system uses RF antennae for radar signal transmission and reception, it is 

conceivable that these antennae could also be used for data transmission. The sweep bandwidth chosen 

for displacement measurement would determine the success of this approach. Sensors would need to 

be placed throughout the structure in a way that allowed for redundancy; sensor placement 

optimisation will be considered in the future. 

2.3 Simulation Parameters 

In order to validate the suitability of the proposed system in a drift sensing application, a simulation 
was created. The simulation, implemented in MATLAB R2014a (MathWorks, Natick, MA, USA), 
aimed to verify that the FMCW system can track a moving target in a noisy environment. This was 
performed by creating a discretised FMCW signal and analysing the calculated vout after the signal had 
been passed through a noisy channel. The channel’s length was varied to simulate a moving target. 

To conduct these simulations, some adjustments had to be made. The values which could be chosen 
were limited by hardware restrictions; for instance, the mixed signal needed to be small enough to be 
stored entirely in memory so the FFT could be applied. This limited the signals’ sampling rate and 
Tmod, and thus limited the bandwidth of the frequency sweep due to the Nyquist criterion.  

To value of f0 was arbitrarily set to 0 Hz, f1 was set to various values between 1 MHz and 100 MHz to 
investigate the effects that bandwidth had on accuracy. The sampling rate f(s,signal) was chosen to be 1 
GHz so that the Nyquist criterion was easily satisfied for all tested bandwidths. The sampling rate of 
the mixed signal, fs, was set to 50 MHz, to simulate the capability of a PC-connected digital/analogue 
signal analysis tool intended for use in a future hardware prototype, the Saleae Logic Pro 16 (Saleae, 
San Francisco, CA, USA). The sweep time Tmod was chosen to be 10 ms, which was sufficiently small 
to ensure that the signals could be stored in memory and that the waveform of the displacement 
response was well-defined (Gentile 2009, Mayer 2010). 

The data used to simulate a moving target were taken from real-world displacement data obtained 
during the 4th September 2010 earthquake in Christchurch, New Zealand. The data set, obtained from 
a single degree of freedom structure in the Christchurch Botanical Gardens, was 150 s long and 
sampled at 200 Hz. The data were centred about a resting state of 0 mm. A plot of this data set is 
shown in Figure 4(a). Because of the limited bandwidth used in this simulation, the distance was 
scaled to compensate, so that limited distance resolution would not affect the simulation results as a 
result of (12). The simulated resting distance between the detector and target was set to 20 units, with 
the maximum instantaneous displacement scaled to ±1 unit, for an IDR of 5%. Additionally, some 
additive white Gaussian noise was inserted (20 dB signal-to-noise ratio) to determine that the system 
is robust to some noise. This ensured that the simulation would be an accurate representation of a 
system with a bandwidth range of 200 MHz to 20 GHz.  
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3 RESULTS 

 

 

Figure 4. (a) The displacement of a structure during an earthquake (Christchurch, New Zealand, 4th September 
2010) and (b) a section of the tracking of this displacement using simulated FMCW radar with a bandwidth of 
100 MHz. The blue line is the actual displacement, the red line is the FMCW tracking. Note that the 
displacements are unitless due to the distance scaling performed due to memory limitations. 

The simulation was carried out for the previously stated sweep bandwidths. Figure 4(b) depicts a small 

section of the drift sensing simulation with a bandwidth of 100 MHz, while Figure 5 shows the mean 

difference between the actual and detected displacements across the entire range of tested FMCW 

radar sweep bandwidths. 

 

Figure 5. The difference between the actual and detected displacements for various sweep bandwidths in the 
FMCW radar simulation, based on the Christchurch Earthquake data set. 

As expected, there is significant improvement in the accuracy of the method as the system bandwidth 

increases. The best performance of the FMCW simulation was a mean error of 5.125 units, for a target 

2000 units away, with a sweep bandwidth of 78 MHz. This is equivalent to a smallest achievable 

detection error of 0.26%. The minimum detectable displacement relative to the distance between the 
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transceiver and target was calculated using (12) to be 0.1%. To achieve comparable results for a target 

10 m away, the bandwidth would need to be increased by a factor of 200, to 15.6 GHz. 

4 CONCLUSION 

A system using frequency-modulated continuous wave radar was proposed for the purpose of drift 

sensing in a structural health monitoring context. The system uses radar to determine the interstorey 

drift ratio between two levels of a building; from this, a judgement can be made about the safety of a 

building in the immediate aftermath of a seismic event. The proposed system was simulated in 

MATLAB using a data set obtained from a real structure under the effects of an earthquake. It was 

determined that, relative to the distance between the FMCW transceiver and target, the minimum 

obtainable displacement error was 0.26%, with a minimum detectable displacement of 0.1%. This was 

considered sufficiently successful to make implementation of a hardware prototype worthwhile. This 

prototype is currently being constructed. 
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