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Abstract: There is an urgent need to develop non-destructive testing (NDT) methods for infrastruc- 9 

ture facilities and residences, etc., where human lives are at stake, to prevent collapse due to aging 10 

or natural disasters such as earthquakes before they occur. In such inspections, it is desirable to 11 

develop a remote, non-contact, non-destructive inspection method that can inspect cracks as small 12 

as 0.1 mm on the surface of a structure and damage inside and on the surface of the structure that 13 

cannot be seen by the human eye with high sensitivity, while ensuring the safety of the engineers 14 

inspecting the structure. Based on this perspective, we have developed a radar module (absolute 15 

gain of the transmitting antenna: 13.5 dB, absolute gain of the receiving antenna: 14.5 dB) with very 16 

high directivity and minimal loss in the signal transmission path between the radar chip and the 17 

array antenna, using our previously developed technology [1]. A single-input, multiple-output 18 

(SIMO) synthetic aperture radar (SAR) imaging system was developed using this module. As a re- 19 

sult of various performance evaluations using this system, we were able to demonstrate that this 20 

system has a performance that fully satisfies the above-mentioned indices. First, the SNR in milli- 21 

meter-wave (MM-wave) imaging was improved by 5.4 dB compared to the previously constructed 22 

imaging system using the IWR1443BOOST EVM [2], even though the measured distance was 2.66 23 

times longer. As a specific example of the results of measurements on infrastructure facilities, the 24 

system successfully observed cracks as small as 0.1 mm in concrete materials hidden under glass 25 

fiber-reinforced tape and black acrylic paint. In this case, measurements were also made from a 26 

distance of about 3 m to meet the remote observation requirements, but the radar module with its 27 

high directivity and high gain antenna proved to be more sensitive in detecting crack structures 28 

than measurements made from a distance of 780 mm. In order to estimate the penetration length of 29 

MM-waves into concrete, an experiment was conducted to measure the penetration of MM waves 30 

through a thin concrete slab with a thickness of 3.7 mm. As a result, Λexp = 6.0mm was obtained. As 31 

a result, Λexp = 6.0mm was obtained as the attenuation distance of MM-waves in the concrete slab 32 

used. In addition, transmission measurement experiments using a composite material consisting of 33 

ceramic tiles and fireproof board, which is a component of a house, and experiments using compo- 34 

site plywood, which is used as a general housing construction material in Japan, succeeded in mak- 35 

ing perspective observations of defects in the internal structure, etc., which are invisible to the hu- 36 

man eye. 37 
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1. Introduction 39 

In recent years, the maintenance and inspection of aging social infrastructure in pub- 40 

lic facilities, dams, tunnels, etc. has become a critical issue due to the aging of structures 41 

and the increasing need for safety and reliability. Traditionally effective inspection meth- 42 

ods often involve invasive procedures that can be time-consuming, costly, and potentially 43 

damaging to the structures being inspected. As a result, there is a growing demand for 44 

non-destructive testing (NDT) methods that can provide accurate and efficient assess- 45 

ments without compromising the integrity of the infrastructure. 46 
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The advancement of NDT technologies for infrastructure and residential buildings is 47 

particularly important in Japan, a country highly prone to earthquakes. The ability to ac- 48 

curately assess and ensure the integrity of structures without causing additional damage 49 

is critical to mitigating the risks associated with seismic activity and maintaining public 50 

safety. 51 

Several NDT techniques are available for such aging infrastructure facilities, e. Typ- 52 

ical examples include ultrasonic testing (UT) [3,4], thermographic testing (TT) [5-7], X-ray 53 

testing (XT) [8], pulsed magnetic testing (PMT) [9,10], etc. UT can detect internal defects 54 

with high accuracy and is often portable, but requires contact with the test object and ul- 55 

trasound couplants. Thermographic testing is non-contact and can inspect large areas in 56 

a short time, but is affected by changes in surface temperature, so internal defects can be 57 

difficult to detect. XT can image internal structures using transmitted X-rays and can pro- 58 

duce high-resolution images, but requires control of radiation, which is harmful to the 59 

human body and is often a more bulky instrument. MPT can also detect microscopic de- 60 

fects near the surface, but the measurement is limited to magnetic materials and requires 61 

cleaning of the surface of the object being inspected. 62 

A promising technology in the field of NDT is millimeter-wave (MM-wave) radar 63 

imaging. Operating in the frequency range of 30 to 300 GHz, MM-wave radar provides 64 

high-resolution imaging and the ability to penetrate various materials, making it particu- 65 

larly suitable for the detection of cracks on the surface of steel bridges and concrete tunnels, 66 

and for inspecting houses damaged by earthquakes and other disasters. This technology 67 

offers several advantages over traditional methods, including the ability to perform in- 68 

spections in real-time, detect subsurface defects, and operate in adverse environmental 69 

conditions. In addition, if the directivity of MM-wave radar can be increased sufficiently, 70 

it is possible to inspect measurement objects located at a considerable distance. This is an 71 

important factor in ensuring the safety of the technician conducting the inspection. 72 

However, until now, research on non-destructive testing using MM-wave has been 73 

(a) Highly sensitive but large systems using a vector network analyzer, waveguide cables, 74 

horn antennas, etc: Expensive and requires skilled technology [11,12]. 75 

(b) Inspection using a handy type of imaging system: Observation in contact conditions is 76 

essential because of the use of near fields [13,14]. 77 

(c) Inspection using a compact MIMO (multiple-input and multiple-output)-SAR (syn- 78 

thetic aperture radar) imaging system with an MM-wave radar module of one board type: 79 

Remote inspection is possible, but commercially available cost-effective radar modules 80 

lack sensitivity [2,15]. 81 

Therefore, in this study, a highly sensitive MM-wave radar array antenna module 82 

with high directivity and high signal-to-noise ratio (SNR) was developed and integrated 83 

into a SIMO (single-input and multiple-output)-SAR imaging system. After optimizing 84 

the imaging performance of the constructed system, the following experiments were per- 85 

formed. 86 

1) The SNR was compared with the previously built MIMO SAR system using the Texas 87 

Instruments IWR1443BOOST Evaluation Module (EVM) [16], and an increase in sen- 88 

sitivity of about 5.4 dB was confirmed. 89 

2) The measurement of ~0.1 mm wide cracks in a concrete block covered with glass fiber- 90 

reinforced (GFR) tape and acrylic black paint to prevent visibility clearly showed the 91 

small 0.1 mm crack. 92 

3) Reinforced concrete slabs with embedded steel frames were made and observed. The 93 

results showed a small amount of the steel frame near the surface layer, and from 94 

subsequent transmission measurements using a thin concrete slab of 3.7 mm thickness, 95 

a penetration length of 6 mm could be estimated for MM-waves. 96 

4) Transmission image measurements of ceramic tiles, a refractory board, and plywood, 97 

which are used as building materials for ordinary dwellings, were performed to con- 98 

firm the defects inside these materials. 99 
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 These results demonstrate the usefulness of the system developed in this study for 100 

non-destructive and non-contact inspection. These details are reported. 101 

2. MM-wave Array Antenna Sensor 102 

To explore the possibility of MM-wave imaging for NDT, the transmission character- 103 

istics of MM-wave against various materials that would attenuate MM-waves should be 104 

investigated. For this purpose, an MM-wave array antenna module with high absolute 105 

gains of the transmit and receive antennas was prepared for the present studies. Specifi- 106 

cally, a 2-dimensional orthogonal array antenna sensor was fabricated by Taiyo Yuden 107 

Co., Ltd. The array pattern of the transmit and receive antennas is shown in Figure 1, 108 

which consists of twelve transmit antennas (Tx) with a spacing of λ (= 3.80 mm) and six- 109 

teen receive antennas (Rx) with a spacing of 0.86λ (= 3.25 mm) in an antenna unit of 52.5 110 

mm × 73.6 mm × 19.4 mm, in an orthogonal array pattern of MIMO antenna structure. 111 

Although these antennas are arranged in such a narrow pitch, they have excellent side- 112 

rope suppression and can control directivity over a wide bandwidth. In addition, there is 113 

very low signal transmission loss between these Tx and Rx antenna elements and the ra- 114 

dar chips using the technology developed by Aoki et al [1]. For the MM-wave radar chips, 115 

four cascaded chips (Texas Instruments AWR2243 [17]), which are FMCW transceivers in 116 

the 76.5 GHz to 81 GHz band, are installed on this antenna unit. The element statistics of 117 

the MM-wave array antenna module are shown in Table 1.  118 

Table 1. Element statistics of the MM-wave radar in the present study 119 

 120 

 121 

Looking at the directivity and absolute gains, which are the most important factors 122 

in the present study, it can be seen that despite such a small antenna device, the directivity 123 

is high enough to achieve an absolute gain of 13.5 dB and 14.5 dB for the Tx and Rx an- 124 

tenna elements, respectively. These values are significantly higher than the 10.5 dB of the 125 

Texas Instruments IWR1443BOOST Evaluation Module (EVM) [16] used in our previous 126 

MM-wave MIMO-SAR imaging system [2]. In addition, the elevation 3 dB beamwidth is 127 

approximately ±13 degrees, indicating the excellent directivity of the present radar mod- 128 

ule. 129 

3. SIMO-SAR Imaging System 130 

To perform high-resolution imaging, a SAR imaging system has been constructed. 131 

SAR uses the concept of a virtual orbit, where a large number of antennas are distributed 132 

along the path of the radar system, allowing signal transmission and reception while the 133 

system is moving [18-22]. This dynamic motion effectively increases the aperture length, 134 

thereby improving system performance. In this system, only a Tx7 antenna was used, as 135 

shown in Figure 1. In other words, a SIMO-SAR imaging system was constructed. On the 136 

other hand, a 2-axis mechanical scanner (YAMAHA HXYx series) was adopted for SAR 137 

imaging. The maximum scanning range (synthetic aperture) in the horizontal direction 138 

(𝐿SA_X ) is 1250 mm with a maximum speed of 1200 mm/s, while that in the vertical 139 

 Tx antenna Rx antenna 

Element interval 3.80 mm (1.00) 3.25 mm (0.86) 

Number of elements 12 elements (in X-direction) 16 elements (in Y-direction) 

Typical gain GTx = 13.5 dB GRx = 14.5 dB 

Directivity: Beam width 26 deg 22 deg 

Directivity: Side lobe < 25 dB < 20 dB 

Frequency 76.5 GHz ~81 GHz 

Antenna unit size 

(Element + Feed line) 
52.5 mm × 73.6 mm × 19.4 mm 
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direction (𝐿SA_Y) is 1050 mm with a maximum speed of 600 mm/s. Control was performed 140 

in a Python-based environment from a host PC via a serial port. 141 

Since there is very little interference between the sixteen Rx antennas, even though 142 

the Rx spacing is very small, 16 rows of data in the Y-axis direction can be acquired in a 143 

single scan along the X-axis. However, for high-resolution imaging in the Y-axis direction, 144 

the X-axis scanner was shifted by 0.5 ( = 0.86: 3.25 mm) in the Y-axis direction and 145 

scanned again along the X-axis before the X-axis scanner was shifted by 15.5 in the Y- 146 

axis direction (see Figure 2(a)).  147 

For the FMCW chirp signal, the frequency of the signal transmitted from the Tx an- 148 

tenna was varied from 76.5 GHz to 81 GHz (bandwidth B = 4 GHz) based on the effective 149 

value, and the frequency slope in the chirp signal was set to 28.0 MHz/s. The horizontal 150 

(X-axis) scanning speed was set to 500 mm/s, the sampling interval in the scanning along 151 

the X-axis was set to 2.0 ms, and the effective number of samples was set to 768. 152 

In FMCW radar measurement, the received signal reflected from a target is mixed 153 

with the transmitted signal by a mixer, and the differential frequency components of the 154 

two signals are output through a low-pass filter [23]. This extracts an intermediate fre- 155 

quency (IF) signal [24,25]. The IF signal can be used to obtain a range FFT spectrum in 156 

which each spectrum peak reflects the distance (L) of the target surfaces. Therefore, it is 157 

possible to obtain 2D and 3D reconstructed images using the range FFT spectrum. The 158 

detailed data process for obtaining the 2D or 3D reconstructed images using the IF signal 159 

has already been reported elsewhere [2]. 160 

      

 

Figure 1. A 2-dimensional orthogonal arrangement of antenna elements of the array prepared for 161 
the present study. In the present experiments, only the seventh transmit antenna (Tx7) was used. 162 
Where  = 3.80 mm. 163 
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(a) (b) 

Figure 2. X-Y scanning method for antenna elements of the array. (a) Diagram of X-Y scanning 164 
using all Rx antennas from Rx1 to Rx16. (b) Diagram of X-Y scanning using eight Rx antennas from 165 
Rx1 to Rx8. Here, = is the distance between adjacent receive antennas. 166 

4. Basic Performance of the Constructed SIMO-SAR Imaging System 167 

4.1. Optimization of millimeter-wave imaging measurements 168 

In the above, we described the details of the SIMO-SAR imaging system constructed 169 

this time. However, since the measurements were performed in a laboratory space with 170 

limited space, the measurement conditions for the present study had to be modified some- 171 

what. In particular, an MM-wave array antenna module with such large absolute gains, a 172 

high directivity, and up to sixteen Rx antennas probably has no problems measuring dis- 173 

tant targets. However, there are some considerations when measuring in a limited labor- 174 

atory space. In particular, the distances between T7 and R1 (6 mm) and between T7 and 175 

R16 (58 mm) are too different, which means that if the distance to the target to be meas- 176 

ured is short, there will be a large difference in the intensity of the MM-wave signals re- 177 

ceived by Rx1 and Rx16 antennas.  178 

To investigate this point, we compared the MM-wave images of the copper plate 179 

placed at different distances. The results are shown in Figure 3. Figure 3 (a) shows a 200 180 

mm x 200 mm copper plate used for this MM-wave imaging. This copper plate was placed 181 

in front of the constructed SIMO-SAR imaging system at different distances of L = 720 mm 182 

and L = 1850 mm in the measurements. The left sides of Figures 3 (b) and 3(c) show the 183 

MM-wave images observed when the copper plate was placed at L = 720 mm and L = 1850 184 

mm, respectively. The right sides of Figures 3(a) and 3(b) show the Y-axis profile of the 185 

averaged intensity 𝐼 ̅ values within the red dotted rectangles inserted in the MM-wave 186 

images. The intensity (I) corresponds to the MM-wave power received by the receive an- 187 

tenna. All receive antennas of Rx1~Rx16 were used in the measurements. Here, the differ- 188 

ence in the MM-wave images between Figure 3(b) and 3(c) clearly shows that the differ- 189 

ence in the distance L from the transmit antenna Tx7 causes a significant difference in the 190 

signal intensities received by the Rx1~Rx16 antennas when observed at a short distance of 191 
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L = 720 mm. In particular, the profile in Figure 3 (b) shows apparent areas where the re- 192 

flection signal from the target can hardly be received. 193 

 

 

 

L = 720 mm (Rx1~Rx16) 

(a)  (b)  

 

 
L = 1850 mm (Rx1~Rx16)  

 

 
L = 1850 mm (Rx1~Rx8) 

(c)  (d) 

Figure3. Influences of the distance L to the target and the number of receive antennas (Rx) used in 194 
the MM-wave image observations. (a) The 200 mm × 200 mm flat copper plate for the measurements. 195 
(b) Condition of L = 720 mm with all receive antennas from Rx1 to Rx16. The left and the right figures 196 
show the observed MM-wave image and the distribution along the Y-axis of the averaged signal 197 
intensity 𝐼 ̅ within the red dotted rectangle inserted in the MM-wave image, respectively. (c) Result 198 
in the condition of L = 1850 mm with all receive antennas from Rx1 to Rx16. (d) Result in the condi- 199 
tion of L = 1850 mm with 8 receive antennas from Rx1 to Rx8. 200 

The result obtained at L = 720 mm can be well explained by considering the situation 201 

as shown in Figure 4. When the distance L = 720 mm, the elevation angle 𝜃[𝐿720, 𝑑57] 202 

from Tx7 of the point on the target located in front of Rx16 (distance d between Tx7 and 203 

Rx16: 58 mm), which is the farthest from Tx7, is 4.6 degrees. Considering the beamwidth 204 

given in Table 1, the MM-wave power at the point on the target in front of Rx16 would be 205 

about 1 dB less than the absolute gain of 13.5 dB. In addition, MM-waves are reflected 206 

from flat metal surfaces of copper plate with a reflection angle nearly equal to the angle 207 

of incidence. Therefore, it is expected that MM-waves will hardly be received by the Rx16 208 

antenna. Increasing the distance L improves this situation somewhat, but there should be 209 

still a significant difference in the received signal intensity between Rx1 and Rx16 as 210 

shown in Figure 3(c). Based on these results, we decided to use only Rx1 to Rx8 antennas 211 

as the receive antennas in the present study, according to the diagram of the X-Y scanning 212 

diagram as shown in Figure 2(b). Figure 3(d) shows the result of the measurement with 213 

the number of antennas reduced while the distance L remains at 1820 mm. It can be seen 214 

that the change in the signal intensity is considerably improved. In addition, in the present 215 

study, the measurements were performed with distant targets as far as possible. 216 

 217 
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Figure 4. Estimation of MM-wave irradiation power on a target at a distance of L = 720 mm from 218 
the Tx antenna to the target.4.1. Optimization of MM-wave imaging measurements 219 

4.2. Signal-to-noise ratio of the constructed system 220 

Furthermore, the SNR value of the present SIMO-SAR imaging system (system-A) 221 

was compared with that of the previously constructed MIMO-SAR imaging system with 222 

an IWR1443BOOST EVM (system-B) [2]. The IWR1443BOOST EVM has an absolute gain 223 

of approximately 10.85 dB over the 76 to 81 GHz frequency band and an elevation 3 dB 224 

beamwidth of approximately ±28 degrees [16]. For comparison, MM-wave images of the 225 

copper plate were observed by both systems. Each distance L from the radar module to 226 

the copper plate was LA = 1810 mm for system-A and LB = 680 mm for system-B. The results 227 

are shown in Figures 5 (a) and 5(b), where the top figure shows the MM-wave image ob- 228 

served for each system, while the bottom figure shows the profile of the averaged signal 229 

intensity 𝐼 ̅ along the X-axis direction in the area indicated by the dashed red rectangle 230 

inserted in the top image. From these results, the averaged signal intensity (𝐼S̅) and noise 231 

intensity (𝐼N̅) were estimated as follows: 232 

SNRA  =  10log10 (
𝐼S̅

𝐼N̅

). (1) 

As a result, we got the following SNR values for system-A (SNRA) and system-B (SNRB). 233 

SNRA  ≅  10log10 (
836

16.6
)  =  17.0 dB. (2) 

SNRB  ≅  10log10 (
355

24.4
)  =  11.6 dB. (3) 

Note that the observed SNRA is 5.4 dB higher than the SNRB. Considering the radar equa- 234 

tion [26], it is expected that the received power using system-A will be significantly atten- 235 

uated because the distance LA is about 2.66 times longer than LB for system-B. Despite this 236 

fact, the fact that system-A has a higher SNR value than system-B is discussed below. 237 
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(a) (b) 

Figure 5. Comparison of SNR in the MM-wave images observed by (a) present SIMO-SAR imaging 238 
system (system-A) at LA = 1810 mm and (b) previously constructed MIMO-SAR system using an 239 
IWR1443BOOST EVM (system-B) at LB = 680 mm. Where the top figures show the MM-wave images, 240 
while the bottom figures show the profiles of the averaged signal intensity 𝐼 ̅ along the X-axis di- 241 
rection in the area indicated by the red dashed rectangle inserted in the MM-wave image.  242 

When considering the difference in SNR between the two systems, we should first 243 

consider the gain as a function of the number of array elements n. In the measurements, 244 

system-A used eight array elements (n = 8: Tx-1ch × Rx-8ch), and system-B with the 245 

IWR1443 BOOST EVM also used eight array elements (n = 8: Tx-2ch × Rx-4ch). Therefore, 246 

the gain (Garray) for both radar modules is given as follows: 247 

𝐺array  =  10 log(𝑛)  =  10 log(9)  =  9.5 dB. (4) 

Since there is no difference in the gain 𝐺array, the difference in the composite gain for the 248 

two systems was considered using the radar received power equation [26]. 249 

Assuming that the results of Figure 5 were obtained under the same condition of 250 

radar scattering cross section  and the wavelength  and that the difference in SNR val- 251 

ues is considered to be given by the ratio of the maximum received power of each radar 252 

module of system-A and system-B. Therefore, the difference in the SNR value of 5.4 dB 253 

would be expressed by using the receive powers of PRA and PRA and the emission peak 254 

powers of PTA and PTB for system-A and system-B, respectively, as follows: 255 

5.4 dB =  10log
𝑃RB

𝑃RB

 =  (𝐺TxA + 𝐺RxA) − (𝐺TxB + 𝐺RxB) + 10log [
{

𝜎𝜆2𝑃TA

(4𝜋)3(𝐿A)4}

{
𝜎𝜆2𝑃TB

(4𝜋)3(𝐿B)4}
] (5) 

Substituting the antenna gains for each module yields the following equation. 256 

10log
𝑃RB

𝑃RB

 =  28 dB − 21.7 dB + 10log [(
𝐿𝐵

𝐿𝐴

)
4

 ×  
𝑃TB

𝑃TB

]. (6) 
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Here 10.85 dB was used as 𝑮𝐓𝐱𝐁 and 𝑮𝐑𝐱𝐁 for the IWR1443BOOST EVM [16]. There- 257 

fore, the ratio of emission peak powers of each radar module can be obtained as follows: 258 

10log (
𝑃TB

𝑃TB

)  =  5.4 dB − 6.3 dB − 10log (
𝐿𝐵

𝐿𝐴

)
4

=  −0.9 dB − 40log (
680

1810
)  =  16.1 dB (7) 

𝑃TB

𝑃TB

 =  101.61 (=  40.7) (8) 

The present radar module with four cascaded chips (Texas Instruments AWR2243) 259 

is indeed considered to have a high transmission power, but it is not possible to have 40 260 

times more transmission power than that of the IWR1443 BOOST EVM.  Therefore, this 261 

result strongly indicates a very low signal transmission loss between the Tx and Rx array 262 

antenna elements and the four cascaded chips and also indicates a very high directivity 263 

of the present radar module. 264 

5. Experimental Results on Transmission Performance of MM-wave and Discussions  265 

5.1. Comparative studies on crack detection in concrete 266 

Based on the results of the preliminary experiments, the potential of the present im- 267 

aging system for NDT inspection was investigated. First, a comparison study with system- 268 

B was conducted to detect the cracks between concrete blocks under glass fiber-reinforced 269 

(GFR) tape and a coat of black acrylic paint. The results of this experiment are shown in 270 

Figures 6(a) through 6(d). As shown in Figure 6(a), two concrete blocks were firmly 271 

bonded together, and GFR tape and a coat of black acrylic paint were applied over a por- 272 

tion of the cracks to hide the crack areas. Figure 6(b) is a magnified photograph taken to 273 

show the width of the cracks. As can be seen from this photograph, the width of the crack 274 

is approximately 0.1 mm. Figure 6(c) shows the MM-wave image observed with system- 275 

A. It can be seen that the cracks are visible in the image below the GFR-taped areas. On 276 

the other hand, Figure 6(d) shows the result with system-B. In this case, the coating paint 277 

itself is transparent, but the GFR tape is not sufficiently transparent and the cracks in the 278 

underlying concrete are not visible.  279 

The detection of cracks caused on the surface of concrete infrastructure facilities is 280 

one of the most important issues in NDT, and as shown in Figures 6(c) and 6(d), we can 281 

observe the cracks on the exposed surface areas of concrete blocks. On the surface of the 282 

concrete blocks, which does not have a smooth surface like a copper plate, the incident 283 

MM-waves are scattered uniformly in all directions and reflected with some intensity 284 

(backscattering) in the direction of incidence. As a result, unlike objects with smooth sur- 285 

faces, an overall dark image is observed. However, in the areas with cracks, since the in- 286 

cident MM-waves are scattered more strongly and irregularly, the intensity of refracted 287 

MM-waves returning in the directions of the receive antennas would be much smaller, 288 

which would be reflected as darker lines in the MM-wave image. 289 

On the other hand, in the area with GFR tape and black acrylic paint on the surface, 290 

we could see cracks hidden under these coverings only with the present system-A with 291 

high sensitivity. Incidentally, the contrast of the raw photographic data was adjusted so 292 

that the viewer could see where the GFR tape was applied in Figure 6(a).  From these two 293 

MM-wave images, there is almost no change in the received signal intensity for the black 294 

acrylic paint, but the signal intensities are weaker in the areas of the GFR tape, confirming 295 

that absorption by the GFR tape has occurred. To be sure, contrast-adjusted photographs 296 

are shown in the upper left corner of Figs. 6(c) and 6(d). Here the contrast has been ad- 297 

justed to show the crack structure most clearly. As can be seen from this photograph in 298 

Fig. 6(c), the MM wave image observed using system-B did not show the crack structure 299 

hidden under the GFR tape, no matter what adjustments were made. 300 
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(a) (b) 

 
LA =780 mm 

 
LB = 650 mm 

(c) (d) 

  
LA = 3038 mm 

(e) (f) 

Figure 6. Comparison of MM-wave images of concrete blocks with GFR tape and black acrylic paint 301 
over the cracks. (a) Strongly bonded concrete blocks for observation. The contrast of the raw image 302 
is adjusted to show the position of the GFR tape under black acrylic paint. (b) Magnified view of the 303 
cracked area. It can be seen that the crack is about 0.1 mm wide. (c) MM-wave image observed at 304 
the target distance of LA = 780 mm using system-A. (d) MM-wave image observed at the target dis- 305 
tance of LB = 650 mm using system-B. (e) Concrete blocks with (left) and without (right) cracks, 306 
thickly coated with acrylic paint over GFR tape. These were placed at a distance of LA= 3038 mm 307 
from the radar module. (f) MM-wave images of concrete blocks with (left) or without (right) cracks. 308 

We also tried to make measurements under more severe conditions that would re- 309 

duce the spatial resolution and signal intensity. In this experiment, measurements were 310 

made with a fairly thick top coat of acrylic paint and at a distance of LA = 3038 mm from 311 

the radar to the concrete blocks. For comparison, a crack-free concrete block with GFR 312 

tapes attached to the bottom half of the block and a thick layer of acrylic paint applied 313 

over it was also prepared for simultaneous measurement. Figure 6(e) shows a photograph 314 

of these two targets placed at LA = 3038 mm. Figure 6(f) shows the MM-wave reflection 315 

images observed at these target surface locations. In the MM-wave image observed on the 316 

cracked concrete blocks, the spatial resolution appears to be slightly lower, but the cracks 317 

and chips in the block are more clearly visible than in the case of LA = 780 mm. Furthermore, 318 



Sensors 2024, 24, x FOR PEER REVIEW 11 of 20 
 

 

it can be seen that no such traces were observed in the concrete blocks without cracks. 319 

Although the concrete surfaces of infrastructure facilities are generally protected by rein- 320 

forcing sheets and paint in many cases, the highly sensitive MM-wave imaging system 321 

developed in this study proved to be sufficiently useful for detecting cracks that are not 322 

visible on such objects. 323 

Let us now consider why 0.1 mm wide cracks can be detected using MM waves with 324 

a wavelength of about 4 mm. According to Ref.[27], the horizontal and vertical cross-range 325 

resolutions 𝛿𝑋 and 𝛿𝑌 in SAR imaging are given by 326 

𝛿X  ≅  
𝜆c𝐿A

2𝐿SAX

 =  
3.80 ×  𝐿A

2 ×  1250
[mm], (9) 

𝛿Y  ≅  
𝜆c𝐿A

2𝐿SAY

 =  
3.80 ×  𝐿A

2 ×  1050
[mm], (10) 

where 𝜆c = 3.80 mm is the wavelength at the center frequency of 78.8 GHz in the chirp 327 

signal. Therefore, considering the case of LA = 780 mm, the following values can be ob- 328 

tained as the cross-range resolution. 𝛿X = 1.19 mm and 𝛿Y = 1.41 mm. As for 𝛿Y, it cannot 329 

be less than 0.5 (= 1.4 mm), which is the minimum vertical motion interval of the receive 330 

antenna Rx. Similarly, for LA = 3038 mm, 𝛿X is 4.62 mm. Looking at the 𝛿X values, both 331 

are very large compared to the actual crack width of 0.1 mm, which would make it diffi- 332 

cult to detect such narrow cracks, but they are observed. In general, if there are cracks or 333 

defects on the surface of an object, the surface irregularities will interfere with the reflec- 334 

tion of MM-waves, changing the scattering pattern and reducing the radar cross-section. 335 

This causes the received signal strength to decrease in the range of 𝜆c around the crack 336 

or defect, and if this change can be detected with high sensitivity, the presence or absence 337 

and location of the defect can be confirmed. Therefore, although a spatial resolution of 338 

about one wavelength is necessary for non-destructive and non-contact inspection using 339 

MM waves, SNR is considered more important. One of the advantages of MM-wave im- 340 

aging is that micro-defects and cracks as small as 0.1 mm can be observed as an image 341 

spread over a few millimeters of the wavelength of the MM-wave. This is because non- 342 

destructive inspections of infrastructure facilities are generally performed over a rela- 343 

tively large area of several meters, and if, for example, point or line defects with a spread 344 

of several millimeters (> 1/1000) appear in an inspection image of an area of several meters 345 

square, the possibility of the presence of a defect can be immediately suspected. On the 346 

other hand, in inspections using visible light, which has a short wavelength and allows 347 

high-resolution observation, defects that are larger than the wavelength of the light (<1 348 

µm) will appear in the observed image as their actual size. In other words, defects as small 349 

as about 0.1 mm (<1/10000) will appear as dots or lines on an inspection image of an area 350 

of several square meters. It is considered extremely difficult to detect the presence or ab- 351 

sence of minute defects in such an observed image. 352 

The validity of such an idea is evident from the crack images in the MM-wave images 353 

in Figures 6(c) and 6(f). Comparing the crack images in Figures 6(c) and 6(f), it is obvious 354 

that the image in Figure 6(c) shows a finer crack structure. However, in terms of signal 355 

intensity and contrast of these images, the signal intensity is higher and the presence of 356 

cracks can be observed more clearly in Figure 6(f), even though the measurement distance 357 

is about four times longer. At a distance of L = 3038 mm, the elevation angle from the 358 

transmit antenna Tx7 to the point in front of the receive antenna Rx8 on the concrete sur- 359 

face is only 0.6 degrees. Thus, it can be seen that both transmission and reception are car- 360 

ried out using a signal of almost maximum gain. This indicates that the newly developed 361 

radar module with high directivity and high gain is very useful for non-destructive, non- 362 

contact, and safer remote inspection of concrete structures at risk of collapse due to aging 363 

or natural disasters. Furthermore, it can be seen that in this type of non-destructive testing 364 

using MM-waves, it is necessary to develop a compact system with signal strength rather 365 

than resolution, i.e. high SNR. 366 
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Another interesting result is that although the observation with system-A was made 367 

by placing the concrete blocks at a very close distance of LA = 780 mm from the radar 368 

module, no significant difference in signal intensities appeared as shown in the MM-wave 369 

images of a copper plate. Although a periodic dark and light wide stripe structure is ob- 370 

served approximately equal to the total length of the array of eight receiving antennas (8 371 

= 26 mm), the signal is not extremely weak as shown in Figures 3(b) and 3(c). This is 372 

because the surface of the concrete blocks is not perfectly smooth, and the incident waves 373 

scattered by the surface are reflected to some extent in the direction of the receive antenna 374 

and detected. This indicates that the MM-wave radar inspection method is fully applicable 375 

to the non-destructive inspection of structures with such surfaces. 376 

In this section, we have investigated the detection of surface cracks that may occur in 377 

common concrete structures such as tunnels and buildings. The next section reports the 378 

results of experiments conducted on a concrete slab and a thin concrete slab to evaluate 379 

the transmission performance of MM-waves against concrete. 380 

5.2. Evaluation of transmission performance using a concrete slab 381 

 To evaluate the performance of MM-wave transmission to concrete, a reinforced 382 

concrete (RC) slab with a steel frame of D13 (12.7 mm) was prepared as shown in Figure 383 

7. It is difficult to see here, but steel frames #1 and #5~#8 are straight, and the other steel 384 

frames #2~#4 are bent near the center. The amount of bending increases from #2 to #4. The 385 

assembled steel frames were placed in wooden frames and poured with concrete, and this 386 

RC slab was removed and measured after the concrete had sufficiently dried and 387 

hardened. 388 

 

Figure 7. Reinforced concrete slab to investigate MM-wave transmission characteristics into con- 389 

crete.  390 

Figure 8 shows the photograph of the RC slab and its MM-wave images. Figure 8(a) 391 

shows the surface of the measured RC slab. The measurements were made on the surface 392 

corresponding to the bottom of the RC slab in Figure 7. It can be seen that the entire steel 393 

frame of #1 is visible, while the central regions of steel frames #2~#4 are partially buried 394 

under the concrete. Figures 8(b), 8(c), and 8(d) show the MM-wave images observed at 395 

the distance of L = 1000 mm, L = 2000 mm, and L = 3050 mm, respectively. The horizontal 396 

stripe structure of light and dark observed at L-1000 mm disappears as the distance L in- 397 

creases from L = 1000 mm to L = 3050 mm. In addition, the steel frame of #3, which is 398 

moderately bent among the steel frames of #2~#4, becomes more visible in the MM-wave 399 

images with increasing distance. However, only the two ends are weakly imaged for the 400 

steel frame of #4, which has the largest bending even at the distance of L = 3050 mm. This 401 

is because the incident waves are attenuated inside the concrete, and the reflected wave 402 

from the inclined targets hardly returns to the receive antenna. In addition, we could not 403 

observe anything at all about steel frames #5~#8, which are mounted under steel frames 404 

#1~#4 and buried at least 13 mm under the concrete surface. This is discussed in the next 405 

section by estimating the attenuation distance 𝛬 of MM-waves in concrete.  406 
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Figure 8. (a) Photograph of the prepared 33.4 mm thick concrete slab for MM-wave imaging. This 408 

surface was used for the measurement. (b) MM-wave image observed with the slab placed at a rel- 409 
atively short distance of L = 1000 mm. Below are MM-wave images observed at (c) L = 2000 mm and 410 
(d) L = 3050 mm. 411 

On the other hand, we can see more detailed structures of the steel frame of #1 in the 412 

MM-wave image, as shown in the inset photo of Figure 8(d).  The MM-wave image in 413 

Figure 8(d) shows the most sensitive and clear image, reflecting the steel frames inside the 414 

concrete. Calculating the elevation angle 𝜃[L3050, d32] from Tx7 to the target in front of 415 

Rx8, it is about 0.6 degrees. This result indicates that the measurement was made using 416 

the central regions with the highest beam power. In general, non-destructive and non- 417 

contact inspection is highly desirable in any kind of inspection of infrastructure facilities 418 

and residential buildings, because such inspection can ensure the life safety of measure- 419 

ment technicians, especially when inspecting buildings after a major earthquake. 420 

5.3. Estimation of attenuation distance of MM-waves to concrete26 421 

 To discuss the observed results on the RC slab, let us estimate the attenuation dis- 422 

tance 𝛬 of MM-waves to concrete materials by using basic electromagnetic formulas [28]. 423 

The real part of the complex permittivity 𝜀 = 𝜀1 + i𝜀2 in the MM-wave frequency range 424 

is reported to be 𝜀1 = 5 ~ 10 and 𝜀2 = 0.2 ~ 1 [29-32]. Therefore, if we calculate the complex 425 

refractive index 𝑁 = 𝑛 + i𝜅 using the intermediate values 𝜀1 = 7.5 and 𝜀2 = 0.6, we can 426 

estimate 𝑛 = 2.74 and 𝜅 = 0.11. Using these values of 𝑛 and 𝜅, we can estimate the re- 427 

flectance R of MM-waves under the condition of the air-concrete interface in the normal 428 

incidence of MM-waves. First, the reflectance R is estimated to be about 22%. In addition, 429 

the absorption coefficient 𝛼 (and attenuation distance 𝛬) in concrete is estimated to be 430 

𝛼 = 0.18 mm-1 (and 𝛬 = 5.4 mm) at 80 GHz. Here, the attenuation distance 𝛬 = 5.4 mm 431 

explains well why the steel frames #5~#8 could not appear in the M-wave images at all. 432 
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Based on the estimated 𝛬 value of 5.4 mm, we prepared a concrete slab of about 3.7 433 

mm thickness and attempted transmission measurements to demonstrate the actual trans- 434 

mission performance of MM-wave to a concrete slab.  435 

5.4. Evaluation of transmission performance using a thin concrete slab 436 
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Figure 9. (a) Photographs of the thin concrete slab of 3.7 mm thickness placed at L = 3100 mm and 437 

the copper plate placed at L = 3185 mm behind it. (b) MM-wave image at position L = 3100 mm on 438 
the concrete surface and (c) MM-wave image at position L = 3185 mm on the copper plate surface.  439 

While all MM-wave images presented so far have been single reflection images of 440 

the target, the SAR imaging technique using FMCW radar converts the obtained IF sig- 441 

nal into a range FFT signal, so that a 2D cross-sectional image (2D slice image) can be 442 

obtained at any distance in front of the MM-wave radar module [2]. Therefore, if there is 443 

some target of interest behind an object through which MM-waves can penetrate, the 444 

reflection image of the target can also be observed. Therefore, as shown in Figure 9(a), a 445 

thin concrete slab with a thickness of 3.7 mm was prepared and placed at L = 3100 mm in 446 

front of the radar module, and a copper plate was placed at L = 3185 mm behind it, and 447 

the transmission performance of MM-waves through concrete was investigated by ob- 448 

serving the reflection image of the copper plate. Figure 9(b) shows the MM-wave image 449 

of the concrete surface at L = 3100 mm, and Figure 9(c) shows the MM-wave image at L = 450 

3185 mm corresponding to the surface of the copper plate behind the concrete slab. As 451 

can be seen from Figure 9(a), the uppermost part of the copper plate protrudes from the 452 

concrete slab and is exposed, so Figure 9(c) shows that the signal intensity in this ex- 453 

posed area is considerably higher than in other areas. Therefore, the attenuation distance 454 

of the concrete was calculated by comparing the received signal intensity from the up- 455 

permost part of the copper plate and the hidden part behind the concrete in this experi- 456 

ment. 457 

To compare the signal intensities from both parts, the averaged signal intensities 458 

along the X-axis direction in area-1 and area-2 in Figure 10(a) were used. The distribu- 459 

tion of the averaged intensity 𝑰̅ in area-1 and area-2 are shown in Figure 10(b). The max- 460 

imum averaged signal intensity in the area-1 (𝑰̅𝐂𝐮) was about 1670. On the other hand, 461 

that in-area 2 (𝑰̅𝐞𝐱𝐩) is about 300. We will use these values to determine the experimental 462 

attenuation distance 𝜦𝐞𝐱𝐩 in the prepared concrete slab. In determining the attenuation 463 

distance 𝜦𝐞𝐱𝐩, let the reflectance R of MM-waves on the concrete surface be 0.22 and the 464 

reflectance of MM-waves on the copper plate surface be RCu. When the signal intensity 465 

transmitted from the Tx7 is I0, the received signal intensity 𝑰̅𝐂𝐮 reflected directly from 466 

the copper plate can be expressed as follows: 467 

𝐼C̅u  =  𝑅Cu𝐼0. (11) 
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It is assumed here that all returned signals are received. Using (11), the intensity 𝑰̅𝐞𝐱𝐩, 468 

which is the signal received after passing through the thin concrete slab twice, can be 469 

expressed as follows: 470 

𝐼e̅xp  =  (1 − 𝑅)2  ×  (exp
−3.7

𝛬exp

)

2

 ×  𝑅Cu𝐼0  =  0.782  ×  (exp
−3.7

𝛬exp

)

2

 ×  𝐼C̅u (12) 

Using (11) and (12), 𝜦𝐞𝐱𝐩 can be obtained as follows: 471 

exp
−3.7

𝛬exp

 =  
1

0.78
 × √

𝐼e̅xp

𝐼C̅u

 =  
1

0.78
 ×  √

300

1670
 =  0.54 (13) 

𝛬exp  =  
−3.7

ln(0.54)
 =  6.0 mm (14) 

The result obtained by this experiment is almost the same as the estimated value of 472 

𝜦 = 𝟓. 𝟒 mm, which indicates the difficulty of investigating deeper internal structures 473 

from the concrete surface. 474 

 

 

(a) (b) 

Figure 10. (a) area-1 and area-2 for comparing averaged signal intensity 𝐼 ̅ in the MM-wave image. 475 
(b) Distribution of the averaged intensity 𝐼 ̅ along the X-axis in area-1 and area-2. 476 

However, the distance L of the target was limited to a maximum of about 3200 mm 477 

due to space limitations in the laboratory. In addition, only 8 receive antennas were used 478 

to obtain better MM-wave images in the present study. Therefore, If we have a large la- 479 

boratory space where we can observe at a distance of L = 10 m, and if we use all antenna 480 

elements of the array for measurements, we can expect a significant improvement in 481 

SNR. This would also make it possible to obtain transmission images of thicker concrete. 482 

5.5. Evaluation of transmission performance using residential wall materials 483 

 As an important NDT technology in Japan, which is an earthquake-prone country, 484 

several observations have been made on the transmission performance of MM-waves 485 

through composite plywood, refractory board, and ceramic tiles used for walls and other 486 

surfaces in residential houses. 487 

Figure 11(a) shows the arrangement of the composite plywood and the copper 488 

plate placed at L = 3110 mm and L = 3225 mm, respectively. Figures 11(b) and 11(c) show 489 

the MM-wave images of the inside of the composite plywood at L = 3120 mm and the 490 
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surface of the copper plate at L = 3225 mm, respectively. As can be seen from the MM- 491 

wave images, the composite plywood can transmit MM-waves with almost no power 492 

loss when the thickness is about 12 mm. On the other hand, the faint streaks along the 493 

inserted arrows in Figure 11(b) become thicker and more distinct streaks in Figure 11(c). 494 

Since there are no such streaks on both surfaces of the composite plywood, an inner 495 

sheet of the composite plywood may have some cracks or scratches. It is assumed that 496 

the scattering of MM-waves caused by these cracks or scratches inside the composite 497 

plywood dramatically reduces the amount of MM-wave radiation to the copper plate 498 

directly behind the cracks or scratches. 499 

   

 

(a) (b) (c) (c) 

Figure 11. (a) A photograph of the composite plywood of 11.85 mm thickness placed at L = 3110 mm 500 

and the copper plate placed at L = 3225 mm behind it. (b) MM-wave image at position L = 3120 mm 501 
inside the composite plywood and (c) MM-wave image at position L = 3225 mm on the copper plate 502 
surface.  503 

  

L = 3080 mm 

(a) (b) 

Figure 12. (a) A refractory board attached to a styrofoam board with double-sided tape. It was pre- 504 

split and set at L = 3080 mm. The insert shows the cracks of tens of µm width. The cracks cannot be 505 
seen from a distance. (b) MM-wave image of the refractory board at a distance of L = 3080 mm from 506 
the radar module. It can be seen that the crack streaks are imaged. 507 

Next, to confirm that MM waves are indeed effective in detecting damage as small 508 

as a few 10 µm, the detection performance was first evaluated using cracks that, unlike 509 

the concrete cracks in Figure 6, cannot be visually confirmed by humans at a distance. 510 

Figure 12(a) shows a refractory board of 5 mm width, which was completely cracked for 511 

use in this measurement. After splitting, the board was mounted so that the cracks were 512 

not visible, so it is difficult to see in this picture, but it can be seen that the crack runs down 513 

the left side. The width of the crack is only a few 10 µm as shown in the inset. Figure 11(b) 514 

shows the MM-wave image observed on the surface of this refractory board. The ratio to 515 
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the 300 mm wide board size shows that a crack structure of tens of µm width is observed 516 

as a crack image of about 8 mm width, which corresponds well to the actual crack position.  517 

Now consider what happens when two boards are completely pasted together, since 518 

the range resolution 𝛿L  of the FMCW radar is given by using the frequency bandwidth 519 

B = 4.5 GHz and the speed of light c as follows: 520 

𝛿L  ≅  
𝑐

2𝐵
 =  

3.0 ×  108

2 ×  4.5 × 109
 [m] = 33 [mm]. (15) 

This result means that even if a 2D slice image corresponding to a distance of L = 3080 mm 521 

is cut out from the range FFT analysis results, it will also be affected by objects in the range 522 

of 16.5 mm in front and behind it. Therefore, if this refractory board is transparent to MM- 523 

waves, it would be affected not only by MM-wave scattering due to surface cracks but 524 

also by scattering due to internal cracks. This could therefore be observed as a larger signal 525 

change. Considering this, the penetration length of the concrete slab obtained this time 526 

was only about 6 mm, but it would be possible to detect cracks with higher sensitivity if 527 

even such a small penetration could be achieved.  528 

Finally, the MM-wave transmission properties of ceramic materials such as ceramic 529 

tiles and a refractory board were investigated. Figures 13(a) and 13(b) show the photo- 530 

graphs of 5 mm thick ceramic tiles bonded to the surface of a 5 mm thick refractory board 531 

with ceramic adhesives. The surface of the refractory board was engraved with various 532 

patterns for the transmission imaging. Figure 13(c) shows the MM-wave image at the in- 533 

terface between the ceramic tiles and the refractory board. It can be seen that the patterns 534 

on the refractory board are observed by transmission MM-imaging through the ceramic 535 

tiles. In addition, Figure 13(d) shows the MM-wave image of the copper plate placed at L 536 

= 3220 mm behind the ceramic tiles and refractory board. It can be seen that although the 537 

combined thickness of the ceramic tiles and refractory board is 10 mm, the reflective image 538 

of the copper plate is well observed, which also reflects the boundary lines between the 539 

tile boards and the pattern engraved on the refractory board.  540 

  

(a) (b) 

  
(c) (d) 

Figure 13. (a) Photograph of ceramic tiles and a refractory board attached with ceramic adhesives 541 

placed at L = 3115 mm and a copper plate placed at L = 3220 mm behind them for MM-wave trans- 542 
mission imaging. (b) Photograph of the pattern engraved on the surface of the refractory board 543 
bonded to the ceramic tile. (c) MM-wave image at the interface between ceramic tile and refractory 544 
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board. The pattern engraved on the surface of the refractory board can be seen. (d) MM-wave image 545 
at L = 3220 mm on the copper plate surface. 546 

Through these experiments, we were able to demonstrate that the high-sensitivity 547 

MM-wave imaging system we developed this time is very effective for NDT inspection of 548 

building materials such as residential houses. 549 

6. Conclusions 550 

In this study, we developed an MM-wave SIMO-SAR imaging system with a high- 551 

sensitivity MIMO radar module.  552 

First, to evaluate the performance of the imaging system, the MM-wave reflection 553 

image of a copper plate was observed. As a result, a very high SNR value of 17 dB was 554 

obtained, reflecting the very low signal transmission loss between the array antenna ele- 555 

ments and four cascaded chips in this high-sensitivity radar module. 556 

Next, measurements were made on concrete materials to investigate the applicability 557 

to actual non-destructive testing of infrastructure facilities. It was found that by increasing 558 

the target distance L from 1000 mm to 3050 mm on an RC slab, MM-wave images that 559 

slightly reflected the interior steel frame were observed. However, it was not possible to 560 

observe the steel frame structure buried deeper from the concrete surface. Therefore, in 561 

order to obtain the attenuation distance in concrete, we prepared a thin concrete slab with 562 

a thickness of 3.7 mm and tried to observe the transmission images. As a result, we suc- 563 

ceeded in experimentally obtaining the attenuation distance in the concrete of 𝛬exp = 6 564 

mm. 565 

In addition, transmission measurements were made on composite plywood, ceramic 566 

tiles, and a refractory board as construction materials used in residential houses. MM- 567 

wave transmission was good for these materials, and even a copper plate placed behind 568 

these targets could be imaged transparently. In addition, we were able to detect areas of 569 

flaws that exist inside the material and cannot be seen visually. 570 

Finally, in the inspection of infrastructure facilities, etc., a large area is almost always 571 

the target of inspection, and it is necessary to efficiently detect minute cracks and defects 572 

of tens of microns in size that occur near the surface of objects with such large areas. In 573 

general, inspection techniques using short wavelength light such as visible light and X- 574 

rays tend to be superior to those using MM-waves for detecting such minute defects. 575 

However, this is the case for target sizes ranging from a few millimeters to a few centime- 576 

ters. When large areas of several meters need to be measured, such as infrastructure facil- 577 

ities, the low spatial resolution of MM wave measurement comes into play. This is because 578 

line and point defects with a width and size of only a few tens of microns can be magnified 579 

to the size of several millimeters and detected when observed with MM waves. However, 580 

it is necessary to reliably observe a slight decrease in the received signal due to the scat- 581 

tering of the MM-waves by these defects, etc. to achieve this. The MM-wave radar module 582 

of the present system has proven to have extremely high sensitivity characteristics that 583 

satisfy these conditions.  584 

Nondestructive testing in various hazards is best performed from a distance to pro- 585 

tect inspectors. In this sense, it is very important to develop an imaging system capable of 586 

making highly sensitive and accurate measurements from a distance. In this study, we 587 

have successfully developed an MM wave imaging system that satisfies these require- 588 

ments. 589 
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