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I. INTRODUCTION 

The automotive radar, generally categorized as long-range, 

mid-range, and short-range radars (LRR, MRR, and SRR, re-

spectively), are an indispensable part of autonomous cars. For a 

decade, LRRs and SRRs have been developed to operate at 76–

77 GHz [1] and 77–81 GHz [2, 3], respectively. Specifically, 

SRRs are usually employed to detect short-range targets, such as 

humans, to avoid collisions or crashes. Furthermore, as shown in 

Fig. 1, they typically have a quasi-monostatic structure. 

The design phase of a radar system first involves conducting a 

link budget analysis. In this context, many researchers have con-

tinued to use the following classic radar equation for the devel-

opment of an SRR [4, 5]: 

𝑃௥ = 𝑃௧𝐺௧4𝜋𝑅ଶ ⋅ 𝜎4𝜋𝑅ଶ ⋅ 𝐴௘௥ = 𝑃௧𝐺௧𝐺௥𝜎𝜆ଶ(4𝜋)ଷ𝑅ସ , (1)
 

where 𝑃௧ and 𝑃௥ denote the transmitted and received powers, 

respectively, and 𝐺௧  and 𝐺௥  refer to the gain of the 

transmitting and receiving antennas, respectively. Furthermore, 𝜎 is the radar cross section (RCS) of a target in m2 and 𝐴௘௥ 

indicates the effective area of the receiving antenna, which 

usually becomes 𝐺௥𝜆ଶ/(4𝜋). In addition, 𝜆 is the transmitted 

wavelength, R is the distance between the radar and the target, 

and 𝑅௧ ≒ 𝑅௥ ≡ 𝑅 for the quasi-monostatic radar. The most 

significant feature of (1) is that the received power decreases as 

the fourth power of R. However, this equation is valid only 

under conditions where the receiving antenna is situated far 
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from the target and the target is also located at a substantial 

distance from the transmitting antenna.  

Similarly, in the field of wireless communication, since users 

or scatterers are usually located in the near-field region of the 

reconfigurable intelligent surface (RIS) due to its large physical 

dimension, research on beam focusing, localization, and channel 

model of the RIS has received substantial attention [6, 7].  

Through its measurement and simulation results, this paper 

highlights that the above-mentioned conditions are not satisfied 

when an SRR detects humans or cars at a short distance. Fur-

thermore, it proposes a near-field radar equation by drawing on 

near-field characteristics and validates it using the measured and 

simulation results 

II. EFFECT OF LARGE TARGET 

It is well known that in circumstances where the maximum 

dimension D of an antenna is larger than its wavelength, the 

regions of the electromagnetic field around the antenna can be 

divided into the reactive near-field, radiative near-field (Fresnel), 

and far-field (Fraunhofer) regions. The most well-known 

boundaries between these three regions are 0.62(D3/λ)0.5 and 

2D2/λ [8]. Additionally, the D2/4λ and 0.6D2/λ criteria have 

also been frequently cited in estimating the extent of near-field 

and transition (Fresnel) regions [9].  

In conventional numerical techniques, such as physical optics 

and method of moment, the first step involves obtaining the 

induced current on a scatterer, based on which the scattered 

field is calculated, from the incident field. This concept is 

commonly considered when calculating scattered fields from a 

target [10] and designing reflector antennas [11]. 

Fig. 1 depicts the application of this relationship between the 

induced current and the scattered field on a general radar target. 

If the electromagnetic wave generated by current 𝐽௧  on the 

transmitting antenna results in forward propagation of the 

target located in the far-field region, it can be considered that a 

uniform plane wave is incident on the target. This incident wave 

induces current 𝐽௦  on the target, after which the induced 

current generates a scattered field. These sequences can also be 

calculated using the surface equivalence principle and radiation 

integrals [8]. In this context, it should be noted that the target 

in this example acts as an antenna with dimension 𝐷௦ due to 

the induced current 𝐽௦ . Therefore, even when the target is 

located in the far-field region of the transmitting antenna, the 

receiving antenna may not be within the far field of the target 

due to the target’s dimensions. 

Fig. 2 presents the two boundaries in the near and far 

scattered fields from a target with respect to the target 

dimension. For automotive radar tests, corner reflectors are 

generally used as substitutes for real targets, such as humans and 

other vehicles. This study used corner reflectors of dimensions 

25 mm and 180 mm, characterized by RCS values of about -10 

and 25 dBsm at 79 GHz, respectively, representing the values 

for a child and a bus. Since corner reflectors exhibit high RCS 

for small sizes, the far-field distance was observed to be only 

several meters. For the 25 dBsm reflectors, a distance of only 5–

18 m was required for the far-field region. Therefore, it can be 

assumed that the receiving antenna is located in the far-field 

region. However, real targets that need to be detected by SRRs 

are usually much larger than corner reflectors, ranging from a 1-

m-tall child to a 3.5-m-high bus.  

The scattered field from a human body is predominantly de-

termined by the upper body rather than the legs. As a result, the 

effective target dimensions of a 1-m-tall child and a 1.7-m-tall 

adult might be smaller than their actual heights. Similarly, the 

effective target dimensions of a 1.5-m-high car and a 3.5-m-

high bus need to account for gaps between the road and the 

vehicle floor, rounded bodywork, and windshields. As shown in 

Fig. 2(b), for a receiving antenna to be located in the far-field 

region of a 1-m-tall child, it should be situated more than 50 m 

away from the child. In this context, a maximum detectable 

range (MDR) of 30 m for SRRs would ensure that the receiving 

antenna is within the reactive near-field region of the real targets. 

In other words, the scattered field from real targets cannot be 

incident on the receiving antenna in a plane wave. This means 

that (1) cannot estimate the exact received power in such situa-

tions, leading to an inaccurate link budget analysis for short-

range targets. 

This study also confirmed the effects of a large target through 

electromagnetic simulations using CST Microwave Studio’s 

Integral Equation Solver. For this purpose, a simple square per-

fect electric conductor (PEC) plate was considered the target in 

the far-field region of the transmitting antenna with an operat-

ing frequency of 79 GHz. It was assumed that a plane wave is 

incident on the target, as shown in Fig. 3(a). By varying the tar- 

 
 

Fig. 1. Illustration of the radar and geometry for deriving the radar 

range equation. 
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get size W based on a fixed simulation dimension, the electric 

field distribution was calculated with respect to the distance 

from the target. Fig. 3(b) and 3(c) show the total field (i.e., both 

the incident and the scattered fields) covered by PEC rectangu-

lar plates with widths of 100 mm and 10 mm, respectively. In 

this context, it should be noted that the total field patterns of the 

two cases are entirely different. As expected, the electric field 

generated by the larger scatterer exhibits fluctuating characteris-

tics in the reactive near-field region, as well as a characteristic 

decrease after a slight increase in the radiative near-field region. 

 

(a) (b) 

Fig. 2. Minimum distance for the near- and far-field regions as a function of the dimensions of (a) corner reflectors for radar tests and (b) real tar-

gets for automotive radars. 
 

 

(a) (b) 

 

(c)  

Fig. 3. Geometry for simulation of the scattered field for (a) square PEC plates, and the electric field distribution for (b) PEC plate with a width of 

100 mm and (c) PEC plate with a width of 10 mm. 
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This further indicates that the entire analysis region is in the 

near-field region. In contrast, the small scatterer exhibited a very 

short near-field region. 

Fig. 4 presents the scattered fields obtained by removing the 

incident field from the total field along the central perpendicular 

axis of the scatterer for several rectangular scatterers. Since the 

analysis regions for rectangular plates of W = 50, 100, and 200 

mm are in their near-field regions, their scattered fields fluctuate 

around 0 dB and remain fairly constant at various distances 

from the scatterer. Similar results have been reported in [12]. In 

contrast, the scattered field created by the small scatterer with W 

= 10 mm decreases proportionally with the inverse-square of 

distance (1/R2) from around five wavelengths after fluctuation, 

which is closer to 0.6D2/λ than 2D2/λ. 

This study also verified the effects of a large target on the 

scattered field through conducting experiments in which a se-

lected radar module had to detect an adult with regard to varia-

tions in radar module height, as shown in Fig. 5. Since this radar 

module involved an SRR and was developed to be mounted on 

large vehicles, such as buses and heavy vehicles, its height was 

modified rather than the range of the target. Furthermore, in 

this radar module, the receiving and transmitting antennas pos-

sessed the same structure and gain, 𝐺௧(𝜃) = 𝐺௥(𝜃), while a 

constant false alarm was used to detect the target against back-

ground noise and clutter. Table 1 presents the measured MDR 

results obtained for several radar module heights. 

Since the changes in the height of the radar were smaller 

compared to the distance between the radar and a human target, 

the constant RCS and distance 𝑅ᇱ were regarded as 𝜎 and 

MDR R, respectively. Meanwhile, the angle of direction to the 

target registered a maximum 4° difference depending on the 

radar height. Since automotive radars generally possess a narrow 

beam width at an elevation angle to achieve high antenna gain, 

the detectable range changes in relation to the radar module 

height can primarily be attributed to antenna gain in the direc-

tion of the target. 

In this context, the incident power density at the target can be 

expressed as [13, Eq. (1)]: 
 𝑃௧ 𝐺௧(𝜃)4𝜋𝑅ଶ = |𝐸(𝑅, 𝜃)|ଶ𝜂 , (2)
 

where 𝐸 is the far-field strength in V/m and 𝜂 represents the 

wave impedance. Furthermore, if the classic radar equation is 

effective in this situation, the received power scattered from the 

target located at the MDR can be formulated using (1) and (2), 

as follows: 
 𝑃௥(𝑅୫ୟ୶, 𝜃) = 𝑃௧𝐺௧4𝜋𝑅ଶ ⋅ 𝐺௥4𝜋𝑅ଶ ⋅ 𝜎𝜆ଶ4𝜋  = |𝐸(𝑅୫ୟ୶, 𝜃)|ଶ𝜂 ⋅ |𝐸(𝑅୫ୟ୶, 𝜃)|ଶ𝑃௧ ⋅ 𝜂 ⋅ 𝜎𝜆ଶ4𝜋 , (3)
 

which indicates the smallest received power above the detection 

threshold relative to the noise and clutter signal, referred to as 

the minimum detectable signal (MDS) [14]. The MDS of (3) 

generally remains unchanged unless there are significant fluc-

tuations in the noise or clutter signal. If the classic radar equa-

tion in (3) is valid for a large target, as in the case of this experi-

ment, the electric field strength |𝐸(𝑅୫ୟ୶, 𝜃)| must be identical 

at all MDRs, since 𝑃௧ and 𝜎 are also constant. 

To obtain |𝐸(𝑅୫ୟ୶, 𝜃)| at the MDRs, only the target was 

removed from the setup presented in the actual experiment, af-

ter which the electric field from the radar antenna was simulated 

using the CST Microwave Studio. Fig. 6 illustrates the simulat-

ed electric field strength at the MDRs listed in Table 1. At the 

center frequency of 79 GHz, the electric field strength presents 

different values for the MDRs. This indicates that the classic 

radar equation is unsuitable for a large target. Therefore, a new 

radar equation is required for situations in which the receiving 

antenna is located in the near-field region of the target. 

III. NEAR-FIELD RADAR EQUATION 

1. Formulation 

To formulate a new radar equation for the near-field region, 

propagation characteristics in the region had to be formulated. To 

 
 
 

Fig. 4. Scattered field magnitude with respect to the observation 

distance related to one wavelength. 
 

 
 

Fig. 5. Setup for measurement of the MDR of the SRR. 
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simplify this problem, a rectangular plate was considered the tar-

get, as shown in Fig. 7(a). According to Love’s equivalence princi-

ple, an aperture of width 𝑇௪  and height 𝑇௛  in an infinite 

ground plane and a plate of width 𝑇௪ and height 𝑇௛ in free 

space are complementary structures, as shown in Fig. 7(b). There-

fore, the scattered field can be obtained from field 𝐸଴ on the 

aperture instead of the current density 𝐽௦ on the metal plate. 

Based on the assumption that the observation point is located 

farther from the target’s dimensions, (𝑥 − 𝑥ᇱ)ଶ ൅ (𝑧 − 𝑧ᇱ)ଶ ≪𝑦ଶ. Therefore, the distance from the origin of the aperture can 

be approximated as follows: 
 𝑟 = ሾ𝑦ଶ ൅ (𝑥 − 𝑥ᇱ)ଶ ൅ (𝑧 − 𝑧ᇱ)ଶሿଵଶ ൎ 𝑦 ൅ (𝑥 − 𝑥ᇱ)ଶ ൅ (𝑧 − 𝑧ᇱ)ଶ2𝑦 , (4)

Based on the assumption in (4), the field strength in the 

near-field region can be obtained from the Fresnel diffraction 

formula [15] as follows: 
 𝐸(𝑥, 𝑦, 𝑧) = 𝑗𝑘2𝜋𝑦 𝑒ି௝௞௬ 

. න்೓ଶି்೓ଶ න்ೢଶି்ೢଶ 𝐸଴(𝑥ᇱ, 𝑧ᇱ)𝑒ି௝௞(௫ି௫ᇲ)మା(௭ି௭ᇲ)మଶ௬ 𝑑𝑥ᇱ𝑑𝑧ᇱ, 
(5)

 

where field 𝐸଴(𝑥ᇱ, 𝑧ᇱ) in the aperture represents a part of the 

incident field from the transmitter. Therefore, from (2), 𝐸଴(𝑥ᇱ, 𝑧ᇱ) can be expressed as:  
 𝐸଴(𝑥ᇱ, 𝑧ᇱ) = ඨ𝜂𝑃௧ 𝐺௧(𝑅, 𝜃)4𝜋𝑅ଶ ൈ Γ, 

(6)
 

where Γ is the reflection coefficient of the target, which is de-

pendent on the incident and scattered angles, as well as the ma-

terial characteristics of the target. 

Furthermore, if field 𝐸଴(𝑥ᇱ, 𝑧ᇱ) is uniformly distributed in 

the aperture, it becomes a constant value of 𝐸଴. In such a case, 

the scattered field can be formulated as follows: 
 𝐸(𝑥, 𝑦, 𝑧) = 𝑗 𝐸଴2 𝑒ି௝௞௬ඨ 𝑘𝜋𝑦 න  ்ೢଶି்ೢଶ  𝑒ି௝௞(௫ି௫ᇲ)మଶ௬ 𝑑𝑥ᇱ

⋅ ඨ 𝑘𝜋𝑦 න  ்೓ଶି்೓ଶ  𝑒ି௝௞(௭ି௭ᇲ)మଶ௬ 𝑑𝑧ᇱ, 
(7)

 

Subsequently, using the complex Fresnel integral F(z), the 

field can be attained from the following equation: 
 𝐸(𝑥, 𝑦, 𝑧) = 𝑗2𝐸଴𝑒ି௝௞௬𝐹 ൬𝑇௪2 𝑞൰ 𝐹 ൬𝑇௛2 𝑞൰, (8)
 

where the complex Fresnel integral 𝐹(𝑧) and parameter q can 

be defined as:  
 𝐹(𝑧) = න  ௭

଴  𝑒ି௝గଶ௧మ𝑑𝑡, (9)

Table 1. Measured MDR for a 1.72-m-tall adult with respect to several 

radar module heights 

 Radar height, h (m) 

1.1 1.5 1.7 2.0 2.2

MDR, Rmax (m) 23 21 19.4 19.0 17

Actual distance, R´ (m) 23.00 21.01 19.42 19.03 17.05

Angle, 𝜃 (˚) 89.4 88.3 87.6 86.6 85.5
 

 
 

Fig. 6. Electric field strength (20log|E|) at the MDRs. 

 

 

(a) (b) 

Fig. 7. Geometry for Fresnel diffraction from (a) a thin plate, and (b) a thin aperture in an infinite conducting plane. 

1.95 dB

0.72 dB
1.3 dB
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𝑞 = ඨ 𝑘𝜋𝑦 = ඨ 2𝜆𝑦. 
(10)

 

Notably, the Fresnel integral in (9) can be calculated using the 

approximation equations noted in Appendix A.  

Effectively, the electric field at the height of the radar at dis-

tance R away from the aperture can be presented as follows:  
 𝐸(0, 𝑅, 𝑧) = 𝑗2𝐸଴𝑒ି௝௞ோ𝐹 ൬𝑇௪2 𝑞൰ 𝐹 ൬𝑇௛2 𝑞൰. (11)
 

In addition, by multiplying the scattered power and the re-

ceiving antenna aperture area, the received power can be esti-

mated as follows: 
 𝑃௥ = |𝐸(0, 𝑅, 𝑧)|ଶ𝜂 𝐴௘௥ = |𝐸(0, 𝑅, 𝑧)|ଶ𝜂 ⋅ 𝜆ଶ𝐺௥(𝜃)4𝜋 . (12)
 

Again, substituting (6) and (11) into (12) yields the following 

equation: 
 𝑃௥ = 𝑃௧ 𝐺௧(𝜃)𝐺௥(𝜃)𝜆ଶ(4𝜋𝑅)ଶ |Γ|ଶ ฬ2𝐹 ൬𝑇௪2 𝑞ோ൰ 𝐹 ൬𝑇௛2 𝑞ோ൰ฬଶ

(13)
 

where qR = (2/λR)0.5. In this context, it should be noted that the 

derived near-field radar equation in (13) would be valid only when 

the distance between the observation point and the target is great-

er than the target dimension, i.e., in the Fresnel region, due to (4). 

Furthermore, by comparing (13) and (1), the near-field RCS of 

the target can be expressed as: 
 𝜎near-field = |Γ|ଶ ฬ2𝐹 ൬𝑇௪2 𝑞ோ൰ 𝐹 ൬𝑇௛2 𝑞ோ൰ฬଶ. (14)
 

Fig. 8 depicts the received power, calculated using (13), with 

respect to the distance between the radar and the target. This 

calculation assumed that the receiving module is placed at 

distance R from the plate at a height of 1.72 m, bearing a width 

of 0.55 m. As depicted in Fig. 8, the received power declines up 

to approximately 70 m, after which the square of distance begins 

to decrease stably until the fourth of the distance reaches about 

400 m, which is closer to 0.6D2/λ than 2D2/λ. Notably, the 

results obtained for the near-field region contrast sharply with 

those of the classic radar equation in the far-field region. In 

addition, the near-field radar equation in (14) can be applied to 

both far-field and near-field regions. Notably, if the receiving 

antenna is located in the far-field region of the target, the 

equation in (14) will become the classic radar equation presented 

in (1). This transformation process is detailed in Appendix B. 

 

2. Verif ication with Simulated and Experimental Data 

As mentioned earlier, considering the same false alarm rate and 

transmitted power, the received power at the MDR should be as 

constant as the MDS. Therefore, to verify the proposed near-field 

radar equation in (13), the received power at some MDRs was 

calculated to confirm whether they had identical received power. 

The received power was calculated by incorporating the 

measurement results in Table 1 and the simulated results in Fig. 

6 into the near-field radar equation in (13). However, since the 

transmitted power and reflection coefficient data of a human 

were not available, the received power ratio was calculated rather 

than the absolute received power. Notably, if the proposed near-

field radar equation is valid, the received power ratio would be 

either 1.0 or 0 dB. In this context, the ratio of the received pow-

er in 𝑅୫ୟ୶ଵ and 𝑅୫ୟ୶ଶ can be expressed as follow: 
 𝑃௥(𝑅୫ୟ୶ଵ, 𝜃)𝑃௥(𝑅୫ୟ୶ଶ, 𝜃)
ൎ |𝐸(𝑅୫ୟ୶ଵ, 𝜃)|ଶ|𝐸(𝑅୫ୟ୶ଶ, 𝜃)|ଶ . ቚ𝐹 ቀ𝑇௪2 𝑞ோౣ౗౮భቁ 𝐹 ቀ𝑇௛2 𝑞ோౣ౗౮భቁቚଶ

ቚ𝐹 ቀ𝑇௪2 𝑞ோౣ౗౮మቁ 𝐹 ቀ𝑇௛2 𝑞ோౣ౗౮మቁቚଶ 
(15)

 

where the first term on the right side of the equation—the elec-

tric field strength—is obtained from the simulated results pre-

sented in Fig. 6, while the second term is calculated using the 

approximation solution in (A1)–(A7) for each radar height and 

MDR. These results are summarized in Table 2, where the RCS 

component and received power component are expressed as |𝐸(𝑅୫ୟ୶, 𝜃)|ଶ  and |𝐸(𝑅୫ୟ୶ଵ, 𝜃)|ଶ ∙ ห𝐹൫𝑞ோ೘ೌೣ𝑇௪/2൯หଶ
 the 

right side of the equation in (15), respectively.  

The fifth row in Table 2 notes the ratio of the received power 

at the radar height to that at 1.5-m height in the near-field, cal-

culated using (15). Since the power level fluctuates instead of 

decreasing smoothly as the distance increases in the near-field 

region, and because the variability caused by the inaccurate tar-

get height is large, the received powers are not observed to be 

identical to each other. However, they showed similar values, 

with an error of less than 0.3 dB. This indicates that the pro-

posed near-field radar equation is in good agreement with the 

measured MDRs for several SRR module heights. 

 

Fig. 8. Received power component as a function of the distance be-

tween the receiving antenna and the plate target.
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Furthermore, assuming that the receiving antenna is located far 

from the target, the far-field RCS of the target was obtained from 

(B7). The far-field values corresponding to the RCS and the re-

ceived power components in the near field are listed in rows 6–8 

of Table 2. The results show that although the received power and 

the MDR should be almost the same, a maximum error of about 

3 dB is observed. In addition, the fourth power relation between 

the received power and the target range is the result of having an 

excessively larger received power component value than the actual 

value in the near field. This highlights that existing far-field radar 

equations pertaining to the near field are inaccurate. 

IV. CONCLUSION 

This study proposed a novel near-field radar equation that is 

valid in the Fresnel region based on the Fresnel diffraction for-

mula. The major feature of this equation is that the dependency 

of the distance between the radar and its targets is not consid-

ered as the negative fourth power of the distance, but as its neg-

ative square. Notably, various MDRs could be explained by the 

application of the proposed radar equation to the measurement 

results. However, to achieve a more accurate analysis of automo-

tive radars, such as SRRs, further research on near-field receiv-

ing antenna gain and RCS is necessary. 
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APPENDIX 

A. Approximation Solution of Complex Fresnel Integral 

The complex Fresnel integral 𝐹(𝑧) can be expressed as the 

combination of two Fresnel integrals,  𝐶(𝑧) and 𝑆(𝑧), as follows: 
 𝐹(𝑧) = න௭

଴ 𝑒ି௝గଶ௧మ𝑑𝑡 = 𝐶(𝑧) − 𝑗𝑆(𝑧), (A1)
 

where 𝐶(𝑧) and 𝑆(𝑧) are the Fresnel integrals, which can be 

defined as follows: 
 𝐶(𝑧) = න௭

଴ cos ቀ𝜋2 𝑡ଶቁ 𝑑𝑡, (A2)
 𝑆(𝑧) = න௭

଴ sin ቀ𝜋2 𝑡ଶቁ 𝑑𝑡. (A3)
 

These two Fresnel integrals can be solved using various 

methods, such as series expansion, asymptotic expansion, rela-

tion to error, hypergeometric function, and spherical Bessel 

function. Furthermore, Fresnel integrals can be calculated using 

approximation equations [16]. 

Fresnel integrals can also be expressed using auxiliary func-

tions, such as: 
 𝐶(𝑧) = 12 ൅ 𝑓(𝑧)sin ቀ𝜋2 𝑧ଶቁ − 𝑔(𝑧)cos ቀ𝜋2 𝑧ଶቁ , (A4)
 𝑆(𝑧) = 12 േ 𝑓(𝑧)cos ቀ𝜋2 𝑧ଶቁ − 𝑔(𝑧)sin ቀ𝜋2 𝑧ଶቁ, (A5)
 

where auxiliary functions 𝑓(𝑥)  and 𝑔(𝑥)  can be approxi-

mately expressed as: 
 𝑓(𝑥) = 1 ൅ 0.926𝑥2 ൅ 1.792𝑥 ൅ 3.104𝑥ଶ ൅ 𝜀(𝑥), (A6)
 𝑔(𝑥) = 12 ൅ 4.142𝑥 ൅ 3.492𝑥ଶ ൅ 6.670𝑥ଷ ൅ 𝜀(𝑥), (A7)
 

in which |𝜀(𝑥)| ≤ 2×10-3 for 0 ≤ x ≤ ∞.  

 

B. Transformation of the Near-Field Radar Equation into the 

Classic Radar Equation for Long Distances 

The assumption that the receiving antenna is located in the 

far-field region of the target can be represented as: 
 𝑅 ൐ max ቊ2𝑇௪ଶ𝜆 , 2𝑇௛ଶ𝜆 ቋ. (B1)
 

Considering this, the variables of the Fresnel integrals can be 

denoted as: 
 𝑇௪2 𝑞ோ = 𝑇௪2 ඨ 2𝜆𝑅 = ඨ 𝑇௪ଶ2𝜆𝑅, 

(B2)𝑇௛2 𝑞ோ = 𝑇௛2 ඨ 2𝜆𝑅 = ඨ 𝑇௛ଶ2𝜆𝑅. 
(B3)

 

When substituting (B1) into (B2) and (B3), the variables of 

Table 2. Received power component values at measured MDR for sev-

eral radar module heights 

 
Radar height, h (m) 

1.1 1.5 1.7 2.0 2.2

E-field at target (dB) 0.27 0.99 1.58 1.56 2.22

Near field region    

RCS component (dB) 3.01 2.19 1.34 1.81 1.13

Received power  

component (dB) 

3.28 3.18 2.92 3.37 3.35

Pr(R,𝜃)/Pr(1.5m,𝜃) 0.10 - 0.26 0.19 0.17

Far field region    

RCS component (dB) 23.20 22.35 22.17 21.48 20.69

Received power  

component (dB) 

25.42 23.91 23.75 22.47 20.96

Pr(R,𝜃)/Pr(1.5m,𝜃) 1.51 - 0.16 1.44 2.95
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the Fresnel integral should be less than 0.5. Therefore, the 

Fresnel integral can be approximated as follows: 
 𝐹 ൤𝑇௪2 𝑞ோ൨ = න  ට ்ೢమଶఒோ଴  𝑒ି௝గଶ௧మ𝑑𝑡 

≅ න  ට ்ೢమଶఒோ଴  ቀ1 − 𝑗 𝜋2 𝑡ଶቁ 𝑑𝑡 = ඨ 𝑇௪ଶ2𝜆𝑅 ቆ1 − 𝑗 𝜋6 𝑇௪ଶ2𝜆𝑅ቇ. (B4)
 

Similarly, another Fresnel integral term in (12) becomes the 

following: 
 𝐹 ൤𝑇௛2 𝑞ோ൨ ≅ ඨ 𝑇௛ଶ2𝜆𝑅 ቆ1 − 𝑗 𝜋6 𝑇௛ଶ2𝜆𝑅ቇ. (B5)
 

Meanwhile, substituting (B4) and (B5) into (12) gives the 

following equation: 
 𝑃௥ ≅ 𝑃௧ 𝐺௧𝐺௥𝜆ଶ(4𝜋)ଷ𝑅ସ |Γ|ଶ 4𝜋𝑇௪ଶ𝑇௛ଶ𝜆ଶ . (B6)
 

Thus, the near-field radar equation no longer exhibits 1/R2 

dependency; rather, it now shows 1/R4 dependency. A compari-

son of (B6) and (1) provides the values for the near-field RCS 

for the metal plate: 
 𝜎 = 4𝜋𝑇௪ଶ𝑇௛ଶ𝜆ଶ |Γ|ଶ, (B7)
 

which indicates the far-field RCS of a rectangle plate with 

width 𝑇௪ and height 𝑇௛. In addition, Eq. (B6) becomes the 

exact same as (1) when the RCS symbol is used. 
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