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Abstract—Reliable detection of life under rubble and collapsed buildings after disasters like earthquake or air raid is 

the most important issue in life-detection process. In this paper, the performance of microwave life-detection system 

(MLDS) based on a continuous wave (CW) radar is analyzed from different aspects such as penetration depth, 

sensitivity, and total harmonic distortion (THD) of the output signal. A novel quadrature receiver as an appropriate 

architecture for the MLDS, and harmonic radar system as an alternative structure are proposed in order to resolve the 

well-known null point issue and improve the sensitivity of the system. Results show that by using these structures in the 

MLDS, the null points can be completely removed and hence the chance of detecting a trapped victim under the rubble 

can be improved considerably. Moreover, by using the harmonic structure, the received power in some distances away 

from the MLDS can be improved by 3 dB compared to that of the conventional systems. By examining different 

frequencies, 1.15 GHz (L-band) is found to be the most appropriate carrier frequency because of deeper penetration of 

about 5 meters in the rubble and 7 percent improved output signal THD compared to the previously designed X-band 

radars for the MLDS. 

 

Keywords-Microwave life-detection system; harmonic radar architecture; modified quadrature receiver; continuous wave 

radar; penetration depth, total harmonic distortion; heartbeat; respiration. 

I. INTRODUCTION 

Life-detection system using microwave Doppler 

radar was first introduced by K. M. Chen where an 

unmodulated continuous wave (CW) is transmitted to 

collapsed buildings and rubbles to find the probable 

targets [1]. The backscattered wave is phase 

modulated by displacement of the target's chest due to 

heartbeat and respiration. Microwave life-detection 

system (MLDS) extracts this information by 

 
 Corresponding Author 

appropriate demodulation techniques such as 

arctangent demodulation [2], complex signal 

demodulation (CSD) [3], etc.  

It is shown in [4] that the backscattered wave is 

modulated in both amplitude and phase. However, 

since the phase variations are more linear and easier to 

detect, in most cases phase modulation of the received 

signal is used to detect the vibrations of body surface 

and displacements of the survivor's chest-wall.  
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Although the MLDS could not be a replace for the 

conventional methods of life-detection, but can 

accurately detect the life of survivors if it is well 

designed. Moreover, by using pulse Doppler radars, 

the aforementioned system can be used to determine 

the distance between radar and the target. Also, the 

advantages and disadvantages of the frequency 

modulated continuous wave (FMCW) radar as the 

modulated scatterer technique was explained in [5]. 

The first designed system operated at the X-band of 

microwave frequencies with 10 GHz carrier  

frequency, but in order to reach higher depths of 

rubble, L or S band range of microwave frequencies 

are more suitable. This is because of the increase in 

signal attenuation at higher frequencies in a dielectric 

medium such as concrete, stone, brick or other 

building materials [4]. Rubble is an attenuating and 

nonhomogeneous medium because of existence of 

metal, water, etc. Snow, as a homogeneous material, 

is another medium that exists in avalanche scenarios. 

For this case, the designed MLDS is able to detect 

breathing through a 1.8 m thick snow barrier [6].  

Despite many successfully designed life-detection 

systems, there are still several improvements to be 

achieved in the system performance. Issues such as 

random body movement (RBM) and static clutter are 

examples which can degrade sensitivity of the system 

and lead to a false detection. For example, in [3, 7] 

demodulation techniques were used to overcome the 

RMB problem. 

A rescue system was proposed in [8] so that the 

backscattered signal was received by a patch antenna 

and then processed by Independent Component 

Analysis (ICA) method. A 60 GHz millimeter-wave 

MLDS was presented in [9] which used a clutter 

cancellation system with an attenuator and a phase 

shifter to avoid signal saturation in the receiver path. 

A compact portable MLDS was also proposed and 

fabricated in [10] at 1.15 GHz operating frequency 

which has the ability of accurately detecting vital life 

signals through highly dense materials of about 1.5 m 

in thickness and normal density materials of about 9 

m in thickness. The authors used two individual horn 

antennas to reduce direct coupling between transmitter 

and receiver.  

Sensitivity degradation of system caused by 

dependence of the received power to the nominal 

distance between the radar and target and null points 

issue was completely introduced in [11]. In addition, 

quadrature receiver was employed in [12] to overcome 

this problem in biomedical applications such as 

heartbeat measurements in clinics. 

In this paper, quadrature receiver is used as the 

appropriate receiver architecture of the system. Also, 

a harmonic radar system is proposed for the MLDS for 

the first time. Both of these systems can be used to 

cancel the well-known null point problem of the 

Doppler radars and also achieve higher received 

power and hence improved sensitivity of the system. 

In previously designed life-detection systems, no 

fundamental theoretical analysis was performed to 

assess the effects of rubble on electromagnetic (EM) 

wave propagation and attenuation of the transmitted 

signal. In this paper, the effect of medium on the 

transmitted signal is analyzed in several cases to 

determine the received power in the presence of 

attenuating rubble. In order to compare system 

performance for different carrier frequencies, the total 

harmonic distortion (THD) of the system is calculated 

by applying the CSD method on the received signal. 

The rest of the paper is organized as follows. In 

Section II, theoretical analysis on the received power 

and the effect of rubble EM properties on wave 

propagation is briefly expressed. Section III 

introduces mathematical theory of the optimum and 

null point detection in Doppler radars along with the 

THD calculation. The system block diagram and the 

rubble model are explained in Section IV. Finally, in 

Section V system simulation results are presented, 

followed by a conclusion in Section VI. 

II. WAVE PROPAGATION THROUGH RUBBLE 

EM properties of materials are specified by their 

permittivity, conductivity, and magnetic permeability. 

Relative permittivity and conductivity of some 

common building materials at L-band of microwave 

frequencies are available in Table I. For a plane wave 

propagating in an electrically conducting dielectric 

medium of uniform magnetic properties, the 

propagation constant  , attenuation constant  and 

phase coefficient   are expressed by 

                             

( )j j j     = + = +                 (1) 

                      
1/2

2
1

1 1
2


  



  
   = + −     

  

                (2) 

                      
1/2

2
1

1 1
2


  



  
   = + +     

  

             (3) 

 

where   is the angular frequency, 0 r  = is the 

absolute permittivity,  is the conductivity, and

0r  = is the absolute permeability [13]. 0  and 

0  are attributed to the free space properties and 

equal to 128.85 10 /F m−  and 74 10 /H m − , 

respectively. r  and r  are material's  EM properties 

TABLE I.  EM PROPERTIES OF SOME BUILDING MATERIALS 

AT L-BAND OF MICROWAVE FREQUENCIES [13,14]. 

Material Relative 

permittivity 

Conductivity 

(S/m) 

Concrete (wet) 15 0.1 

Concrete (saturated) 8.5 0.05 

Concrete (air dried) 4.5 0.02 

Brick 3.8 0.038 

Wood 2.5 0.005 
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compared to the free space. 

Given a z-directed, x-polarized uniform plane 

wave incident on a planar interface of two different 

media located on the x-y plane, the phasor fields 

associated with the incident, reflected and transmitted 

fields may be written as 
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where
i
sE ,

r
sE and

t
sE are incident, reflected, and 

transmitted wave fields, respectively [15]. 0sE  is the 

initial value of the electric field.  and   are reflection 

and the transmission coefficients which are expressed 

as 

                               2 1

2 1

 

 

−
 =

+
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                             2

2 1

2


 
=

+
                              (6) 

 

where i  is the intrinsic wave impedance of each 

medium which in general is a complex number. The 

Poynting vector defines the time-average power 

density vector (direction and density of power flow at 

a point).  In general, the time-average power flow for 

a plane wave may be written straightforward as 

1 1
ˆRe Re

2 2ave s s s s kP E H E H a    =  =
   

 (7) 

where avP is the time-average power flow, ˆka is the 

direction of Poynting vector, and *
sH  is the conjugated 

magnetic field. By using the relation between 

magnetic field and electric field in (7), the time-

average power flow is obtained in 2/W m  as [16] 
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III. DEMODULATION OF THE RECEIVED SIGNAL 

The received signal at baseband can be written as 

[7] 

 

           
4 ( )
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where 

                           
0

0
4

.
d

 


= +                (10) 

The total residual phase noise, ( )t , is very small 

due to range correlation effect [11]. 04 /d  is the 

constant phase shift corresponding to the nominal 

distance between the radar and the human body, and

0 is the phase shift due to reflections from other 

surfaces such as thick walls, rubble, and delays 

between circuit components. For values of   that are 

odd multiples of 2 , the output is linearly 

proportional to ( ).x t  In this case, the output signal is 

at its optimum point. If   is an integer multiple of  , 

the baseband signal is not linearly proportional to 

( )x t , and hence the output signal is at the null point. 

In other words, in some distances away from the radar 

transmitter, the received power reaches its minimum. 

These extreme cases happen every 8 away from the 

radar [11]. 

In order to overcome this issue, quadrature 

receiver for the MLDS is proposed in this paper. By 

using both in-phase and quadrature channels, if one 

channel is at the null point, the other channel will be 

certainly at the optimum point. 

In comparison to the system proposed in [12] for 

the medical applications, the proposed quadrature 

receiver is used to find survivors trapped under rubble 

by overcoming the null point issue by using the 

channel with higher received power or by appropriate 

combination of two channels. Using harmonic radar in 

the MLDS is another low-cost method which is 

proposed in this work for the first time to cancel the 

null points which improves the sensitivity. 

A: THD Calculation 

To calculate the THD of the received signal, the 

amplitude of each frequency component of heartbeat 

or respiration (i.e. fundamental, 2nd, 3rd and any 

considerable component) at the baseband can be 

determined by using the CSD method [3]. 

The exponential received signal can be expanded 

using Bessel’s functions to obtain the expression given 

by [7] 

 

 

10 01

20 02

4 ( ) 4 ( )
( ) exp

2 sin( ) sin( ) ... .

2 cos(2 ) cos(2 ) ... .

h r

j
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j
r h

x t x t
S t j

dc j C t C t e

C t C t e





 


 

 

 

  
= − − +  

 

= + + +

+ + +

(11) 

 

where IQdc , the dc component, equals to I Qdc j dc+ , 

  is the residual phase noise due to distance between 

radar and trapped victim along with the unwanted 

reflections from other surfaces (i.e. other than the 

chest-wall). ( ) sin( )h h hx t m t= and

( ) sin( )r r rx t m t=  are the corresponding periodic 

chest-wall movements due to heartbeat and 

respiration, respectively. 
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=    

   
 determines the 

amplitude of each frequency component of the 

baseband  signal where   ( )nJ x    is  the  n–th  order  

Bessel’s function of the first kind [7]. The desired 

signals are due to the respiration and heartbeat with 

the movement amplitude of 0.80-10.0 mm and 0.01-

0.20 mm, respectively. The respiration signal has 

fundamental frequency component over the range of 

0.01 to 1 Hz, in comparison with 0.6 to 3 Hz for the 

heartbeat signal. 

IV. SYSTEM MODEL AND BLOCK DIAGRAM 

Fig. 1 presents the overall block diagram of the 

MLDS. A low phase noise oscillator is used to 

generate a stable CW signal as the transmit signal. 

After being amplified by a low noise amplifier (LNA), 

the band-pass filter (BPF) is used to filter the RF input 

signal. The 10 dB directional coupler keeps 9/10th of 

the input signal in the transmitter path and sends 1/10th 

of it to other parts of the circuit to make the clutter 

cancellation signal, and also provides the LO signal of 

the I/Q mixer. By using a digital-controlled phase 

shifter and an attenuator, the clutter cancellation signal 

is produced by the procedure explained in [17].  

The transmit signal is then amplified by a power 

amplifier and sent through the rubble by the transmit 

antenna in order to find the target. It should be noted 

that the dual antenna system is used to reduce direct 

coupling between the transmitter and receiver [10]. 

The antenna type for the proposed system is horn 

for two reasons. First, the antenna gain can be up to 5 

dB more than that of micro-strip patch antennas. As 

mentioned before, the received power is the most 

important issue in life-detection process. Therefore, 

patch antenna is unable to provide the high gain 

needed in the transmitter path. Second, the efficiency 

of horn antennas is about 10 percent better than that of 

the patch antennas [10].  

The desired life signals and a large clutter signal 

due to reflections from other surfaces (i.e. rubble and 

thick walls) are received by the receive antenna. After 

filtering, clutter cancellation signal is added to the 

received signal by a power combiner. By adding the 

reflected wave to the clutter cancellation signal, which 

has the same amplitude of clutter but with opposite 

phase, the clean signal with (hopefully) no clutter is 

extracted. After pre-amplifying, this signal is fed to 

RF port of the in-phase/quadrature mixer. The LO port 

of the mixer is fed by the same transmitter source. The 

phase shifter before the LO port of mixer reduces the 

phase difference between the LO and RF port to zero 

in order to obtain the maximum sensitivity. In-phase 

and quadrature channels will then be sent to the 

processing unit after low-pass filtering. The channel 

with higher quality (i.e. not located at the null points) 

or an appropriate combination of both channels will 

then be processed to extract the life signals. Fig. 2 

presents the proposed harmonic radar structure that 

can be used instead of conventional transmitter 

architectures in the MLDS. This structure shows a 

significant improvement in null points cancellation 

[18]. The harmonic radar in Fig. 2 uses the 

fundamental and harmonic carrier frequencies 

(usually the second harmonic) instead of a single 

carrier to transmit the signal through the rubble by two 

antennas with different center frequencies. All circuit 

components (except for the antennas) are able to work 

at both the fundamental and the harmonic carrier 

frequencies. By using a phase shifter ( ) before one  
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Figure 1.  Complete block diagram of the MLDS.
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Figure 2.  The proposed harmonic radar transceiver architecture used in the MLDS. 

 

 

Figure 3.  Rubble simulation model. 

of the antennas, the system can be able to completely 

cancel the null points and hence improve the received 

power of the system. Simulations in Section V are 

performed to show the performance improvements of 

harmonic radar for the MLDS. 

Fig. 3 demonstrates a simple rubble simulation 

model to estimate the received power of the MLDS. For 

simplicity, rubble slabs are considered on the top of 

each other without any angle. For the life signals to be 

detectable, the received power should be higher than the 

noise floor which is dominated by the flicker noise [18]. 

Simulations are performed in Section V to compare the 

received power in free space and in the presence of 

rubble model used in this paper. 

V. RESULTS AND DISCUSSIONS 

To verify theoretical analysis, software tools are 

used to perform system-level simulations. CW Doppler 

radar is implemented in order to assess the THD 

performance of system. Also, EM propagation in the 

rubble medium is analyzed for different conditions.  

A: Spectral Analysis of the MLDS 

Output spectra of the proposed system for two 

different operating frequencies are demonstrated in Fig. 

4 by implementing the block diagram of a single carrier 

system explained in Fig. 1. Fig. 4 (a) shows the output 

spectrum when no target exists and no life signals are 

available to be detected. Output spectrum of the in-

phase channel in Fig. 4 (b) shows two fundamental 

frequency components of respiration and heartbeat of 

the target at 0.37 Hz and 1.2 Hz, respectively. These 

values are the corresponding respiration rate (RR) of  22 

bpm and heartbeat rate (HR) of 72 bpm. Also, carrier 

frequency of the MLDS is 1.15 GHz, the same as the 

system proposed in [10].  

Fig. 4 (c) shows the output spectrum of the MLDS 

at 10 GHz carrier frequency. It is clear from the results 

that harmonics are more noticeable in higher 

frequencies. At 10 GHz, the amplitude of respiration 2nd 

harmonic at 0.74 Hz (-7 dBm) is almost equal to that of 

the heartbeat fundamental frequency component at 1.2 

Hz. Moreover, there is about 19 dB difference between 

desired signals in two operating frequencies which 

proves higher sensitivity of the system at higher 

frequencies. Note that the distance between the radar 

and the target is about 5 m in both setups. 

B: EM Wave Propagation through Rubble 

Fig. 5 shows EM wave attenuation and the resultant 

received power in the presence of a concrete layer 

between the radar and human target at different 

operating frequencies. By using EM properties of 

concrete experimented in [14,19], the effects of 

concrete conditions on the received power of the MLDS 

is evaluated and demonstrated in Fig. 5 (a).  

In order to estimate the penetration depth of the 

MLDS, the received power is calculated by the 

procedure explained in Section II. By using the 

simulation parameters in Table II, the received power 

can be calculated by (8). For the desired signals to be 

detectable, the received power should be above the 

noise floor which is dominated by the flicker noise. For 

the proposed L-band radar, the flicker noise  level is  
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(a) 

 
(b) 

 
(c) 

Figure 4.  Output spectra of MLDS. (a) with no target under rubble 

(b) at 1.15 GHz carrier frequency (c) at 10 GHz carrier frequency. 

about -110 dBm according to [20]. 

Fig. 5 (a) shows the significant effect of the 

moisture and the carrier frequency on the penetration 

depth of the radar. Simulation results show that the 

penetration depth in a wet concrete layer is 

approximately 1.5 m, while this value in air dried 

concrete is up to 4 m.  

 

TABLE II.  SIMULATION PARAMETERS [10]. 

Parameter Value 

Transmitter power 26.5dBm (446 mW) 

Antenna gain 12 dBi 

Electric field strength 100 V/m 

Magnetic field strength 3.866 A/m 

Carrier frequency 

(single carrier system) 

1.15 GHz 

Carrier frequency 

(harmonic system) 

1.15/2.3 GHz 

Distance between the MLDS 

and the trapped victim 

1-5 m 

 

  

(a) 

(b) 

 

Figure 5.  The received power in the presence of a concrete layer 

between radar and human target. (a) one layer of concrete (b) two-

layer rubble. 

 

The penetration depth can be significantly 

reduced at higher frequencies due to increase in 

conductivity of the building materials [13]. Hence, in 

order to obtain the penetration depth up to 5 m, the use 

of L-band carrier frequency is crucial. It should be 

noticed that in the presence of reinforced concrete layer 

and metallic wire mesh between the MLDS and the 

target, the 1.15 GHz transmitted wave can penetrate 

easier than the 450 MHz EM wave [4].  Moreover, by 
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examining the results of Subection A, it is clear that 

using frequencies lower than 1.15 GHz as the carrier 

frequency can considerably degrade the sensitivity of 

the system. Consequently, superiority of 1.15 GHz, as 

the minimum carrier frequency, is proven. The received 

power loss of the radar signal at 1.15 GHz in wet and 

air dried concrete are approximately 80 dB/m and 35 

dB/m, respectively.  

To obtain more realistic results, in another 

scenario, different layers of building materials as the 

rubble are considered by using Table I. An additional 

brick layer is considered under the air dried concrete 

slab in order to model the two-layer rubble between the 

MLDS radar and the trapped victim. Thickness of brick 

layers is assumed to be 20 cm, 40 cm, and 80 cm, 

respectively, while the thickness of concrete slab varies 

between 1 to 5 m. Results in Fig. 5 (b) show that the 

penetration depth in this cases is reduced up to 0.5 m.  

In order to compare the results, the received power 

of a single carrier system is depicted in Fig. 6 (a) while 

both the MLDS and the target are in free space. For a 

26.5 dBm transmit power, the received power at 1.15 

GHz is about -40 dBm for a distance of about 5 m.  

The null points issue which was explained in 

Section III is considered in Fig. 6 (a). By using the 

harmonic radar structure with dual carrier in the MLDS, 

null points can be reduced or completely cancelled. Fig. 

6 (b) shows the received power when the phase shifter 

before the transmit antenna at the 1.15 GHz center 

frequency is set to zero ( 0 = ) while both transmit 

signals are in-phase. It is clear that all null points are 

cancelled and the received power will not be  

significantly reduced. Fig. 6 (c) shows the received 

power for 45 =  where clearly the number of null 

points in this case is significantly less than that of a 

single carrier system. Results show that by using a 

digitally controlled phase shifter before one of the 

transmit antennas in the harmonic radar structure, the 

MLDS system can be able to change the phase 

difference between the transmit signals automatically 

and obtain the maximum performance.  

 

C: Signal Demodulation and THD Calculation 

Signal demodulation and the CSD method were 

described in Section III. By using (11), the amplitude of 

each frequency component of heartbeat and respiration 

signals can be derived using Bessel’s functions. 

Respiration  and heartbeat signals are considered as two 

sine waves of 0.37 Hz and 1.2 Hz, respectively. 

Fig. 7 (a) shows the amplitude of each frequency 

component of the received signal at different operating 

frequencies. As mentioned before, the amplitude of the 

received signal increases at higher frequencies which 

leads to a better sensitivity. Fig. 7 (b) shows the ratio 

between the heartbeat and the nearest (and most often 

the highest) interferer, the third harmonic of the 

respiration signal. Four different levels are considered 

for the respiration signal to demonstrate its effect on the 

heartbeat signal. Results show that for the amplitudes 

about 1.8 mm, the third harmonic of respiration can 

considerably affect on the heartbeat fundamental 

frequency for frequencies higher than 10 GHz.  

Fig. 8 shows the distribution of null points in the 

received signal at two different operating frequencies 

for both the in-phase and the quadrature channels. The 

amplitude of the fundamental component and the 2nd 

harmonic of respiration and fundamental heartbeat 

signal for a system with 1.15 GHz carrier frequency are 

demonstrated in Fig. 8 (a). It is clear that when the in-

phase  channel  is  at  the  null  point, the quadrature  

(a) 

 
(b) 

 
(c) 

Figure 6.  The received power in free space. (a) conventional single 

carrier system (b) harmonic system with 0 =  (c) harmonic system 

with 45 = . 
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. 

 

 

(a) 

(b) 

 

Figure 7.  Amplitude of demodulated signals (a) amplitude of each 

frequency components of the received signal (b) the ratio between 

the heartbeat and the third harmonic of respiration signal. 

 

channel is at the optimum point. Consequently, by using 

just one channel, the MLDS could not be able to detect 

the victim located at null points, hence using both 

channels are crucial. Results show that at 1.15 GHz, 

null points occur each 6.52 cm ( / 4 ) away from the 

MLDS. However, at 10 GHz carrier frequency, this 

value is about 7.5 mm as demonstrated in Fig. 8 (b).  

Fig. 9 shows the distribution of null points, obtained 

by using the CSD method, when the harmonic radar 

structure is used in the MLDS. For better comparison, 

the amplitude of respiration signal for both the single 

carrier and dual carrier (harmonic) systems are 

considered in Fig. 9.  The distribution of null points is 

shown in Fig. 9 (a) for 0 = . In this case, the null points 

of the single carrier system (1.15 GHz) at distances of 

5 and 11.52 cm are cancelled. In addition, because of 

increase in the amplitude of the respiration signal, the  

 
(a) 

 

 
(b) 

Figure 8.  Distribution of null points for both channels at two 

different operating frequencies (a) 1.15 GHz (b) 10 GHz. 

 

sensitivity of the MLDS will be improved. Also, Fig. 9 

(b) shows the amplitude of respiration signal for 

22.5 = . It is clear that in this case, the null points are 

completely cancelled and the sensitivity of the system 

is improved. Therefore, using a digitally-controlled 

phase shifter before one of the transmitting antennas is 

crucial.  

In order to describe MLDS performance at different 

frequencies by using the CSD method, (12) is used to 

calculate the THD; 

   

2 2 2 2
2 3 4

1

(V V V V )
100

V

n
THD

 + + + +
 = 
 
 

         (12) 

 

where Vi is the amplitude of ith harmonic of the 

heartbeat or respiration signal.  

Fig. 10 depicts the THD of the MLDS in different 

carrier frequencies. Results show that for a system with 

1.15 GHz carrier frequency, the THD of the output 

signal is about 3 percent, while this value for a system 

with 10 GHz carrier frequency is about 10 percent. The 

THD at higher carrier frequencies is calculated in order 

to make the best decision in choosing the appropriate 

operating frequency. Also, there is almost a linear 

relation between the THD and the carrier frequency.  
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(a) 

(b) 

Figure 9.  Distribution of null points in the harmonic system (a) 

0 =  (b) 22.5 = . 

 

Figure 10.  THD of the output signal at different carrier frequencies. 

VI. CONCLUSION 

Performance assessment of the proposed  MLDS 

shows that one noticeable receiver architecture can be 

the  quadrature receiver which resolves detection 

uncertainty  caused by null points. Harmonic radar 

structure is another low-cost method to cancel the null 

points which therefore improves the sensitivity of the 

MLDS. However, in order to obtain the maximum 

performance, employing a digitally-controlled phase 

shifter prior to one of the antennas in the harmonic radar 

is crucial. Effect of different layers of building rubbles 

and moisture on the penetration depth of the radar signal 

is evaluated by considering different conditions for 

concrete.  Results show that the received power 

reduction in wet concrete is up to 80 dB/m. Appropriate 

operating frequency is determined by comparing the 

THD of the system. By examining different 

frequencies, 1.15 GHz (L-band) is found to be the most 

appropriate one because of better penetration depth of 

about 5 m in common building materials and lower 

THD of about 3 percent. Also, 1.15 GHz as the 

minimum carrier frequency was selected by performing 

several simulations and observing the penetration depth 

of the MLDS at different frequencies. 
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