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This dissertation begins with the basic theory of Doppler radar system and motivation of 

this dissertation in Chapter 1. Challenges on the previous version of 5.8 GHz Doppler radar 

system will be discussed. For commercial purpose, the antenna coverage would be a challenge 

with a fixed-beam antenna. It demonstrates the misalignment issue under the test. An adaptive 

beam-steering antenna normally occupies a larger area. Chapter 2 introduces new adaptive 

beam-steering antenna with the focused beam. Better signal quality is achieved without manually 

alignment of an antenna. The new antenna size is the same as the conventional patch-array 

antenna. Misalignment of either transmitter or receiver antenna would degrade the signal quality. 

The antenna at Tx has larger effects on the misalignment due to the short-range re-radiation 

effect. In Chapter 3, a new method to detect the distance to the target with continuous wave (CW) 

radar and an adaptive beam-steering antenna is introduced. The system can concurrently detect 

the vibration and the distance to the target. To further reduce the size, system architecture with 

one shared transmitter and receiver antenna is demonstrated in Chapter 4. Novel miniature 

three-branchline coupler is designed and implemented to save the area. Wider bandwidth and 

smaller size are the benefits of this coupler. Chapter 5 integrates the Doppler vital-sign radar 
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system with this new coupler into one printed circuit board (PCB). Only one antenna is used in 

the system to save the area and eliminate the coupling between transmitter and receiver antennas. 

System package is another possible issue to degrade the signal and is designed for our system. In 

Chapter 6, two hand-held devices integrated with the Bluetooth are designed and implemented. 

Low weight and low power consumption radar provide higher flexibility for mobile detection. In 

Chapter 7, this chapter summarizes the whole work and describes the future work in this field. 

This work demonstrates the adaptive beam-steering antenna to get better signal quality and 

the new method to detect the distance to the target besides the vibration rate. The miniature 

branchline coupler offers more compact size for our system. 
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CHAPTER 1 

 INTRODUCTION AND MOTIVATION 

1.1 Doppler Noncontact Vibration Radar 

 A Doppler noncontact radar system has recently drawn lots of attention for vibration 

detection. Wireless detection provides huge potential for lots of applications, such as human 

vital-sign detection, animal health inspection, human rescue and baby monitoring. A lot of 

researches have been conducted in this field [1]-[20]. This technology is first introduced to apply 

to physiological movement detections in 1970s [2]. The frequency, strength, distance, and speed 

of the movement could be extracted by analyzing the phase characteristics in real time. In the 

wired-detecting device, lots of annoying wires need to be attached on the target, which is 

inconvenient for the detection setup. Under some special cases, it is also difficult to contact the 

subject in person. For example, detecting the vital signs of the ferocious animals such as lions or 

tigers is extremely dangerous. Wireless detection provides a better solution for this scenario. 

Besides Doppler noncontact vibration radar, there is other commercial product for human heart 

rate detection by using a camera. By detecting and analyzing the color change on a human face, 

the heart rate can be extracted. Optimal lighting environment, however, is required for detection 

accuracy and the equipment is required to directly point to the human face, which limits the 

detection range. This technique is only able to detect human vital signs. On the contrary, Doppler 

radar has varieties of the applications. It has been successfully developed to detect the vibration 

movement of the metal plate [3], [4] and the human vital signs detection behind the wall [5]. 

Besides the respiration and heart rate, it can also detect all the motions from the human body, 

which is another human vital-sign index. When people or patients suffer the pain, their bodies 

would react and unconsciously move more than usual. Some researchers try to analyze it in 

quantitative. Then, the doctor has a way to tell how the medicine works on the patient, which 
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could be a great potential contribution in the medical field. For the animal vital-sign detection, it 

is also suitable for inspecting the health condition of the horse. The heart rate of the horse is an 

index for horse’s health. Normally, the heart rate of the horse should be under 40 beats/min. 

Contact heart rate sensors make the horse uncomfortable and affects the accuracy of the 

measurement. 

 

Figure 1-1. Illustration of radar sensor system 

 A Doppler noncontact vital-sign radar system can be implemented on the PCB for the 

low cost or in the integrated circuit (IC) to save the area. The electromagnetic (EM) wave of the 

Doppler noncontact vital-sign radar system is used within industrial, scientific, and, medical 

(ISM) bands to satisfy the federal communications commission (FCC) regulation. Figure 1-1 

shows the basic concept of the Doppler noncontact vital-sign radar system. In the transmitter (Tx) 

of the radar transceiver, an unmodulated signal, T(t), is transmitted with the amplitude 

normalized to unity: 

 ( ) cos(2 ( ))T t ft t    (1-1) 
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Where f and ∅(𝑡) are the carrier frequency and the phase noise. The target is located at the 

distance of 𝑑0 away from the radar transceiver. The target has periodic movements, x(t), at the 

human chest and belly generated from the heart beats and the respiration. x(t) contains the 

information of the heart rate and respiration rate as follows: 

 
( ) sin( ) sin( )r r h hx t m t m t  

 (1-2) 

Where mr is the amplitude of the respiration, mh is the amplitude of the heart rate, ωr is the 

angular frequency of the respiration, and ωh is the angular frequency of the heart rate. T(t) is 

modulated by x(t) and reflected back to the receiver (Rx) of the radar transceiver. The received 

signal R(t) is expressed as follows: 

 

0 04 24 ( )
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Where λ is the carrier wavelength and c is the speed of the light. Then, R(t) is down-converted to 

the baseband through the mixer in a transceiver. The baseband output, B(t), can be expressed as: 

 

4 ( )
( ) cos( )t

x t
B t





 

 (1-4) 

Where ϕt is the total accumulated residue phase from the system and the wireless propagation 

path. 
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 (1-5) 

x(t) is normally in the range from 0.2 mm to 2 mm. If the system is operated at 5.8 GHz, x(t) is 

much smaller than the wavelength, 51.7 cm. When ϕt is at odd multiples of π/2, B(t) can be 

approximated to 4πx(t)/λ by small angle approximation. This scenario happens when the target is 

located at an optimal detection point. On the country, when ϕt is at even multiples of π/2, B(t) is 
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close to one. The vital signal information is missing when the target is located at this so-called 

null detection point [6]. 

 

Figure 1-2. Concept of the optimal and the null detection point 

 Figure 1-2 shows this concept of the optimal and the null detection points. The vital-sign 

signal, x1(t), in red line represents the target located at the optimal detection point. The signal is 

linearly transformed to the output without distortion, which is B1(t). B1(t) can be demodulated 

without distortion if x1(t) is smaller than the wavelength of the carrier, T(t). The vital-sign signal, 

x2(t), in black line is the target located at the null detection point. After the vital-sign signal is 

modulated with the carrier signal, the vital-sign signal would be distorted or even become the 

constant value at output. The optimal and null detection points alternately occur every one-eighth 

wavelength of the carrier. The accuracy of the vital-sign detection is limited by the location of 

the target. Many works have been done to fix this issue [7]-[9]. Frequency tuning technique is 

adopted to avoid the null detection point, but it increases the complexity of the system [7]. 

Alternatively, quadrature signals, I(t) and Q(t), are introduced to deal with the null detection 

t
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issue. When one signal, either I(t) or Q(t), is located at the null detection point, the other will be 

at the optimal detection point. Arctangent demodulation [8] and complex signal demodulation 

(CSD) [9] are developed to process the quadrature signals. For arctangent demodulation, the dc 

offset needs to be calibrated to recover the desired baseband signals. Since the dc offset varies 

under different detection environment, calibration is required in different scenarios. For CSD, the 

dc offset is not an issue. Nevertheless, strong harmonics form the respiration signals may 

overwhelm the heartbeat signals [10], [11]. Although both demodulation methods have their own 

limitations, they can successfully detect the vital-sign signals. In order to detect the vital sign at 

different situations in real time, CSD is used in this paper. The quadrature signals can be further 

analyzed with CSD in real time: 

 

4 ( ) 4 ( )
( ) ( )

( )

( ) ( ) ( )

4 ( ) 4 ( )
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t
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t t

x t x t
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    (1-6) 

When we consider the magnitude of the S(t), |e j(ϕt)| becomes a constant. The total phase residue, 

ϕt, can be eliminated when |S(t)| is applied to the fast Fourier transform (FFT) in the frequency 

domain. The vital-sign signal can be accurately extracted by this method without considering the 

total residue phase, which makes the vital-sign detection independent of the detection distance. 

Without dc offset calibration, the vital-sign detection, therefore, can be real-time detection. 

1.2 System Implementation 

 Doppler noncontact radar systems have been implemented in many researches. 

Self-injection lock radar can reduce the noise floor to achieve better signal to noise ratio (SNR) 

[12], [13]. Nevertheless, the system structure is more complex. Some works have successfully 
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implemented the system on IC [14]-[16], but the implementation on IC takes longer design time 

and higher cost. Most efficient and fastest way is to implement it on the PCB [17]-[19]. All the 

components integrated on the same board can greatly reduce the area. In addition, 5.8 GHz is one 

of the ISM bands, which is one of the reasons for choosing it. Under the linear approximation, a 

system operating at higher frequency provides higher sensitivity to detect smaller vibration 

movements [14], [15], but it would have more issues with larger vibration movement. The choice 

of 5.8 GHz is a good tradeoff for detecting both respiration rate and heart rate. Figure 1-3 shows 

the photograph of the Doppler noncontact vital-sign radar system in the front side and the back 

side. In the front side, the layout of the main circuit is printed on it including the radio frequency 

(RF) circuits, baseband circuits, bias networks, analog-to-digital converter (ADC), and Zigbee 

wireless communication circuits. All the components are soldered on the front side of the board. 

Zigbee is the wireless chip based on IEEE 802.15 standard to transmit the digitized data of the 

vital signs to the computer, which makes the user able to read the detection data on your own PC 

in real time. Two 2×2 patch-array antennas are connected through subminiature version A (SMA) 

connectors in the back side to save the area in horizontal directions. This hand-held device 

provides higher mobile flexibility to do the measurement anywhere. 

 

Figure 1-3. Photograph of the Doppler noncontact vital-sign radar system in the front side and 

back side. 
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1.3 System Alignment 

 Many studies have demonstrated the capability of the Doppler noncontact vital-sign radar 

system. A Doppler noncontact vital-sign radar system can detect all the movements from the 

human body, including the periodic vital-sign signals and annoying random body movements. 

Lots of research works have been done to improve the accuracy of the vital-sign detection [11], 

[17], [19], and [20]. Multiple radar systems are used to cancel out the random body motion and 

maintain the desired vital-sign signals. These researches, however, are all under the assumption 

of the good system alignment with the target. A radar system is directly facing a target to get the 

good quality of the signal. Therefore, a system can accurately detect the human vital-sign signals 

with good alignment. Misalignment between the target and the system can degrade the SNR and 

even fail the random body motion cancellation. People with different heights, however, are 

required another alignment under each measurement. The accuracy might even degrade when the 

target under the detection changes his posture. It is inconvenient to do the system alignment 

under every measurement. 

  

Figure 1-4. Measurement setups of the misalignment experiment. The measurement results are 

shown in time domain. 
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 To demonstrate this issue, Figure 1-4 shows the experiment of the measurement setup. 

Two 2×2 fixed-beam patch-array antennas are used in this Doppler noncontact vital-sign radar 

system. One is for Tx and the other is for Rx. An actuator generates a 1 Hz periodic signal with 1 

mm peak-to-peak displacement and is placed at 50 cm away from the Doppler noncontact 

vital-sign radar system. A 16 cm × 14 cm metal plate is attached on the tip of the actuator. 

There are two experiment scenarios. One is that the actuator is 30 cm higher than the radar 

system in height and the other is the actuator directly facing the radar system. The alignment 

angles are 0° and 31°, respectively. The measurement results are shown in the time domain with 

both scenarios. The red and blue curves represent quadrature baseband signals, I and Q. The red 

line I signal is at optimal detection point and the blue line Q signal is at the null detection point 

for both cases. The plot clearly shows the Q signal is distorted and contains bad signal quality 

when the alignment angle is 0°. On the contrary, the red curve shows a clear periodic signal 

when the alignment angle is 0°. In the second scenario, the target is 31° misaligned with the 

Doppler noncontact vital-sign radar system. The result shows nothing but noisy signals. A 2×2 

patch-array antenna has high antenna gain, but the antenna half-power beamwidth (HPBW) is 

small. A single-patch antenna with wider antenna HPBW would provide wider coverage but 

sacrificing the antenna gain, which degrades the signal. Furthermore, the wider antenna HPBW 

also collects more surrounding noise from the environment. Standing objects around the target 

will reflect the signal and cause the dc offset, which increases the noise floor. 

 For commercial products, a system would be required to use for a variety of people at 

different situations. It is important to make the system adaptive to different scenarios. Figure 1-5 

shows another experiment. Either a Tx antenna or an Rx antenna is tilted 30° when the Doppler 

noncontact vital-sign radar system is 31° misaligned with the target. The system can receive the 
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clear periodic signals for both cases, but the signal strength is weaker than the system with good 

alignment on both antennas. Either Tx or Rx antennas with misalignment would degrade the 

signal quality. Therefore, it is better to design an adaptive beam-steering antenna for the Doppler 

noncontact vital-sign radar system. 

 

Figure 1-5. Measurement results in time domain when either Tx antenna or Rx antenna is tilted 

30° angle. 
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CHAPTER 2 

 ADAPTIVE BEAM-STEERING ANTENNA DESIGN 

2.1 Introduction 

 In wireless communication system, the signal quality is always a major concern. For 

simplicity, the received signal strength is calculated by radar equation under the far field 

assumption [21]: 

 

2

3 4(4 )
r t t rP P G G

R

 




   

  (2-1) 

Where Pr is the receiving power, Pt is the transmitting power, Gt is the antenna gain at Tx, Gr is 

the antenna gain at Rx, and σ is the radar cross section (RCS). To analyze the received signal, the 

received power should be higher than the noise level. Larger antenna gain provides the better 

SNR without increasing power consumption while more focused radiation beamwidth reduces 

the surrounding noise. For human vital-sign detection, any movement close to the target would 

interfere with the result and reduce the detection accuracy. On the other hand, the RCS depends 

on the physical area, surface reflectivity, and operating frequency. The RCS of adult human body 

is in the range of 0.5 m2 to 3 m2 [22], which are smaller than 16 cm x 14 cm metal plate. 

Furthermore, RCS of human cardiopulmonary activity is even smaller than 0.5 m2 [23]. In a 

Doppler noncontact vital-sign radar system, the transmitted signal is reflected and modulated by 

the periodic movement of human chest due to the respiration and heartbeat. The vital-sign signal 

is very sensitive to the incident angle of antenna radiation due to the focused antenna beam and 

small RCS. With a fixed-beam antenna, alignment is required for each measurement, which 

makes it inconvenient for vital-sign detection on people of different heights or postures. 

To increase the detection coverage, Z. Park introduced a printed antenna technology with 

beam-steering function [24]. However, its low antenna gain degraded the SNR and thus required 
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more power in the Tx side to keep the same SNR. Therefore, a phase array antenna with 

beam-steering function would be a better solution. A 1×4 phase array antenna with passive phase 

shifters, like Butler matrix, has been studied in [25]. A Butler matrix network, however, is very 

big at 5.8 GHz and cannot provide the 0° (broadside) beam direction. In order to chose the beam 

direction of the antenna. A single-pole four-through (SP4T) switch is required to connect with 

the feed line and a 1×4 Butler matrix network. It even consumes more area of the PCB. 

Moreover, other commercial phase shifters operating at 5.8 GHz are either costly or bulky. A 

2×2 patch-array antenna with adaptive phase shifters is implemented to achieve both wider 

detection range and high antenna gain in this chapter. 

2.2 2×2 Patch-Array Antenna Design 

 Before we start to design an adaptive beam-steering antenna, a traditional 2×2 

fixed-beam patch-array antenna is implemented as a reference. Considering the cost and the 

performance, Rogers 4350B with the dielectric thickness equal to 31 mils is adopted. The 

thickness of the board would affect the antenna radiation efficiency and the matching design of 

the transmission line. The design of the microstrip patch antenna starts from the determination of 

the width [26]. The practical width leads good radiation efficiency [27]: 
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Where W is the antenna width, fr is the resonant frequency, µ0 is the permeability of free space, 

ɛ0 is the permittivity of free space, and ɛr is the dielectric constant. For the microstrip patch 

structure, the EM wave propagates in the inhomogeneous medium. An effective dielectric 

constant is calculated as follows [28]: 
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Where h is the dielectric thickness of the board. As W/h >>1 and, ɛr >>1 most of the EM wave 

would be constrained in the dielectric substrate. The effective dielectric constant would be close 

to the dielectric constant of the board. The fringing effect should be considered because the size 

of the patch antenna in width and length is finite. The fringing effect makes the microstrip patch 

electrically wider than physical size. A practical approximate relation is widely used as follows 

[29]: 
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Where ΔL is the extended length due to the fringing effect. The length of patch would be 

extended in both sides. The rectangular patch antenna is designed as a half wavelength resonator 

electrically for the dominant TM01 mode. The physical length would be as follows: 
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After designing the patch antenna at desired frequency, the feedline needs to be designed to 50 Ω. 

Recessed microstrip feed line is used to save the area instead of the quarter-wavelength 

transformer which occupies lots of areas. 
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Where y is the length of the recessed feedline from the boarder and y0 is the initial position where 

there is no recessed feedline. The antenna is designed at 5.8 GHz, which is one of the ISM bands. 

Figure 2-1 shows the final design of the 2×2 patch-array antenna and the simulation results. The  
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Figure 2-1. 2×2 patch-array antenna is designed and simulated in HFSS v13. The antenna gain is 

10.8 dB at 5.8 GHz and the reflection coefficient is -21.29 dB at 5.8 GHz. 

full-wave EM simulation is done by ANSYS high-frequency structural simulator (HFSS) v13. 

The simulated antenna gain is 10.5 dB at 5.8 GHz and the resonance of the reflection coefficient, 

S11, occurs at 5.8 GHz. The antenna bandwidth is from 5.76 GHz to 5.86 GHz. The solder mask 

is used as the protection of the board and needs to be considered in the simulation. It would 

increase the effective dielectric constant and shift the resonant frequency to the lower value. 

Furthermore, electro less nickel immersion gold (ENIG) is plated on the copper of the microstrip 

line. The conductance of the gold is similar to the copper and the gold can prevent the copper 
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from being rusted. The nickel is the intermediate metal between the copper and the gold. The 

conductivity of the nickel is bad and it might degrade the RF performance. The skin depth effect 

can help us to understand how importance of the nickel is. The skin depth of the conductor can 

be calculated as follows: 

 0

2

r




  


 
 (2-7) 

Where ρ is the resistivity of the conductor, ω is the angular frequency of the current, and µr is the 

relative magnetic permeability of the conductor. The skin depth of the gold is approximately 

1 um at 5.8 GHz by (2-7). In ENIG technology, the thickness of gold is around 0.05 um to 0.1 

um and the thickness of the Nickel is around 2 um to 4 um. The nickel is beneath of the gold and 

the thickness of the gold is very thin. Therefore, the nickel would strongly affect RF performance 

at 5.8 GHz and needs to be considered in the simulation. 

 

Figure 2-2. Photograph of the 2×2 patch-array antenna and the reflection coefficient in the 

measurement result 

 Figure 2-2 shows the photograph of the 2×2 fixed-beam patch-array antenna and the 

reflection coefficient of the measurement result. S-parameters are measured by Agilent vector 

network analyzer (VNA) E8361A. The resonance of the antenna is at 5.8 GHz, which is in good 
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agreement with the simulation result. The reflection coefficient, however, is only -10.3 dB at 

5.8 GHz and worse than the simulation results. In the simulation, the SMA connector and the 

soldering material are not included which will affect the impedance of the antenna. The result, 

however, is sufficient for the antenna application. 

2.3 Antenna Radiation Pattern Effects 

 As described in Chapter 1-3, the SNR degrades when the system is misaligned. The effect 

of the antenna radiation beamwidth when the system is misaligned, however, has not been 

studied even though it is a practical scenario when measuring human vital signs. The small 

vital-sign area can be easily misaligned with antenna beam when the target's posture changes. 

Although the Tx and Rx antennas should be reciprocal based on the radar equation (2-1), the 

actual measurement results indicate that some other factors might cause different effects on Tx 

and Rx. This section compares two different antennas (a single-patch antenna and a 2×2 

patch-array antenna) on Tx and Rx to detect the vibration movement when the antenna and target 

are misaligned. Figure 2-3 shows the homodyne architecture of the Doppler noncontact 

vibration-detection radar system. A sinusoidal signal generated from the voltage control 

oscillator (VCO), HMC 431LP4, is amplified by a variable gain control amplifier (VGA), 

HMC625LP5, and a power amplifier (PA), HMC788LP2E, on the Tx side. VGA is used to 

control the transmitted power to avoid the signal saturation in baseband when detecting a target 

at short distance. The signal is equally split to the Tx antenna port and the LO port of the 

in-phase/quadrature-phase (I/Q) mixer, HMC525LC4, for self-mixing. A low noise amplifier 

(LNA), HMC318MS8G, and two gain blocks, NBB-400, are three amplification stages on the Rx 

side to reduce noise figure in the baseband [16]. The reflected signal from the Rx antenna is 

directly down-converted to the baseband by the I/Q mixer. The baseband quadrature signals are 
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sent to an ADC for sampling before sending to the computer for the digital signal processing 

(DSP) and analysis. The range correlation effect significantly reduces the phase noise of the 

oscillator [6]. The baseband signal, B(t), contains the vibration information shown as follows: 
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 (2-8) 

Where x(t)=A×sin(ωt) is the vibration movement, A is the vibration displacement, Δϕ is the 

accumulated phase residue, and θ is the phase delay at Rx. The vibration information can be 

extracted by the CSD method. 

 

Figure 2-3. Homodyne architecture of the Doppler noncontact vibration-detection radar system 

 Figure 2-4 shows the simulated radiation patterns of the 2×2 patch-array antenna with 42° 

HPBW and the single-patch antenna with 91° HPBW in ANSYS HFSS. The antenna gain of 2×2 

patch-array antenna and the single-patch antenna are 10.5 dB and 5.5 dB at 5.8 GHz, 

respectively. The antennas and the radar transceiver are both implemented on Rogers 4350B 
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laminates with a thickness of 30 mils. The antenna input reflection coefficients are measured by 

an Agilent VNA E8361. 

 

Figure 2-4. Simulated radiation patterns of the 2×2 array antenna (left) and the single-patch 

antenna (right) in ANSYS HFSS 

 

Figure 2-5. Measured reflection coefficients of the single-patch antenna (blue dotted line) and the 

2×2 array antenna (solid red line). 

 Figure 2-5 shows the measured reflection coefficients of a single-patch antenna in dotted 

blue line and a 2×2 patch-array antenna in solid red line. The antenna bandwidth of the 
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single-patch antenna is from 5.78 GHz to 5.88 GHz and The antenna bandwidth of the 2×2 

patch-array antenna is reduced to 5.79—5.84 GHz. The degradation is caused by the thickness 

variation of the solder mask, the nickel, and the gold. The dielectric constant of the solder mask 

also varies a lot. All of them will cause the impedance variation and degrade the bandwidth. 

Nevertheless, the performances of both antennas are sufficient to work at 5.8 GHz. 

Figure 2-6 shows the measurement setup. A 16 cm × 14 cm metal plate is attached to an actuator. 

The actuator generates a 1 Hz sinusoidal movement with 1 mm peak-to-peak displacement. The 

radar system is 31° vertically misaligned with the target and placed at 0.5 m away. Two 

single-patch antennas and two 2×2 array antennas were fabricated. The signals are measured at 

four different combinations of antennas on Tx and Rx 

 

Figure 2-6. Measurement setup. 

 Figure 2-7 shows the measurement results. Vibration information is extracted by CSD 

method in the frequency domain. In Figure 2-7 (A), two 2×2 array antennas are used at both Tx 
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and Rx. The signal cannot be detected since at 31° the gain of the 2×2 array drops significantly. 

In Figure 2-7 (B) and Figure 2-7 (C), a single-patch antenna is used at Tx or Rx and a 2×2 array 

antenna is used on the other. The combined antenna gains at 31° are the same in either case. 

Nevertheless, Figure 2-7 (B) shows a larger SNR than Figure 2-7 (C). Several follow-up 

experiments indicate that the broader beamwidth or higher antenna gain at the target direction 

plays a more important role at Tx than at Rx. There are two possible reasons. One possible 

reason is the multiple reflections between the target and the antenna in short-range detections.  

 

Figure 2-7. Vibration signals measured at four different combinations of antennas on Tx and Rx.  

The reradiated signal from the antenna depends on the termination impedance. The Tx antenna is 

directly connected to the PA output which typically has smaller impedance and would reradiate 

more signal power back to the target. In this case, the broader beamwidth single-patch antenna 

which has the higher gain at target direction is preferred to be placed on the Tx to improve 
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overall SNR. In Figure 2-7 (D), two single-patch antennas are used on Tx and Rx and the SNR is 

the largest due to the highest combined antenna gain at 31°. Thus, the system with broad 

beamwidth antennas is more robust for human vital-sign detection due to the small human 

vital-sign area. 

 The other possible reason is the load effect of the PA. The output power may be different 

with two different types of antennas since the impedances of both antennas are not perfectly 

50 Ω.  

 

Figure 2-8. Impedance of the single-patch antenna and the 2×2 fixed-beam patch-array antenna 

 Figure 2-8 shows the measured impedances of the single-patch antenna and the 2×2 

fixed-beam patch-array antenna. Both of them are smaller than 50 Ω. Nevertheless, it may have 

little effect on the loads of PA because the values of two impedances are very similar. In order to 

verify the multi-reflection effect in the short range, there is another experiment: two 2×2 

fixed-beam antennas are used at Tx and Rx in a Doppler noncontact vibration-detection radar  
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Figure 2-9. Measured results in frequency domain when (A) only the antenna at Tx tilts 30° and 

(B) only the antenna at Rx tilts 30°. 

system. Either a Tx antenna or an Rx antenna will tilts 30° to face the target. By this experiment, 

we can eliminate the effect of the different loads of PA. In Figure 2-9 (A), the antenna at Tx tilts 

30° and the antenna at Rx faces 0°. On the contrary, the antenna at Tx faces 0° and the antenna at 

Rx tilts 30° in Figure 2-9 (B). The total antenna gain of the entire system is the same for both 

cases. Better SNR occurs at the case when the antenna at Tx directly faces the target than the 

antenna at Rx.  

 A 5.8 GHz Doppler noncontact vibration-detection radar system using antennas of 

different beamwidths are experimented. As expected, the antenna with broader beamwidth is 

more robust in detection when there is a misalignment between the antenna beam and the target. 

Unexpectedly, it was observed that placing the antenna with broader beamwidth on Tx achieves 

better SNR than placing it on Rx. Both experiments verified the effect of the multiple radiations 

at the short range. A possible reason is suggested, but further research and verification will be 

needed. The results provide useful guidelines for designing a radar system for short-range human 

vital-sign detection. 
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2.4 Adaptive Beam-Steering Antenna Design 

 After building up a conventional 2×2 patch-array antenna, this presents a 2×2 microstrip 

patch-array antenna integrated with two switched-line phase shifters. Each phase shifter consists 

of two single-pole double-through (SPDT) switches and two microstrip lines with desired phase 

difference. Two phase shifters are designed within the patch antenna matching feed line to save 

the area. A beam-steering function can be controlled electronically by changing the dc bias on 

each switch. A Doppler radar system with this adaptive beam-steering antenna can be fabricated 

on the same board to save the area and cost. Figure 2-10 shows the schematic of the 

beam-steering phase array antenna. The beam-steering of the phase array antenna requires 

constant phase increment for adjacent antennas. The phase delay, Δϕ, is calculated as follows 

[26]: 

 

sin( )
360 P





   

 (2-9) 

where P, 30 mm, is the pitch of array elements and θ is the beam-steering angle, 22°. The HPBW 

of 22 fixed-beam antenna is 41°. A 22 patch-array antenna with ±22° beam-steering angles 

could achieve 85° coverage. The phase delay is calculated as 78° by (2-9). Two phase shifters 

are required to implement a three-way beam-steering antenna. Figure 2-10 shows the schematic 

of the adaptive beam-steering antenna. It consists of two antenna array elements, two phase 

shifters, and one power combiner. Three steering angles can be achieved by a combination of 

two phase delay values at each antenna. The same phase delay at two antennas can generate the 

broadside beam direction, which is operated as a conventional fixed-beam array antenna. By 

generating the phase difference between the antenna “A” and “B”, which means between 

transmission line (TL) 1 and TL 2 or between TL 3 and TL 4 is designed as 78° or –78°. The  
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Figure 2-10. Schematic of the adaptive beam-steering antenna. It consists of two antennas, two 

phase shifters, and one power combiner. The beam-steering antenna can steer in three 

different directions. 

radiation beam can steer in either 22° or -22°. The size of this antenna system will be huge if the 

discrete phase shifter chips and power combiner chips are used with each antenna element. The 

power loss might be large as well. Each antenna array element is a linearly polarized two-by-one 

(21) patch-array antenna. In order to reduce the size of the antenna system, the switched-line 

phase shifters and the power combiner are integrated within the antenna feedline network. S1, S2, 

S3, and S4 are SPDT switches (SKY13348-374LF). The output of this absorptive type switch is 

terminated to 50 Ω when the switch is off, which provides better isolation for the limited space. 

The selected microstrip lines which transmit the signal are controlled by SPDT switches. By 

feeding adjacent antennas with different phases of signals, the phase array antenna can steer to 

different angles. This antenna is designed and fabricated on the Rogers 4350B laminate with 
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30 mil thicknesses. Two phase shifters are designed and optimized to fit in the space among 

array patches so that the overall size of the antenna remains the same size of the original 

patch-array antenna. Phase-array patch antennas and phase shifters are modeled separately in 

full-wave electromagnetic ANSYS HFSS v13. The SPDT switch model is extracted from the 

measurement data on the evaluation board. The whole adaptive beam-steering antenna system is 

then simulated by connecting individual models of patch antennas, phase shifters, and the 

switches in Agilent Advanced Design System (ADS). 

 Figure 2-11 (A) shows a switched-line phase shifter design consisting of two 50 Ω 

microstrip lines, “a” and “b”, and two SPDT switches (SKY13348-374LF). Two microstrip lines 

with different electrical length are designed in HFSS. The phase difference between the 

microstrip line, a, and the microstrip line, b, is designed in 78°. Two microstrip lines should be 

designed in 50 Ω for the matching of SPDT switches. Figure 2-11 (B) shows the impedance 

variance in time domain reflectometry (TDR) simulation, which can track the impedance  

 

Figure 2-11. Phase shifter is a switched-line type design. (A) Two microstrip lines, “a” and “b”, 

are designed with the 78° phase difference. Two SPDT switches are used to select the 

desired microstrip line (B) TDR simulation result is done in ANSYS HFSS v13. The 

impedance variation along these microstrip lines is small enough to reduce the 

reflection loss. 
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variance along the trace. The impedance of the delay line, “b”, varies at section I, II, and III 

along this microstrip line. The smaller impedance variance can reduce the reflection loss. Figure 

2-12(A) shows the phase delay, 77.6° at 5.8 GHz, between two microstrip lines, “a” and “b”, in 

the simulation. The reflection coefficients at port 1 and port 3 are both below -20 dB at 5.8 GHz 

for two microstrip lines in Figure 2-12 (B). The reflection coefficients at port 2 and port 4 are the 

same as port 1 and port 3 due to the reciprocal of the passive components. 

 

Figure 2-12. Simulated Results between two microstrip lines (A) phase delay (B) Reflection 

coefficients 

 Figure 2-13 shows the entire structure of the adaptive beam-steering antenna design in 

ADS. Two 21 patch-array antennas in red dash dot frame, two switched-line phase shifters in 

blue double line frame and a power combiner with 50 Ω feedline in black dash frame are 

simulated in HFSS. Four SPDT switches in green solid line frame are measured by Agilent VNA 

E8361. A dc blocking capacitor is connected at the end of 50 Ω feedline. All components are 

cascaded and simulated in ADS. Figure 2-14 shows the simulated radiation pattern of 22 

patch-array antennas when the beam steers in directions of -22°, 0°, and 22°. It does not include 

the coupling effect of the phase shifter, the loss from the SPDT switches and a dc blocking 

capacitor, and the soldering parasitics. The gain of this antenna at 5.8 GHz is 10.9 dB and the 

HPBW is 41°. 
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Figure 2-13. Entire structure of the adaptive beam-steering antenna is cascaded and simulated in 

ADS. The patch-array antennas, switched-line phase shifters, and the power combiner 

with 50 Ω feedline are simulated in HFSS. SPDT switches are measured in VNA.  

 

Figure 2-14. Simulated radiation pattern of 22 patch-array antenna when the beam steers in -22°, 

0°, and 22°. 
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 The reflection coefficients (S11) of the antenna in the simulation and measurement 

results are shown in Figure 2-15. Dotted lines are the simulation results (S) and the solid lines are 

the measurement results (M). The green lines are the results when the beam angle is equal to -22°. 

The red lines are the 0° and the blue lines are 22°. The bandwidth of the antenna is from 5.7 GHz 

to 5.9 GHz at -22° and 0° and it is reduced to 5.72—5.81 GHz at 22°. The variation is caused by 

the phase shifters. The isolation between two transmission lines within a phase shifter is not 

perfect. When the signal travels through the delayed line, “b”, in a phase shifter to steer the beam, 

the signal might be coupled to the straight line, “a”, and degrades the reflection coefficients. 

Furthermore, the space is very limited between the 2nd antenna patch and the 2nd phase shifter. 

There will be another coupling between the delay line, “b”, of the 2nd phase shifter and the 2nd 

antenna patch when the beam steers to 22°. In addition, the variation of the SPDT switches and 

soldering parasitics also affect the result. 

 

Figure 2-15. Reflection coefficient (S11) in both simulation and measurement. Three dotted lines 

are the simulation results (S) with three different beam-steering angles and three solid 

lines are the measurement results (M). 
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 Figure 2-16 shows the adaptive beam-steering antenna and the fixed-beam antenna. Both 

sizes are 67 mm x 65 mm, which are approximately half size of a beam-steering antenna with the 

Butler matrix. Four SPDT switches and one dc blocking capacitor are soldered on the front side 

of the antenna. A dc bias control board is attached to the back side of the antenna through 

headers. For an antenna performance test, DIP switches are soldered on S1 to S4 to manually 

determine the antenna beam-steering direction according to the truth table in Table 2-1. 

 

Figure 2-16. Photographs of (A) adaptive beam-steering antenna and (B) fixed-beam antenna 

 

Table 2-1.  Truth table of beam-steering functions 

Steering angle S1 S2 S3 S4 
-22° R L R L 
0° L L L L 
22° L R L R 
 

 Figure 2-17 shows the photograph of the antenna chamber, where the radiation pattern of 

the adaptive beam-steering antenna is measured at three different directions. A battery and DIP 

switches are attached in the back side of the antenna to reduce the coupling effect on the 

radiation pattern. 

(A) (B)
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Figure 2-17. Photograph of antenna chamber 

 

Front side

Back side

(A)
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 Figure 2-18. Measured radiation patterns including both co-polarization and cross-polarization 

in the E-plane at different beam-steering angles: (A) 20° (B) 0° (C) -27°. 

(B)

(C)
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 Figure 2-18 shows the measured radiation patterns including the co-polarization (co-pol) 

and the cross-polarization (cross-pol) in the E-plane when the beam steers to the left (20°), the 

center (0°), and the right (-27°). There is a 2°-5° variation due to the process variation, soldering 

effect, and the variation in SPDT switches. The maximum gain is 6.46 dB at 5.8 GHz, which is 

4.5 dB smaller than the simulated gain of the 22 patch-array antenna. The additional loss is 

from the coupling of the phase shifters, the loss of the SPDT switches and the dc blocking 

capacitor, and the soldering parasitics. Each SPDT switch will contribute 1 to 2 dB loss at 

5.8 GHz. It is still a good result compared with the commercial phase shifter. The HPBW is 42° 

which is in good agreement with the simulation result. 

2.5 Human Vital-Sign Detection and Comparison 

 

Figure 2-19. Photograph of measurement setup 

 Considering the vital-sign detection, reflected modulation signal from the human chest is 

collected through the antenna. The chest height variation for different people sitting on the chair 

2
0

 cm

50 cm

21.8 

Radar with beam

steering antenna
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could result in misalignment and loss of detection. It is inconvenient to adjust the height of the 

system when detecting different people. To demonstrate the coverage issue, a subject sits at a 

distance of 50 cm in front of the radar system in Figure 2-19. A 2×2 reference fixed-beam 

antenna and the adaptive 2×2 beam-steering antenna are connected with the 5.8 GHz noncontact 

vital-sign radar system, respectively. The elevation of the antenna is positioned 20 cm lower than 

human chest, which creates a 21.8° angle between the target chest area and broadside direction. 

The experimental subject holds the breath for 10 second to eliminate the effect from the 

respiration, which helps to demonstrate the antenna coverage effect of measuring heartbeat.  

 

Figure 2-20. Vital-sign measurement results in time domain (A)-(C) from the adaptive 

2×2beam-steering antenna and (D) from the reference 2×2fixed-beam antenna. 

 Figure 2-20 (A)-(C) show the heart rate measurement results in time domain with the 

adaptive 2×2 beam-steering antenna switching its beam to different angles and Figure 2-20 (D) is 

the result of the 2×2 reference fixed-beam antenna. When the beam-steering antenna is switched 

(A) Steering angle=-22° (B) Steering angle=0°

(C) Steering angle=22° (D) 2×2 fixed-beam antenna
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to -22° (pointing upward), the result shows clear periodic heartbeat signal. When the 

beam-steering antenna is switched to other angles or when the reference antenna is used, the 

results show nothing but noise. Five people are tested with the same scenario and all 

measurement results show the similar patterns. Therefore, adaptive beam-steering antenna indeed 

helps to improve SNR when the target area and the antenna broadside direction are misaligned. 

Also, the dc bias of the phase shifter can be controlled by a microprocessor such as MSP 430 for 

automatic adaptive control. 
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CHAPTER 3 

 CONCURRENT DETECTION OF VIBRATION AND DISTANCE USING AN 

ADAPTIVE BEAM-STEERING ANTENNA 

3.1 Introduction 

 Our previous work in Chapter 2 has successfully demonstrated the better coverage of 

using a beam-steering antenna on the vital-sign radar detection system [30]. In addition to the 

vibration detection, a radar system is widely used for subject positioning [31] or the distance 

measurement [32], [33]. Nevertheless, [31] required multiple radar sensors for detection. [32] 

and [33] successfully demonstrated using the frequency-modulated continuous-wave (FMCW) 

radar system. FMCW radar, however, is hard to monitor tiny vibrations due to the resolution 

limited by bandwidth. The hybrid FMCW-interferometry radar has been introduced to measure 

the vibration and distance information alternately [34], [35], but the high-cost filter and complex 

architecture were used in the system. On the other hand, Wang et al. [36] implemented a system 

for concurrent vibration and distance detection, but additional tag transmitting modulated signal 

is required for the system. A conventional unmodulated CW radar system, however, is not able 

to detect the distance due to the lack of the time information. It was found out that the dc offset 

in the baseband signal contains useful information on distance. Lv et al. [37] developed an 

algorithm of dynamic dc offset tracking for the motion imaging detection on a digital-IF receiver 

architecture. A high speed ADC is required in the system. In addition, Kim et al. [38] analyzed 

the phase to extract the target displacement. The exact position, however, cannot be extracted 

due to the lack of phase-residue information. In this work, by extracting the phase from the dc 

offsets and processing the phase difference between propagation paths at different antenna 

beam-steering angles, the distance to a short-range target is possible to be accurately calculated 

with a fast beam-switching antenna in a homodyne architecture. 
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 A beam-steering antenna with a fast-switching rate is required for distance detection in 

the proposed approach. Many adaptive beam-steering antennas have been studied. Tawk et al. 

[39] demonstrated a reconfigurable antenna design with a rotator attached to a motor. 

Nevertheless, the mechanical switch is not as fast as the electronic switch. Yusuf et al. [40] 

implemented a beam-steering antenna using mutual coupling and reactive loading, but additional 

control circuit is required to switch the radiation beam in real time. Park et al. [24] introduced a 

beam-steering antenna design. The antenna beam direction can be electronically controlled. Its 

low gain antenna, however, degrades the SNR for the Doppler noncontact vibration radar system. 

An antenna array with a Butler matrix exhibits high gain [41], but additional switch is required 

for beam-steering selection. The size of the entire antenna system at 5.8 GHz will be large, and it 

cannot provide a 0° (broadside) beam direction. A patch-array antenna with the beam-steering 

function is a better solution. By using the beam-steering antenna from our previous work [30], 

this system can detect not only the object’s vibration rate but also the distance without further 

increasing the complexity of the architecture, which can be used for structural health monitoring. 

 This chapter is organized as follows. Chapter 3.2 introduces the vibration detection with a 

beam-steering antenna in real time. Chapter 3.3 analyzes the dc offset and identifies the desired 

dc information for the distance detection. The design and implementation of the entire Doppler 

noncontact vibration radar system are described. A method using an adaptive beam-steering 

antenna to detect the distance to the target is introduced as well. Chapter 3.4 shows the 

experimental results and the analysis. 

3.2 Vital-Sign Detection with a Beam-Steering Antenna in Real Time 

 The homodyne architecture of the Doppler noncontact vibration radar system is shown in 

Figure 2-3. The photograph of the Doppler noncontact vibration radar transceiver is shown in 
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Figure 3-1. The size of the radar transceiver board is 7.3 cm × 10.5 cm, which is suitable for a 

mobile system. An adaptive beam-steering antenna at Tx and a fixed-beam 2×2 patch-array 

antenna at Rx are connected to the Doppler noncontact vibration radar board through SMA 

connectors. 7.3 V is applied in a system and the total current of the system is 0.35 A, which  

 

Figure 3-1. Photograph of the Doppler noncontact vibration radar transceiver 

 

Figure 3-2. Control signal for adaptive beam-steering antenna in LABVIEW (A) the schematic 

and (B) the corresponding measured vibration signals. 
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consumes the power of 2.55 W. In order to steer the beam of the adaptive beam-steering antenna 

in real time, four 5 V control signals are needed to connect with the antenna. National 

Instruments (NI) USB-6009 is a 14-bit low-cost multifunction data acquisition (DAQ) and used 

as an ADC. Analog signals can be digitalized and recorded with the software, NI LABVIEW. NI 

USB-6009 is also able to generate the digital signals to control the adaptive beam-steering 

antenna. Nevertheless, the switching rate of the digital signals cannot be faster than 100 Hz. 

 Figure 3-2 (A) shows the schematic of control signals for an adaptive beam-steering 

antenna in LABVIEW and the corresponding measured vibration signals. This circuit follows the 

truth table in Table 2-1 to control the antenna steering in two directions fast and alternatively. 

Figure 3-2 (B) shows the measured results of I and Q signals. Both baseband signals exhibit two 

different dc offsets corresponding to the switching time in the real-time measurement. 100 Hz 

switching rate, however, may not be fast enough to extract the distance to the target. 

 

Figure 3-3. Control signals and systems by the field-programmable gate array (FPGA) (A) 

Photograph board (B) four controls signals for the adaptive beam-steering antenna in 

time domain 
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 Figure 3-3 (A) shows the photograph of the FPGA board. It can generate four digital 

outputs at high frequency. Figure 3-3 (B) shows the four controls for the adaptive beam-steering 

antenna in the time domain. The frequency is higher than 1 kHz. The symbols, “U”, “C”, and “D” 

represent the beam-steering to the up, center, and down directions, respectively. These four 

signals are generated by two clocks, “CLK1” and “CLK2” in Figure 3-4. The switching rate of 

this adaptive beam-steering antenna is 1.2 kHz, which means the vibration-detection time at each 

steering angle is 0.83 ms. The sampling rate is 4.8 kHz. The order of the beam-steering angle is 

20° (U), 0° (C), and -27° (D). Fast-switching rate is required to detect the distance to the target. 

 

Figure 3-4. Control signals of the adaptive beam-steering antenna. The switching rate is 1.2 kHz, 

which means 0.83 ms at each vibration-detection period. The order of the 

beam-steering angles is 20°, 0°, and -27°. 
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3.3 Distance Detection Theory 

3.3.1 DC Offset Analysis 

 

Figure 3-5. Block diagram of the Doppler noncontact vibration radar system for mechanical 

vibration detection. 

 Figure 3-5 shows the block diagram of the Doppler noncontact vibration radar system for 

mechanical vibration detection. After the transmitted signal, T(t), is modulated with the target 

movement, x(t), and reflected, the received signal contains the information of the vibration rate 

and distance, d0. The signal is down-converted to the baseband in the radar transceiver system. 

Then, the baseband signal is digitized through an ADC for the signal process. In this chapter, 

quadrature signals are used to deal with the null detection point issue. Assuming the target is a 

single-tone movement, they can be expressed by the Bessel function [17]: 
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where x(t)=m∙sin(ωt) is a signal of the target, m is the amplitude of the movement, ω is the 

angular frequency, Ci =Ji(4π/λ) is the amplitude at each frequency point, ϕ is the total 
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accumulated residual phase shift from the phase delay in the circuit and the wireless transmission 

path, and DCI and DCQ are the dc components containing the information of the amplitude of the 

vibration signals and the total residual phase shift: 

 0(4 / ) cos( )IDC J m      (3-3) 

 
0(4 / ) sin( )QDC J m      (3-4) 

These are the desired dc information and can be used to recover the vibration signals for the 

arctangent demodulation [8]. In the constellation plot, the quadrature vibration signals will form 

the arc on the unit circle centered at the origin. DCI and DCQ can be estimated to average values 

of the arc under the linear approximation. Nevertheless, measured I(t) and Q(t), are not exactly 

the same as the (3-1) and (3-2): 
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where AI and AQ are the amplitudes of the periodic signals in the measurement and DCI0 and 

DCQ0 are the additional dc offsets. AI and AQ are determined by the power level. They might be 

slightly different due to the imbalance of the I/Q mixer. DCI0 and DCQ0 are caused by the 

imperfections of the circuit such as the local oscillator (LO) leakage and the finite isolation 

between the Tx and the receiver (Rx), and by the clutters reflected from the stationary objects. 

These are the undesired dc components, which do not contain any useful information. DCI0 and 

DCQ0 would shift the center of the circle off the origin while AI and AQ would change the radius 

of the circle in the constellation plot. 
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Figure 3-6. Constellation plot showing that the dc offset of the measured data is off the origin 

and the radius, Ar, is not equal to unity. The circle in red is the unit circle centered at 

the origin as a reference. 

 Figure 3-6 shows the measurement result of the periodic signal in the constellation plot. 

A Doppler noncontact vibration radar sensor is located at 1 m away from the actuator which 

generates a 0.2 Hz sinusoidal movement with 5 mm peak-to-peak displacement. The black and 

small circle with its center at (-0.2, 0.12) and a radius, Ar, is fitted by the arc in blue which is the 

measured periodic signal. The large circle in red is the reference unit circle with its center at the 

origin. As described in (3-5) and (3-6), the measured signal contains the undesired dc offsets and 

the amplitude of the signal is not equal to unity. Ar is determined by AI and AQ in (3-5) and (3-6), 

where DCI0 and DCQ0 represent the center of the circle, (-0.2, 0.12). After removing the 

undesired dc offset and normalizing the measured circle to the unit circle, the periodic signal is 

in the form of (3-1) and (3-2). The recovered data will be an arc on a unit circle centered at the 

origin. 
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3.3.2 Distance Detection with an Adaptive Beam-Steering Antenna 

 The desired dc components in (3-3) and (3-4) contain the information of total 

accumulated phase residue: 

 0 0
1 0 0

4 2
[ ( ) ( )]r

d d
t t

c


   


      (3-7) 

where d0 is the distance between the Doppler vibration radar system and the target, ϕr is the 

phase delay due to the Rx, and ϕ0(t) is the initial phase from the oscillator. The received signal 

would be self-mixed with the transmitted signal. The phase noise of the oscillator can be 

cancelled out due to the range correlation effect [6], which means ϕ0(t)- ϕ0(t-2d0/λ)<<1. 

Therefore, the total phase residue only contains the distance information and the phase delay at 

Rx. The distance information could be extracted out by using an adaptive beam-steering antenna 

in Figure 3-7. The Doppler vibration radar system with an adaptive beam-steering antenna is able 

to radiate the beams in two directions fast and alternately. 

 

Figure 3-7. Doppler noncontact vibration radar system with an adaptive beam-steering antenna 

can radiate the beam in two different directions fast and alternately. The angle between 

two radiation beams is θ. 

 Under the assumption of the single-beam model, the antenna gain is infinite and the angle 

of two radiation beams is equal to θ. Then, the total phase residue with the angle θ of the beam 

will be: 

Metal foil

1

2



( )x t



59 

 0 0
2 0 0

4 sec( ) 2 sec( )
[ ( ) ( )]r

d d
t t

c

  
    



 
       (3-8) 

Where α is the phase difference of the antenna from the phase shifter when the antenna beam 

steers. Again, the last two terms would be much smaller than unity due to the range correlation 

effect. ϕr is in (3-7) and (3-8) can be cancelled out if the antenna steering rate is fast enough. 

Thus, the difference of total phase residues between (3-7) and (3-8) is as follows: 
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where the distance to the target can be determined as: 
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α is designed in the phase shifter and θ is determined by the antenna. After getting the desired dc 

value, the total phase residue can be calculated by dividing DCI by DCQ in (3-3) and (3-4). 
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   (3-11) 

The distance to the target can be extracted in (3-10) after ϕ1 and ϕ2 are determined. In order to 

implement this idea, an adaptive beam-steering antenna is required for the Doppler noncontact 

vibration radar system. 
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3.4 Experiment and Analysis 

 

Figure 3-8. Testing environment of the Doppler vibration radar system. A 15 cm × 15 cm metal 

plate with an actuator is located at 0.5 m away from the radar system. The actuator 

generates a 0.2 Hz sinusoidal movement with 5 mm peak-to-peak displacement. 

 Figure 3-8 shows the testing environment of the Doppler noncontact vibration radar system. 

The target is a 15 × 15 cm flat metal plate on the actuator. The actuator generates a 0.2 Hz 

sinusoidal movement with a 5 mm peak-to-peak displacement. The target is located at 0.5 m 

away from the radar system. The far field boundary can be estimated as follows [26]: 
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The far field boundary for our antenna is calculated as 0.17 m. Therefore, the target is in the far 

filed region. An adaptive beam-steering antenna is installed in the Tx with the beams in up (20°), 

straight (0°), and down (-27°) directions. A conventional 2×2 fixed-beam antenna is installed at 

Rx. The center of the antennas is vertically aligned with the center of the metal plate. 
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Figure 3-9 shows the baseband I(t) and Q(t) signals of the measurement data in the time domain. 

It shows three different dc offsets for both I(t) and Q(t) signals when the beam steers in different 

directions, caused by imbalance antenna gain, and different phase due to the phase shifter of the 

adaptive beam-steering antenna. The periodic vibration frequency can be extracted by complex 

signal demodulation (CSD) [3] after we separate three signals in each direction. 

 

Figure 3-9. Baseband I(t) and Q(t) signals of the measurement data. Three different dc offsets are 

observed for both I(t) and Q(t) channels. 

 Figure 3-10 shows the normalized frequency spectrum of the measurement data. The red 

line, the green cross line, and the blue dotted line are the signals when the antenna beam points to 

the up (20°), the straight (0°), and the down (-27°) directions, respectively. Strong peaks at 

0.2 Hz are clearly measured in three directions. The noise floor at 0° is 5 to 10 dB lower than the 

noise floors in 20° and -27° because of the beam-steering antenna gain variation at each direction 

at Tx and the use of fixed-beam antenna facing broadside at Rx. The SNR at 0° is the best. 
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Nevertheless, the SNR is sufficient for the three scenarios to extract the vibration rate and the 

distance to the target. 

 

Figure 3-10. Frequency spectrum of the measurement data when an adaptive beam-steering 

antenna steers in three directions. The periodic movement with 0.2 Hz is accurately 

detected at three directions. 

 Figure 3-11 (A) shows the measurement results of the target at 0.5 m away from the 

Doppler vibration radar in the constellation plot. Three circles are fitted by the arcs to get the dc 

information. The circle of the beam direction, 20°, is located at (0.21, 0.3) with a radius of 0.94. 

The circle of the beam direction, 0°, is located at (0, -0.22) with a radius of 0.39. The circle of 

the beam direction, -27°, is located at (-0.22, 0.3) with a radius of 0.5. They all contain undesired 

dc offsets and should be removed. The distance extraction only requires the desired dc offset. 

Figure 3-11 (B) shows the results after recovering dc offsets. All three arcs are located on the 

unit circle centered at the origin. The distance of the target could be extracted by (3-7) to (3-11)  
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Figure 3-11. (A) Measured and (B) recovered results in the constellation plot. The target is at 

0.5 m away from the radar system when the adaptive beam-steering antenna steers the 

beam in three directions alternately. Recovered data are after removing and 

normalizing the undesired dc offsets. Three arcs are on the unit circle with its center at 

the origin. 
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from these data. Furthermore, the arctangent function in (3-11) is a periodic function, which 

means the phase delay, ϕ1- ϕ2, will have multiple solutions with increment of π in (3-10). 

Therefore, the extracted distance, d0, will have multiple solutions separated by Δd: 

 
4(sec 1)

d



 


 (3-13) 

Where Δd is determined by the wavelength and the beam-steering angle. TABLE II summarizes 

the calculation results from the measurement data when the steering angles are 20° and 27° at 

5.8 GHz, respectively. “𝐴 + 𝑛𝜋” represents the corresponding phase difference for steering 

angles 20° and 27°. The actual distance to the target is 0.5 m. The correct results occur at “A+2π” 

in the beam direction of 20  and “A+5π” in the beam direction of 27°, respectively. The accurate 

distance value can be extracted by selecting the correct range section. Δd with the 20° steering 

angle is larger than Δd with the 27° steering angle. Δd can be extended by using a smaller 

steering angle and a lower carrier frequency. For example, if the beam-steering angle is equal to 

20° at 5.8 GHz, Δd is 20 cm. If the steering angle reduces to 10° at 2.4 GHz, Δd can increase to 

2.01 m, which should be sufficient for short-range Doppler noncontact vibration-detection 

application. Figure 3-12 shows the measured distance at three different detection distances: 0.5 

m, 0.7 m, and 1 m with two different angles, 20° and 27°. The solid lines are the measured 

distance, and the dotted lines are the measured error percentage. The measured distance with 

both 27° and 20° beam angles matches the actual distance with an error less than 8%. The errors 

are mostly from the measurement error and dc value extraction errors. The dc value is extracted 

by fitting the arc of the periodic signals to the circle under the assumption of balanced amplitude 

on I(t) and Q(t) signals. 
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Table 3-1.  Distance calculation results from the measurement data 
Φ2- Φ1(rad) Distance (m) (20°) Distance (m) (27°) 

A+π 0.274 0.073 
A+2π 0.475 0.179 
A+3π 0.677 0.285 
A+4π 0.878 0.390 
A+5π 1.080 0.496 
------ ------- ------ 
Δd 0.201 0.106 

 

Figure 3-12. Target is measured at three different distances with two beam-steering angles. The 

error of this method is less than 8%. 

 One specific application of this technique is the detection of building deformations due to 

man-made vibrations or natural seismic events. The technique can simultaneously monitor the 

structure’s vibration and the change of the structure’s position, which might not be noticeable 

through visual inspection. Figure 3-13 shows the photograph of the seismic experiment by using 

a seismic simulator (Quanser Shake Table II). A simulator can generate 1-D seismic vibration. A 

7-floor architecture is fixed on the shake table. Figure 3-14 shows the experimental results. The 

beam-steering radar was placed at 0.5 m away from the simulator and beam-steering angles of 0° 

and 27° were used to measure the distance as well as the vibration. During the seismic vibration, 
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the natural frequencies of the seven-floor architecture were successfully measured and recorded. 

The natural frequencies are determined by the structure of the building instead of the vibration 

source. It is one of an indicator of the structural health. The nature frequencies shifted when the 

building was deformed after the vibration, as shown in Figure 3-14 (A). The first nature 

frequency shifts from 1.48 Hz to 1.56 Hz and. The distance variation can also be detected from 

the constellation diagram. Figure 3-14 (B) shows vibration traces at 0.5 m and 0.55 m away, 

respectively. Using the proposed method, the distances to the target are calculated to be 0.47 m 

and 0.56 m, respectively. There are possible errors when determining the distance using a ruler. 

Nevertheless, the radar measurement shows a distinguishable shift of the vibration trace, which  

 

Figure 3-13. Photograph of the seismic simulator experiment 

Radar Seismic simulator
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Figure 3-14. Measured results before and after the seismic event emulated by the shaker (A) in 

frequency spectrum (B) Recovered vibration traces when the distance changes. 
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indicates a shift of the target’s position. 

A new method of detecting the distance to the target using CW radar is developed. An 

unmodulated CW radar system with a fast-switching beam-steering antenna is able to detect the 

distance to the target. The periodic movement and the target distance can be accurately detected 

at the same time. An adaptive beam-steering antenna is implemented at 5.8 GHz. With the 

additional phase shifter integrated on the same board, the size of the beam-steering antenna is the 

same as the original 22 fixed-beam antenna. The vibration rate is accurately detected at three 

different beam-steering angles. The error of the distance to the target is less than 8 % when the 

target is located from 0.5 m to 1 m. This technology is suitable for structural health monitoring 

of buildings affected by man-made vibrations or natural seismic events. The detection range 

section, Δd, can be further extended by using a beam-steering antenna with a smaller 

beam-steering angle and operating at the lower carrier frequency.   
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CHAPTER 4 

 MINIATURE DIRECTIONAL COUPLER DESIGN 

4.1 Introduction 

 In conventional transceiver system, two antennas are normally used in both Tx and Rx. Two 

antennas, however, should be designed in the same polarization to maximize the received signal 

and the isolation between two antennas also needs to be taken into consideration. Chapter 1 has 

demonstrated the effect of the misalignment for either Tx or Rx antennas. In Doppler vital-sign 

radar system, the size is important for commercial mobile device. A patch-array microstrip 

antenna is widely used due to its cost advantage. Nevertheless, the sizes of two patch-array 

antennas at 5.8 GHz are large. The misalignment between both antennas also degrades the SNR 

because the vital-sign RCS of the human body is small. Therefore, one antenna with the 

branchline coupler architecture is proposed for Doppler vital-sign radar sensor. 

 

Figure 4-1. Photograph of the Doppler radar system architecture with one branchline coupler and 

one antenna 

 Figure 4-1 shows the photograph of this architecture. A commercial 3-dB hybrid directional 

coupler is used for this experiment. There are four ports of this coupler: an input port, an isolated 

port, a through port, and a coupled port. An input port is connected with the Tx and an isolated 

port is connected with the Rx. One antenna shared between the Tx and Rx is connected with a 



70 

through port. A coupled port is connected with the LO input of the I/Q mixer for self-mixing [7]. 

The power from an input port is equally divided into a through port and a coupled port. Both 

ports will receive the power 4 dB lower than the power at an input port at 5.8 GHz. The power 

level at an isolated port is 20 dB lower than the power level at an input port. Therefore, an 

unmodulated signal at Tx from the oscillator will be equally divided and fed into an antenna and 

a LO input port of the mixer through this coupler. After the transmitted signal radiates out and 

reflected by the target through an antenna, the signal will be received from the same antenna. 

The received signal will be equally divided and fed into the Tx and Rx again. The received 

power is much lower than the power at Tx, so it does not affect the signal at Tx very much. The 

modulated signal at Rx will be down-converted with the LO signal into the baseband through the 

I/Q mixer. The heart rate and respiration rate signals will be extracted and analyzed in the 

baseband signal. The vital-sign signals are also shown in Figure 4-1. 

 

Figure 4-2. Structures and their ideal simulation results of the conventional two-branch and 

three-branchline couplers. 
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 A microstrip branchline coupler can be processed and integrated with a Doppler 

vital-sign radar system in the same PCB to save the cost. Figure 4-2 shows both the structure and 

the ideal simulation results of the conventional two-branchline and three-branchline couplers. A 

three-branchline coupler exhibits the wider bandwidth and better isolation than a two-branchline 

coupler. Considering the process variation and avoiding the Tx leakage, a three-branchline 

coupler is a better choice for the system integration. Nevertheless, the size of the 

three-branchline coupler is two times larger than a two-branchline coupler. A two-branchline 

coupler consists of four microstrip lines: two series arms and two shunt arms. The length of each 

branchline of coupler is a quarter-wavelength. The system operating at 5.8 GHz is integrated on 

the board of Rogers 4350B with 30 mil thicknesses. The length is around 6.8 mm since the 

dielectric constant of the board is 3.6. The impedance of the series arm is designed as Z0/√2 and 

the impedance of the shunt arm is Z0. Lots of researches have been done to minimize the size and 

enhance the bandwidth of the couplers [42]-[51]. [42]-[45] used the lump model to exact the 

effective inductors and capacitors for the coupler design. This method, however, is only suitable 

for the design at low frequency. [46], [47], and [48] implemented open stubs to enhance the 

bandwidth, but those designs occupied more space than the conventional coupler. [49], [50], and 

[51] successfully miniaturize the size of the two-branchline couplers at high frequency. Here, we 

propose to extend this miniature technique to a three-branchline coupler. A wideband branchline 

coupler with the acceptable size is designed and implemented for a Doppler vital-sign radar 

system. A three-branchline coupler looks like two cascaded two-branchline couplers and consists 

of five microstrip lines. The impedances of two series arms and the center of the shunt arm are 

equal to Z0/√2 and the impedances of two-side shunt arms are 2.4×Z0. 
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4.2 Miniature Three-Branchline Coupler Design 

 A three-branchline directional coupler is twice longer than a two-branchline directional 

coupler. In order to reduce the size of the coupler, the equivalent quarter-wavelength microstrip 

line is designed. A microstrip line can be modeled in T shape which consists of three microstrip 

lines in Figure 4-3. Za, Zb, θa, and θb are the characteristic impedances and electrical lengths of 

the microstrip lines in T-model structures. 

 

Figure 4-3. Equivalent π model of the microstrip line 

A quarter-wavelength microstrip line can be expressed in ABCD matrices: 
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Meanwhile, ABCD matrices of the T-model microstrip line structures are as follows: 
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From equations (4-1) and (4-2), compare each sub-matrices of two matrices: 
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The relationship between Za, Zb, θa, θ0 and θb can be determined: 
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In T-model design, if we can design θa two times smaller than the quarter-wavelength, we can 

miniaturize the size of the coupler. The impedance of the series arm in three-branchline coupler 

is 35.5 Ω. By designing Za=65 Ω and Zb=45 Ω, the length of the series arm can be reduced to 

two times of θa , which is 57.2°. All design parameters are summarized in Table 4-1. Therefore, 

the size of this miniature coupler can be reduced to half of its conventional type of 

three-branchline coupler. 

Table 4-1.  Parameter summary of miniature microstrip line 

 The impedance (Ω) The electrical length (°) 

Microstrip line Z0=35.5 θ0=90 

Miniature microstrip line Za=65, Zb=45 θa=28.6, θb=41.7  

 
 To demonstrate the accuracy of the formula (4-4), the simulation results of an ideal 

microstrip line and an ideal T-model microstrip line are shown in Figure 4-4. The red dotted line 

is the ideal quarter-wavelength microstrip line with 35.5 Ω while the blue solid line represents 

the T-model microstrip line. The equivalent electrical length of the T-model microstrip line is in 

good agreement with the microstrip line at 5.8 GHz and the impedances of both transmission 

lines are around 35.5 Ω at 5.8 GHz. Therefore, this T-model microstrip line can be perfectly 

equivalent to a conventional microstrip line. After determining the parameter of each block in a 

T-model microstrip line, EM simulation is required to determine the actual size of each 
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Figure 4-4. Simulation results of an ideal single microstrip line and an ideal T-model microstrip 

line structure in ADS 

microstrip line. The Rogers 4350B board with 30 mil thickness is used to integrate with the 

Doppler radar system and the coupler. The design and the simulation results of the T-model 

microstrip line are shown in Figure 4-5. The equivalent impedance is 34.2 Ω and the equivalent 

electrical length is 89° at 5.8 GHz. When designing a T-model microstrip line, there are four 

parameters which will affect the effective impedance and the phase of the transmission line. The 

design procedure is to firstly determine the effective impedance. Design two microstrip lines, Zb 

and Za, separately. Then, build the T-model microstrip line with these two microstrip lines and  

 

Figure 4-5. Design and simulation result in HFSS of 35.5 Ω T-model microstrip line 
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fine tune with it. The effect of θb on the effective impedance is larger than θa. Larger θb will 

lower the effective impedance while reducing θa can increase the effective impedance. Tune 

these parameters back and forth to get the desired impedance. It is not necessary to tune to the 

exact 35.5 Ω and 90  because additional tuning procedure is required when implementing this 

T-model microstrip line to the coupler. 

 Figure 4-6 shows the size comparison of the conventional and T-model two-branchline 

couplers in HFSS. The length of the shunt arms is usually extended 10% to 20% at the junction 

of the branchline coupler in a rule of thumb. The area of this T-model type branchline coupler 

can be reduced by 19%. It is possible to further minimize the size by implementing T-model 

microstrip lines in shunt arms. Here just shows the concept of the miniature of the directional 

branchline coupler. 

 

Figure 4-6. Size comparison between the conventional and T-model two-branchline couplers in 

HFSS. 

 A three-branchline coupler is designed to achieve a wider bandwidth. The size 

comparison between the conventional and T-model three-branchline couplers is shown in Figure 

4-7. The size reduction is around 36%. A T-model three-branchline coupler is only 18% larger 

than a conventional two-branchline coupler. It is almost impossible to implement T-model 

microstrip lines on two-side shunt arms because the impedances of both transmission lines are as 
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high as 120 Ω. The width of both microstrip lines is about 0.18 mm. A T-model microstrip line 

consists of one high-impedance series arm and one low-impedance shunt arm. 0.2 mm is the 

smallest width in our process. In addition, the length of the center shunt arm cannot be reduced. 

The final layout with the size information is shown in Figure 4-8. 

 

Figure 4-7. Size comparison between the conventional and T-model three-branchline couplers in 

HFSS. 

  

Figure 4-8. Final layout with the size information of the T-model three-branchline coupler 

 The EM simulation is implemented in HFSS. The E-field plot shows the energy 

distribution at 5.8 GHz in Figure 4-9. Most energy is transmitting to the direct port and the 

coupled port from the input port. The isolated port received small amount of the energy. The 

S-parameter plot exhibits the similar results. The isolation can be achieved as good as 31.9 dB at 

5.8 GHz. The isolation is better than 20 dB from 5.15 GHz to 6.26 GHz. The bandwidth is about 

1 GHz. To consider the process variation of the board, the reliability test is performed. The 
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thickness of the solder mask changes from each board to board. According to the vendor’s 

information, the thickness varies from 10 um to 110 um while the default value is 22 um. 

Furthermore, a coupler will be integrated into the Doppler radar system. Four microstrip  

 

Figure 4-9. EM simulation of the T-model three-branchline coupler in HFSS. The E-field pattern 

shows the energy distribution at each port and the S-parameter plot shows the 

bandwidth of the coupler is 1 GHz. 

 

Figure 4-10. EM simulation result when the solder mask thickness is 110 um and the input 

microstrip line varies 10%. 

lines at each port will not be the straight lines due to the layout of the system. The impedance of 

the microstrip line will vary if the microstrip line is bent or the microstrip line width changes due 

to the process variation. Figure 4-10 shows the simulation result when the solder mask thickness 
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changes to 110 µm or the width of the input microstrip line varies 10 %. The variation of the 

S-parameters is not huge. Nevertheless, one thing worth to mention is that the isolation and the 

return loss are very sensitive to the impedance at each port. 20 dB is the realistic target for both 

the isolation and the return loss. 

4.3 Measurement Results and Analysis 

 A miniature three-branchline coupler is designed in the previous section. Figure 4-11 

shows the photograph of this coupler. A miniature three-branchline coupler is covered with the 

green solder mask. Four SMA connectors are soldered on a miniature three-branchline coupler. 

The branchline coupler in the left is surrounded by the dummy ground. The branchline coupler in 

the right removes the dummy ground which is the same design as the simulation. Figure 4-12 

shows the measurement results of both couplers. The plot in the left is the coupler with the 

dummy ground while the other plot in the right is the coupler without the dummy ground. The 

dummy ground has huge effect on the coupler design. The measurement result of the coupler 

without the dummy ground shows a good agreement with the simulation result. The dummy 

ground should be taken into consideration when you design the coupler in the system. 

 

Figure 4-11. Photograph of the miniature three-branchline couplers 

Dummy Gnd 
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Figure 4-12. Measurement results of both couplers with the dummy ground (left) and without the 

dummy ground (right). 

 

Figure 4-13. Basic structure of the two-branchline coupler and the even-odd analysis 

 The return loss and the isolation are not as good as the simulation result. It is caused by 

the bad matching at the ports of the coupler. For simplification, this effect can be analyzed in the 

two-branchline coupler since they both belong to the symmetric branchline coupler structure. It 

can be evaluated by the even-odd mode analysis due to the symmetric structure [21]. Figure 4-13 

shows the basic structure of the two-branchline coupler and the even-odd analysis. It consists of 

two series arms and shunt arms with quarter-wavelengths. The structure is divided into two 

sections horizontally. Shunt arms become open-circuit stubs with one-eighth wavelength in even  

mode. Both ports 1 and 4 are fed into 0.5 V, respectively. The ABCD matrix is derived for the 

transmitting and reflecting characteristics of the coupler. The shunt arms are set into an open 

circuit in even mode: 
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The shunt arms are set into short circuit stubs in odd mode. The port 1 is fed with 0.5 V while the 

port 4 is fed with -0.5 V. The ABCD matrix is as follows: 
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The reflection and transmission coefficients can be derived by the ABCD matrix. The reflection 

coefficients in even and odd modes are shown as follows, respectively: 
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(4-9) and (4-10) show the transmission coefficient in even and odd modes: 
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Transmission and reflection coefficients in even and odd modes can be further converted into 

s-parameters at each port. Then, the characteristics of the coupler can be analyzed, including the 

insertion loss, the isolation, the reflection and so on: 
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The return loss, S11, must be zero under the matching conditions. According to the equation 

(4-11), the matching criterion is shown as follows: 

 

2 2 2 2 2

0 0

2

0 0

( ) 0

( )

A A A B

A A A B

Z Y Z Y Z Y

Z Y Z Y Z Y

  

  
 (4-12) 

The isolation is also equal to zero under this condition. Therefore, the degradation of the 

isolation and the return loss in the measurement might be caused by the impedance mismatch at 

each port. The soldering connection of the SMA connector is the coplanar waveguide structure 

for the mechanical robustness, which is not considered in the EM simulation. The soldering 

metal and conditions might also change the impedance. Figure 4-14 shows the simulation results 

of the branchline coupler when the simulation changes from 50 Ω to 40 Ω. 10 Ω variations are 

very common when you solder SMA connectors on the port of the coupler. The reflection, S11, 

and isolation, S13, degrade from about -24 dB to about -16 dB. This effect makes it difficult to 

integrate the coupler with the system because different components need to be soldered at each 

port. The output impedance of PA is usually much lower than 50 Ω and the input of the LNA is 

impossible to be exactly 50 Ω. Also, considering the soldering condition and process variation, it 

should be careful to design the coupler. 
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Figure 4-14. Simulation results of the branchline coupler when the impedance termination 

changes from 50 Ω to 40 Ω. 
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CHAPTER 5 

 RADAR SENSOR SYSTEM WITH MINIATURE COUPLER DESIGN 

5.1 Introduction 

 A previous Doppler vital-sign radar system shows a transceiver with two antennas. 

Alignment between two antennas could be an issue as shown in Chapter 1. The sizes of the two 

patch-array antennas are big at 5.8 GHz. A miniature directional branchline coupler is designed 

and implemented in Chapter 4. The size is much smaller than a 2×2 patch-array antenna. The 

Doppler noncontact vital-sign radar architecture with one antenna is demonstrated in Chapter 4.1. 

Therefore, the size of the system can be greatly reduced by applying the coupler with one 

antenna. The branchline coupler built on PCB is much smaller than the commercial directional 

coupler. In this chapter, The Doppler radar system will be integrated with a miniature directional 

branchline. It could further help the size reduction of the system. 

5.2 Link Budget and System Design 

 Figure 5-1 shows the schematic of the new architecture of the Doppler vital-sign radar 

system. The carrier frequency, 5.8 GHz, is generated from VCO. The power level at VCO output 

is 2 dBm. Then, the carrier is amplified by VGA, HMC625LP5. Two amplification modes are 

designed and used: low power mode and high power mode. As VGA operates in low power 

mode, VGA will generate the -2 dB gain. On the contrary, It will generate the 9 dB gain in high 

power mode. The system can choose any power mode at different situations. If there is only high 

power mode, the signal might be saturated when the subject under the test is with random body 

movements. The saturated signal will cause non-linear effects and lose the important information. 

On the contrary, if there is only low power mode, the signal strength is low when the target is 

placed far away from the system. The T-model miniature three-branchline coupler in Chapter 4  
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Figure 5-1. Schematic of the new architecture of Doppler vital-sign radar sensor 

is used in the system. The signal power fed into port 1 will be equally divided into port 2 and 

port 4 with 4.5 dB loss each. The signal at port 4 will be amplified by a gain block, NBB-300, 

with 9.5 dB gain. An unmodulated signal will be sent into LO port of the I/Q mixer, 

HMC525LC4. Another unmodulated signal at port 2 will be transmitting out through an antenna. 

When a signal hits a subject, such as a human body, the signal will be reflected and modulated 

by the periodic movement of the human chest. The signal will be received by the same antenna 

into the system. One antenna is used and shared at both Tx and Rx, which saves lots of areas. 

The receipted power, Pr, can be estimated by the radar equation in (2-1). In our cases, Gt is equal 

to Gr, 10 dB, because the Tx and Rx share with the same antenna. RCS is equal to 0.01 m2. The 

received power levels at the input of the LNA are approximately -53 dBm /-46 dBm at low/ high 

power modes when the subject is 1 m away from the system. The received signal fed into port 2 

will be equally divided into port 1 and port 3 with another 4.5 dB loss each. It will not cause 
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many effects at Tx because the received power is very small. In Rx, the received signal will be 

amplified through a LNA, HMC320MS8G, with 13 dB gain and 2.6 dB noise figure. After a 

LNA, there are two cascaded gain blocks, NBB-300, with 9.5 dB gain and 5.1 dB noise figure 

each. The received signal and the LO signal are originally created from the same VCO, which 

will cancel out the phase noise in an I/Q mixer due to the short-range correlation effect. 

Quadrature signals in the baseband are both amplified in a baseband amplifier, MAX4078ESD+. 

There are four amplification stages in total: 10X, 25X, 50X, and 100X. All amplified signals at 

four stages will be sent into a multiplexer, Max4692ETE+. The biggest amplified signal without 

saturation will be chosen to ADC from the microcontroller unit (MCU). In the Doppler radar 

system, the receiver sensitivity is shown as follows: 
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Where RBW is the resolution bandwidth, B is bandwidth, fs is sampling rate of Doppler radar, 

Fflicker is the noise figure from the flicker noise, Fwhite is the noise figure from the white noise, 

eADC is the ADC quantization error referred at the input, and kT is the input thermal noise floor 

per unit bandwidth. RBW is determined by the time-domain window size of the Fourier 

transform. The longer observation time window, the narrower RBW is. It causes less noise 

energy for a single-tone signal in the periodogram. The vital-sign signal is in the range between 

DC to 2 Hz. The flicker noise has a large impact. If Fflicker is 36 dB at 1Hz, Fwhite is 6 dB, B is 

1MHz, RBW is 0.1 Hz, and fs is 20 Hz, the input refer referred white noise is -131 dBm and the 

input referred flicker noise is -148 dBm. The white noise dominates in this case. The power level 

of the received signal is sufficient for our design. It can also improve the white noise by 



86 

increasing the sampling rate. Furthermore, the noise figure in the receiver chain can be calculated 

as: 
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Where FGB1 and FGB2 are the noise figures of the gain block 1and 2, Fmixer is the noise figure of 

the I/Q mixer, and FBB is the noise figure of the baseband amplifier. GLNA, GGB1, GGB2, and Gmixer 

are the gains of the LNA, the first gain block, the second gain block, and the I/Q mixer, 

respectively. The total gain in Rx is important. It helps to reduce the noise figure in a baseband 

amplifier in (5-2). An I/Q mixer here is a passive device. The conversion loss, -8 dB, is equal to 

its noise figure. The flicker noise of the baseband amplifier at 1 Hz is large. High total gain and  

 

Figure 5-2. Layout of the Doppler vital-sign radar system with single antenna in top, bottom, and 

side view 



87 

low noise figure in an I/Q mixer and baseband amplifiers are required for a Doppler radar system. 

If the flicker noise at 1 Hz is 60 dB [16], the white noise of noise figure for our system is 5.8 dB 

and the flicker noise of noise figure is 35.6 dB. 

 Figure 5-2 shows the layout of this Doppler vital-sign radar system with a single antenna 

in top, bottom, and side views. The board size is 12.6 cm × 7.2 cm. The branchline directional 

coupler is designed in the left up corner. An antenna can be connected with it in the border. Tx 

and Rx are separated by the coupler. Four regulators are designed to provide either 3.3 V or 

5.0 V for different components. Digital signals including the MCU and Zigbee are isolated from 

the analog signals in the right bottom corner. The analog and digital powers are separated by two 

different regulators to avoid the digital noise contamination. Analog and digital grounds are 

separated with 3.5 mm gap. In the baseband region, there are two baseband amplifiers and one 

multiplexer. By default, the maximum amplification of quadrature signals will be sent into MCU,  

 

Figure 5-3. Flow diagram of automatic gain control in a Doppler radar system 
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MSP 430 firstly. If the quadrature signals saturate the ADC of MSP 430, it will send a 

controlling signal to the multiplexer to select 2nd maximum amplification quadrature signals. The 

system will iterate this procedure until the optimal quadrature signals are determined. Figure 5-3 

shows the flow diagram of this automatic gain control in a Doppler radar system. Analog signals 

are firstly digitized, processed in MSP430, and then sent into Zigbee. The computer with a 

Zigbee base station can wirelessly receive the final analysis results and show on the screen. A 

Zigbee chip periodically transmits package data to a base station. The chip will draw lots of 

current and cause the digital noise. This digital noise contamination occurs in the previous design. 

A filter is used to isolate the analog signal from the digital noise through the bias network in 

Figure 5-4. The digital noise will go through the two stage filters before going to the analog 

power plane. The ground planes of the digital and analog are also separated to avoid the digital 

noise contamination. 

 

Figure 5-4. Schematic and the layout of the filter to isolate the digital noise from the vital-sign 

signal 

5.3 Tx Leakage Consideration 

 The system shared with one antenna at the Tx and the Rx by a miniature three-branchline 

coupler has been introduced in the previous section. One possible issue is the leakage from the 

Tx to the Rx. The leakage of the high transmitted power might saturate the LNA and cause the 

failure of the amplification on the received signal. Figure 5-5 shows the link budget of Tx 
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Battery
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leakage for both low and high power modes. The power level at each stage is measured by the 

evaluation board of each component. The power level at the output of the VGA is 9 dBm in high 

power mode. The isolation of the coupler is designed for 25 dB at 5.8 GHz. The saturation issue 

might occur at the last stage, which is the output power level of the 2nd gain block. According to 

the data sheet, the input of 1-dB gain compression point (P1dBin) is 4.3 dBm at 6 GHz. The power 

level in high power mode exceeds this value. Nevertheless, the output power level of the gain 

block is measured as 16 dBm at 5.8 GHz. It still works properly if the power does not exceed the 

maximum input power of the gain block, 20 dBm. The input power level over P1dBin might cause 

harmonics, but it will not affect the vital-sign detection. The desired frequency range is from dc 

to 2 Hz after down conversion. 

 

Figure 5-5. Link budget of Tx leakage for low/high power modes 

  In Chapter 4.3, it shows that the isolation of the coupler is very sensitive to the 

impedances at every port. Different types of SMA connectors will have a huge impact for the 

characteristics of the coupler. Figure 5-6 shows the isolation comparison between different SMA 

connectors and loads. The power level is measured by Agilent Spectrum Analyzer E4448A. The 

measured isolation at different scenarios has a huge difference. There are two different types of 

the connectors at the port to connect the antenna. One is a straight angle type of the SMA 

connector and the other is a 90° SMA connector. Each connector is connected with different 
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types of loads: a 50 Ω load, an antenna with a straight angle SMA connector, and an antenna 

with a 90° angle SMA connector. A coupling port is terminated with a 50 Ω load under the 

measurement. Although each connector is marked as 50 Ω in the data sheet, the real impedance 

is different due to the process variation and the soldering condition. Each of them will contribute 

considerable effects on the isolation of the coupler. The best isolation occurs when the coupler 

with a straight SMA connector connects with an antenna with a straight SMA connector. The 

isolation is 23.16 dB, which makes the power level exceeding the P1dBin of the 2nd gain block. 

Nevertheless, the gain block can still amplify the signal if the input power is lower than 

maximum input power. The harmonics will come out when the input power exceeds the P1dBin, 

but it will not affect vital-sign signals. 

 

Figure 5-6. Isolation comparison between different SMA connectors and loads. 

Load Isolation (dB)

50Ω Load 17.98

Antenna + straight connector 14.70

Antenna + 90 connector 15.32

Isolation

Load Isolation (dB)

50 ohm Load 16.89

Straight Antenna 23.16

90 Antenna 13.75Best design

90 SMA

Straight SMA

Isolation
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5.4 Measurement Results and Analysis 

 Figure 5-7 shows the photograph of the bare boards in both the top view and the bottom 

view. A Zigbee chip and an antenna are installed in the backside of the board to save the 

horizontal area. The final system after soldering all the components and installing the antenna 

shows in Figure 5-8. The size of the current design with the filter is smaller than the previous one. 

The filter is to isolate the digital noise from the analog signal as described before. Figure 5-9 

shows the comparison between the previous design and the current design of the vital-sign 

signals contaminated by the digital noise. In the previous system, the analog and digital grounds 

are connected in the entire system. In the new design, the analog and digital grounds are 

separated by 3.5 mm in the system. When Zigbee transmitted the processed data wirelessly, it 

will draw lots of the current, which causes the digital noises and contaminates the vital-sign 

signals through the power planes. The first plot in the up left corner shows this phenomenon. The 

periodic noise peaks represent the frequency of the transmitting rate of the Zigbee. Although the  

 

Figure 5-7. Photograph of the board in both the top view and the bottom view. The filter and bias 

board is to isolate the digital noise from the vital-sign signal 

 

Coupler test key

Filter and bias board

Top side view Bottom side view
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Figure 5-8. Final design comparison between the previous and current design. The size is greatly 

reduced. 

noise frequency is much larger than the vital-sign frequencies, 4 V peak-to-peak voltage of the 

noise may cause large harmonics and affect our results. Furthermore, the plot in the bottom left 

corner shows that the previous system with the filter and the plots in the upper right corner 

shows that the new design system without the filter. Either only separating the ground plane or 

using the filter helps reduce some the digital noise, but none of them can eliminate all of the 

digital noises. In the plot of the bottom right corner, the system with both the separated ground 

and the noise filter can eliminate the digital noise completely. Therefore, the clearer vital signs 

can be detected. 

 Figure 5-10 shows the function of the automatic gain control in the measurement result. 

The gain is automatically increased when the voltage of the detected signal is too small which  

Front side

Back side

Previous design Current design
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Figure 5-9. Comparison of the previous design and current design on the vital-sign signal 

contaminated by the digital noise 

 

Figure 5-10. Function of the automatic gain control in the measurement result. 
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occurs after the red dotted line. On the contrary, the gain is automatically reduced to the lower 

value when the signal voltage exceeds the ADC dynamic range, which occurs after the blue 

dotted line. 

5.5 System Package 

 In order to deliver to the customer, the package is required for the system. Nevertheless, 

the package of the box will change the effective dielectric constant around the antenna and affect 

the performance of the antenna. Thus, the package needs to be considered in the EM simulation. 

Figure 5-11 shows the EM simulation of an antenna with the package box in HFSS. An 

Acrylonitrile butadiene styrene (ABS) plastic box and a 5.8 GHz 2×2 patch-array antenna are 

used in the simulation. Sweep the gap between the antenna and the border of the box from 0 mm 

to 11 mm. The effective dielectric constants above the antenna will change with the position of 

the box. It causes the shift of the antenna resonance when the antenna is very close to the box. 

There is an optimal gap value, which shows the same antenna resonance as it without the box. 

  Figure 5-12 shows the antenna measurement data when the gap between an antenna and 

the box sweeps from 5 mm to 50 mm. The box does not include the back lid due to the limitation 

of the measurement. It shows that there is also an optimal design for the gap in the measurement 

results. The simulation result shows that the optimal gaps are from 6 mm to 11 mm and the 

measurement result shows that the optimal gaps are from 10 mm to 25 mm. The discrepancy is 

due to the measurement error, the lack of the back lid of the box, and the lack of the accurate 

ABS plastic material information. The ABS plastic material is a compound material and the 

electrical characteristics change case by case. It varies with the different process and the vendors. 

Nevertheless, the parameters of this material in the simulation are set by the typical value. Figure 

5-13 shows the photograph of the final system within the package, the front side view of the 
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package, and the back side view of the package. The box is OKW A9408341 and the size of the 

box is 158 mm × 95 mm × 45 mm. The previous box of the system was OKW A9040065 and the 

size is 189 mm × 110 mm x 60 mm. The size of the new system is 46% smaller than the  

Figure 5-11. Antenna performance at different gap between the package box and the antenna in 

the simulation result 

 

Figure 5-12. Antenna measurement data at different values of the gaps 
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Figure 5-13. Photograph of the final system within the package 

previous version. The entire system including the battery is nicely fit into the small and pretty 

box. A toggle switch, a tripod mount, and a rechargeable power jack are designed on a box for 

the customers.  
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CHAPTER 6 

 HAND-HELD DOPPLER RADAR TRANSCEIVER 

6.1 Introduction 

 In the previous chapter, we implemented a mobile Doppler vital sign radar system. The 

system is able to detect and monitor the subject’s vital sign within 2 m. It is a good device for 

patients to monitor their vital sign at a hospital or a house. Recently, a hand-held device such as a 

smart watch is more and more popular. People can take the device with them all the time. Weight, 

size, and power consumption become more important than the detection range. This chapter will 

design and implement a Doppler vital-sign radar system with the size small than a normal 

business card. This small and light device can make people monitor their vital signs without 

feeling it. When you walk in a street, you can put them in the pocket of your shirt. When you 

ride a bicycle, you can mount your device in front of your chest to monitor your respiration and 

heart rate. You can manage your healthy plan by tracking and analyzing your vital-sign logs. 

 To further reduce the size and the weight of the Doppler vibration radar system, we firstly 

need to reduce the weight of our system. Previous board laminate, Rogers 4350B, is too heavy 

for a hand-held device. By replacing it with Rogers 5880 laminate, a lighter weight of the system 

can be achieved. In addition, the electrical quality of this material is better than Rogers 4350B. 

Lower dielectric constant, ɛr = 2.2, can improve the radiation efficiency of the patch antenna and 

lower loss tangent, tanδ = 0.0004, can also reduce the insertion loss of the transmission line. 

10 mm thickness of the laminate is chosen to reduce the weight. Secondly, Zigbee consumes lots 

of areas and power for the wireless transmission. For hand-held device, the requirement of the 

transmission distance between the sensor and the personal terminal device, like the smart phone 

or the laptop, is low. Therefore, we substitute Zigbee with Bluetooth 4.0 for wireless data 

transmission. Lower power consumption can be achieved with a sufficient transmission distance. 
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In addition, The Bluetooth 4.0 chip, TI CC2541, also integrate the ADC and MCU function. 

Previous MCU, MSP 430, can be discarded to further reduce the power consumption and the 

area. Considering the cost of the components for Doppler radar, the system is still designed at 5.8 

GHz. Bluetooth, however, operates at 2.45 GHz. Another antenna is required for the system .A 

meander type of the Inverted-F antenna (IFA) is designed and implemented for the Bluetooth 

chip to reduce the size. Last but not least, both 3.3 V and 5 V supply voltages are used in the 

previous system. All the components are chosen to be operated at 3.3 V in this version, which 

can reduce the number of the power regulator and the power consumption. 

6.2 System Design 

 An actuator can provide a constant, stable, and repeatable source for the experiment. 

Therefore, we use this device to test our system. The target’s frequency is between 0.2 Hz to 

1 Hz with the peak-to-peak displacement from 0.5 mm to 2 mm. A 12 cm × 8 cm metal plate is 

used and attached with an actuator. They are placed at 1 m away from the radar. As introduced in 

Chapter 5.2, we need to calculate the link budget for this system. In Tx, Only one gain block, 

Mini Circuit ERA-2SM+, is used with 10.7 dB gain at 6 GHz. a single-patch antenna is sufficient 

and is able to save the area. Figure 6-1 shows the simulated return loss and the radiation of the 

single-patch antenna in HFSS. The bandwidth of the antenna is from 5.77 GHz to 5.83 GHz. 

Antenna gain at 5.8 GHz is 6.58 dB, which is about 1 dB higher than the previous version due to 

the better electrical performance of the laminate. On the other hand, an IFA is designed for 

Bluetooth communication as described earlier. It is one of the aperture antennas. This type of 

antenna has the advantage of the isotropic gain and the small size [54], [55]. Isotropic gain is 

suitable for Bluetooth application because the terminal device may not directly point at the radar 

sensor. The length of the antenna is quarter-wavelength, which will occupy large size at low  
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Figure 6-1. Simulated return loss and Radiation pattern of the single-patch antenna in HFSS 

 

 

Figure 6-2. Design layout and the simulated antenna gain of the IFA at 2.45 GHz. 

frequency. The quarter-wavelength of 2.45 GHz is 30.6 mm. A meander type of the IFA is 

designed to further reduce the size. Figure 6-2 shows the design layout of the IFA and the 

simulated antenna gain at 2.45 GHz. The antenna exhibits isotropic characteristics and the 
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antenna gain is 4.0 dB. The meander line will sacrifice some isotropic characteristics. The length 

of this meander IFA, however, is only 19.2 mm, which is 37.3 % shorter than quarter-wavelength. 

Figure 6-3 shows the simulated reflection coefficient of IFA. The resonance of the antenna is at 

2.45 GHz and the bandwidth of the antenna is from 2.34 GHz to 2.55 GHz, which can cover the 

Bluetooth bandwidth. 

 

Figure 6-3. Simulated reflection coefficient of IFA 

 In Rx, previous LNA is replaced by RFMD RF 5515 with 11 dB gain and lower noise 

figure, 1.6 dB. Only one stage of gain block, Mini Circuit ERA-2SM+, is used. In the baseband,  

OP amp, TI LMV 2011, is used due to low flicker noise and 3.3 V supply voltage. There are two 

types of the radar designed this time. One is two antennas at either Tx or Ex, and the other is a 

miniature two-branchline coupler with one antenna shared by Tx and Rx. Figure 6-4 shows the 

layout of the miniature two-branchline coupler with a single-patch antenna. Another T-model 

two-branchline coupler is designed in this system. The size of this miniature two-branchline 

coupler is 36% smaller than conventional two-branchline coupler. In Chapter 4, we knew that the  
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Figure 6-4. Layout of the miniature two-branchline coupler with a single-patch antenna. 

 

Figure 6-5. S-parameter of the miniature two-branchline coupler with a single-patch antenna. 

performance of the branchline coupler is very sensitive to the impedance at each port. Therefore, 

the output of the impedance of the gain block at Tx, the LO input of the I/Q mixer, and the input 

of the LNA have been considered in the simulation. Figure 6-5 shows the S-parameter of the 

miniature two-branchline coupler with a single-patch antenna. The bandwidth of the coupler is 

much smaller than it should be. Because the coupler characteristics are highly related to the 
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impedance of the port, the bandwidth is limited to the bandwidth of the single-patch antenna, 

which is a narrow bandwidth. For two antenna systems, A Wilkinson power divider [21] is 

designed in the system to equally separate the power into the Tx antenna and I/Q mixer in Figure 

6-6. Figure 6-7 shows the S parameters of the Wilkinson power divider with the Tx antenna. The 

antenna resonates at 5.8 GHz. The insertion loss of the port to the I/Q mixer is around 3 dB. 

 

Figure 6-6. Layout of the Wilkinson power divider with the Tx antenna. 

 Figure 6-8 shows the design layout of two Doppler vibration radar systems. One is the 

system architecture with two antennas and the other is the architecture with one antenna and one 

coupler. The sizes of both systems are smaller than a normal business card. The final shape of an 

entire system is not the rectangular after cutting the empty space. The size will be even smaller. 

The architecture with one antenna and a coupler has the smallest area among them. A Bluetooth 

chip and its peripheral circuit are designed in the bottom part of both systems. The Bluetooth 

chip can be used as an ADC. Then, the digitalized signal will be transmitted through IFA to the 

laptop. The power consumption of Bluetooth chip is very low, so the total power consumption 

can be greatly reduced. 
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Figure 6-7. S-parameter of the Wilkinson power divider with the Tx antenna. 

 

Figure 6-8. Design layout of two Doppler vibration radar systems. Both systems are smaller than 

a normal business card. 
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6.3  Implementation and Experiment Results 

 Figure 6-9 shows the photograph of the meander IFA and the single-patch antenna. The 

IFA is operating at 2.45 GHz and the single-patch antenna is operating at 5.8 GHz. The size of 

the conventional IFA at 2.45 GHz is larger than the single-patch antenna at 5.8 GHz. 

Nevertheless, the size of the meander IFA operating at 2.45 GHz here is smaller than the 

single-patch antenna at 5.8 GHz. 

 

Figure 6-9. Photograph of the IFA and the single-patch antenna. 

 Figure 6-10 shows the reflection coefficient of the meander IFA and the single-patch 

antenna. The resonance of the meander IFA shifts to 2.35 GHz from 2.45 GHz due to the process 

variation and the bandwidth of it is from 2.26 GHz to 2.44 GHz. The resonance of the 

single-patch antenna shifts from 5.8 GHz to 5.73 GHz and the bandwidth of it is from 5.68 GHz 

to 5. 8 GHz. Nevertheless, both performances are sufficient at desired frequency. 

 Figure 6-11 shows the photograph of both systems and the weight of the system with two 
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Figure 6-10. Measured reflection coefficients (A) the meander IFA and (B) the single-patch 

antenna 

antennas. The solder mask is the compound material. The electrical characteristics are not 

consistent, especially at high frequency. In order to get rid of the process variation of the solder 

mask, there are no solder masks on the single-patch antenna, the meander IFA, the microstrip 

lines and the miniature two-branchline coupler. The weight of the system with two antennas is 

only 8 g before cutting the empty space and soldering the components. Figure 6-12 shows the 

weight of both systems after soldering all the components and cutting the redundant space. 
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Figure 6-11. Photograph of both systems and the weight of the system with two antennas. 

 

Figure 6-12. Photograph of radar systems after soldering all the components and cutting the 

redundant space (A) Single-antenna version (B) Dual-antenna version 

(A)                                          (B)
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It includes the radar system and the Bluetooth. The weight of the one coupler with single-antenna 

version is only 6 g and the weight of dual-antenna version is only 8 g. Figure 6-13 shows the 

testing environment of the Doppler vibration radar system. A 12 cm × 8 cm metal plate is 

connected with an actuator and is placed at 1.2 m away from the Doppler vibration radar system. 

An actuator can generate 0.2 Hz to 2 Hz sinusoidal signal with the peak-to-peak 0.5 mm to 2 mm 

displacement. Both systems are tested in the experiment. Firstly, the frequency of the vibration 

source at the actuator is set at 0.4 Hz. Figure 6-14 (A) shows the measured results after the 

Fourier transform in the frequency domain for the system with two antennas. The signal at 

0.4 Hz is clearly and accurately detected. Then, the frequency of the vibration source at the 

actuator changes to 0.2 Hz. Figure 6-14 (B) shows the measured results after the Fourier 

transform in the frequency domain for the system with one antenna and one miniature 

two-branchline coupler. The signal at 0.2 Hz is also clearly and accurately detected. Nevertheless, 

The CSD magnitude of the single-antenna version in Figure 6-14 (B) is lower than that of the 

dual-antenna version in Figure 6-14 (A). It is caused by additional round trip loss in the coupler. 

In Tx, the power will be equally split into the Tx antenna and the LO port of I/Q mixer in the 

system with a coupler. It is the same mechanism as the Wilkinson power divider in the system 

with two antennas. Nevertheless, the signal will also be equally split in the system with a coupler 

when the signal is received in Rx. Only half received power will be sent into an LNA in Rx. 

 

Figure 6-13. Testing environment of the Doppler vibration radar system. 

1.2 m

0.5 mm peak-to-peak displacement
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Figure 6-14. Measured results after the Fourier transform in the frequency domain. (A) the 

system with two antennas and (B) the system with an antenna and a miniature 

two-branchline coupler. 

On the contrary, the total received power will be sent into an LNA in RX of the system with two 

antennas. The tradeoff between using a coupler design or not is the signal strength and the 

occupied area. The signal strengths of both systems, however, are sufficient to detect the 

vibration signal here. The supply voltage of both systems is 3.5 V and the total current is only 97 
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mA, so the power consumption of the entire system is only 340 mW. The hand-held device of 

Doppler vibration radar system has been successfully implemented, which provide a great 

opportunity for self-monitoring and managing human health conditions.
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SUMMARY 

 In order to make this Doppler vibration system more practical for the detection, several 

designs are implemented. The experiment demonstrates that the antenna at Tx plays a more 

important role than the antenna at Rx for the Doppler vibration radar due to the re-radiation 

effect in the short-range detection. An adaptive beam-steering antenna is designed and 

implemented to achieve wide coverage of 85°, by steering the beam direction from -27° to 20°, 

without sacrificing the area and the antenna gain. Focused beam antenna with the steering 

function is demonstrated to help the Doppler vibration radar system maintain good signal 

qualities when the system misalignment occurs. Conventional CW radar provides a simple and 

inexpensive solution for tiny vibration detection, but it cannot detect the distance to the target 

due to the lack of the time information. This work develops a new method to concurrently 

measure the distance to the target and the vibration rate. By analyzing and processing the phase 

at different beam-steering angles, CW radar can detect the distance to the target by analyzing the 

dc offset besides the vibration detection. This system successfully detects the building 

deformation by observing the shifts of the natural frequencies and monitoring the phase traces. 

The distance is also calculated as an indicator of the building conditions. This technology 

provides a great solution for monitoring structural health in the seismic area. 

 Conventional CW radar with two antennas at 5.8 GHz occupies large areas and is not 

suitable for mobile devices. A Doppler vibration radar system with one antenna and a branchline 

coupler is implemented and integrated on a PCB. A new miniature branchline coupler with wide 

bandwidths saves 36% areas of traditional printed branchline coupler. This system architecture 

helps not only save the 46% spaces but also remove the alignment and coupling issues between 
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Tx and Rx antennas. EM effects on the package are well designed to avoid the previous 

performance degradation, and the system is well-packed in the box as a prototype.  

 For the application to monitor and manage human daily healthy activities, a hand-held 

Doppler radar system at 5.8 GHz is designed and implemented. This completely wireless system 

only weighs 6 g and consumes 0.34 W. It can detect the target with a 0.5 mm peak-to-peak 

displacement at 1.2 m away. The data can be transmitted and displayed in the laptop within 5 m.   
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