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Abstract  — 24 GHz circularly polarized Doppler front-end 
with a single antenna is developed. The radar system is 
composed of 24 GHz circularly polarized Doppler radar module, 
signal conditioning block, DAQ unit, and signal processing 
program. 24 GHz Doppler radar receiver front-end IC which is 
comprised of 3-stage LNA, single-ended mixer, and Lange 
coupler is fabricated with commercial InGaP/GaAs HBT 
technology. To reduce the chip size and suppress self-mixing, 
single-ended mixer which uses Tx leakage as a LO signal of the 
mixer is used. The operation of the developed radar front-end is 
demonstrated by measuring human vital signal. Compact size 
and high sensitivity can be achieved at the same time with the 
circularly polarized Doppler radar with a single antenna. 

I. INTRODUCTION

Recently, the demands of short range radar systems are 
increased because it can be applied to enormous applications 
such as automotive collision avoidance radar, healthcare 
sensor, and motion detector [1], [2], [3], [4]. In short range 
radar, 24 GHz of ISM band is widely used. Using such high 
frequency, the compact size of radar can be achieved because 
the size of the passive and active components can be reduced. 
Most radar systems use linear polarization for its simplicity. 
However, linearly polarized radar systems are vulnerable to 
the interference when they are confronted each other and 
inefficient in power aspect. Circular polarization can be used 
to solve the problems of linear polarization. Circular 
polarization is generally used in the satellite communication, 
but it is not used extensively in the radar because it needs two 
separate antennas with different polarization. To reduce the 
size of the radar system, single antenna has to be used 
because antenna is one of the largest components in 
microwave Doppler radar. In the radar system, large Tx 
leakage signal reduces the sensitivity of radar and even 
saturates the receiver. Therefore, various methods such as two 
separate antennas or Tx leakage cancellation technique are 
used to reduce Tx leakage signal [5], [6].  However, those 
methods increase the complexity of radar system and the cost. 
In short range radar, when single-ended mixer is used, Tx 
leakage signal can be used as a LO signal and thus DC-offset 
problem due to self-mixing of Tx leakage can be solved. 
In this paper, 24 GHz circularly polarized Doppler radar 

front-end with compact size and high sensitivity will be 
presented.  
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OMPARISON OF LINEAR POLARIZATION AND CIRCULAR 
POLARIZATION

t radar system uses linear polarization because the 
system can be designed easily. However, the radar 
 using linear polarization has some inherent problems. 

 the transmitting signal is radiated through the antenna, 
flected signal from the target can be rotated with the 
of  during propagation. In that case, the net received 
 power is reduced by cos . As a result, the sensitivity 
e radar is reduced. Another problem of linear 
ation is when two radar systems are confronted each 
the radiated signals from both radars effect as an 

rence signal each other. Because the interference signal 
n larger than the reflected signal from the target, it can 
itize the receiver of the radar. To reduce the size of 
single antenna has to be used. To implement the radar 
 with a single antenna, circulator can be used to 
te Tx and Rx path. However, circulator can not be 
ted monolithically with other circuits because it is 

y fabricated with ferrite material. Therefore, coupler 
s Lange coupler or directional coupler is generally used 
e integrated circuit due to its compactness and 
tibility [7]. However, because the coupler divides input 
 equally or 3 dB to each output ports, the power losses 

, ideally, are occurred. In other words, when the signal 
smitted, half of the input signal is dissipated at the 
ating resistor of the coupler. When the reflected signal 
ived, half of the received signal power is transferred to 
ransmitter. Actually, because the coupler shows 
nal losses, the power losses are greater than 6 dB. 

 power losses are serious problem in mm-wave radar 
. Because small size transistor has to be used to 
e the usable gain, it is difficult to obtain high output 
 at mm-wave frequency. 
he case of the radar system using circular polarization, 
oblems in linear polarized radar system can be solved. 
 the circular polarization is used, there is no power 
ion due to the rotation of electromagnetic field like 

polarization. Moreover, there is no interference 
m when the radar systems are confronted each other. 
 RHCP(Right Hand Circular Polarized) is transmitted, 
larization of the reflected signal from the target is 

ed to LHCP(Left Hand Circular Polarized) due to 



boundary condition of electromagnetic field. Therefore, when 
Tx antenna is RHCP antenna, Rx antenna has to be LHCP 
antenna. When circular polarization is used in radar system, 
two antennas with deferent polarization have to be used. 
Because antenna is one of the largest components in radar 
system, the size of circularly polarized radar becomes very 
large inevitably.  

III. PROPOSED CIRCULARLY POLARIZED RADAR FRONT-END

To achieve compact size and high sensitivity, circularly 
polarized radar system with a single antenna is proposed. Fig. 
1 shows the block diagram of the proposed circularly 
polarized radar system with a single antenna. It is composed 
of circularly polarized antenna, quadrature coupler, 
transmitter block, and receiver block. Quadrature coupler 
such as Lange coupler is used as a polarizer and a duplexer. 
The transmitter block is implemented at one input port of 
Lange coupler and the receiver block is implemented at the 
other one. As shown in Fig. 1, LHCP antenna is formed at the 
transmitter, whereas RHCP antenna is formed at the receiver. 
As a result, two differently polarized antennas can be 
established with a single antenna. Because the proposed radar 
system uses circular polarization, it does not have the 
problems as occurred in the linearly polarized radar system. 
Moreover, although it uses coupler to separate Tx and Rx 
path, there is no power losses of 6 dB like a linearly polarized 
radar system because all of the input signal is radiated without 
any power loss and also the received power are combined at 
the receiver port through quadrature coupler. Therefore, the 
proposed radar system is not only more efficient, but also can 
be implemented with compact size.  

Fig. 1. Proposed circularly polarized radar with a single antenna 

To achieve compact size and simplicity in radar front-end, 
single-ended mixer is used. Usually, resistive mixer is used in 
radar system due to its low noise performance and no DC 
power consumption. However, because LO and RF signal are 
applied at different ports, it needs additional coupler to get 
some of LO signal as a switching signal. Therefore, the size 
of radar front-end becomes large. Moreover, because it 
operates at passive mode, large LO signal is required to 
achieve appropriate conversion gain and large drain to gate 
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tance is shown. Therefore, because Large LO signal is 
ed in RF port of mixer, large DC offset is occurred due 
-mixing. However, LO and RF signal can be applied at 
me input port in single-ended mixer and thus Tx 
e signal can be used as a LO signal for the mixer. 
se additional coupler is not required, compact size can 
ieved. Also, there is no self-mixing to due to LO signal 
le-ended mixer and thus DC-offset can be reduced.  

ADAR RECEIVER FRONT-END DESIGN AND FABRICATION

demonstrate the proposed circularly polarized radar 
, 24 GHz Doppler radar receiver front-end IC is 
ed. It is comprised of LNA, single-ended mixer, and 
 coupler. LO is applied using an external signal source 
ich the frequency and the output power can be adjusted. 
is implemented with 3-stages. At first stage, the 
tor is degenerated with microstrip line inductor to 
 the gain and the noise optimum point at the same time. 
nd 3rd stage is designed without degeneration to 
se the gain. The designed LNA satisfies unconditionally 
condition. To downconvert the reflected signal to base-
single-ended mixer is designed. Single-end mixer 

es according to square law due to the nonlinearity of 
tive device. Therefore, the base of the transistor is 
 near pinch-off to increase the nonlinearity of the 
tor. A capacitor is connected in parallel with the load 
r to suppress high frequency components such as LO 
F leakage signals at output port. To reduce the loading 
 emitter follower is used as a buffer amplifier. LNA and 
were simulated with Agilent ADS 2002C. Lange 

r for a polarizer is designed using 2.5D EM simulator 
lent Momentum. 

3-stage LNA

SE
mixer

Lange coupler

Fabricated 24 GHz Doppler radar receiver front-end MMIC 

Hz Doppler radar receiver front-end IC was fabricated 
6-inch InGaP/GaAs HBT HS process at Knowledge*on 
y. The large signal model of the transistor was 
med using VBIC (Vertical Bipolar Inter-Company) 
. 1 finger 1  10 m2 HBTs were used in the LNA core 
. This device shows a cut-off frequency (fT) of 55 GHz 



and a maximum oscillation frequency (fMAX) of 100 GHz. A 
turn-on voltage of HBT is 1.21 V. The technology provides a 
SiNx MIM capacitor with 600 pF/mm2, a 50 /  NiCr 
resistor and two metal layers of which thickness are 1.3 m
and 4 m, respectively. All circuits are passivated by 
polyimide. The wafer is thinned to 95 m with backside via. 
Fig. 2 shows the microphotograph of the fabricated 24 GHz 
Doppler radar receiver front-end IC. The chip size is 2.25 mm 

 1.75 mm. 

V. MEASUREMENT RESULTS OF RADAR FRONT-END IC

24 GHz LNA is characterized using HP8510C vector 
network analyzer. DC supply voltage of LNA is 4 V and the 
current consumption is 12 mA. Fig. 3 shows the S-parameter 
measurement results of the fabricated LNA. As shown in Fig. 
3, the small signal gain is over 16 dB from 20 GHz to 25 GHz. 
The input and output return losses are about -10 dB at 24 
GHz. P1dB of 10 dBm is achieved. 24 GHz single-ended 
mixer is characterized using two signal sources and HP8564E 
spectrum analyzer. The current consumption is 10 mA at the 
supply voltage of 4 V. The conversion gain of about -7 dB is 
achieved at K-band. Lange coupler shows the isolation of 17 
dB, and the coupling is 3.5 dB at 24 GHz. 

Fig. 3. Measured S-parameter of LNA

VI. 24 GHZ CIRCULARLY POLARIZED RADAR SYSTEM

24 GHz Circularly polarized Doppler radar module is 
developed. Circularly polarized single patch antenna is 
designed using 2.5D EM simulator of Agilent momentum. 
The substrate which has the low dielectric constant of 2.17 
with 10 mil thickness is used to improve the performance of 
the antenna. The antenna is interconnected with the receiver 
front-end IC using wire bonding as shown in Fig. 4. To 
suppress unwanted signal components at the output of mixer, 
low pass filter which has cut-off frequency of 10 MHz is used. 
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 shows the developed 24 GHz circularly polarized 
er radar module. The size of the radar module is 4 cm 
. LO signal is applied externally with Anritsu 
sized signal generator of MG369XA through K-
ctor. The applied LO signal is 0 dBm at 23.7 GHz, in 
 the Doppler radar module shows good performance. 
monstrate the operation of 24 GHz circularly polarized 
er radar module, Doppler radar measurement setup is 
ped. It is comprised of 24 GHz Doppler radar module, 

 conditioning block, DAQ (Data AcQuisition) unit, and 
Digital Signal Processing) program. 

Circularly polarized 
antenna

Doppler output

DC Bias

K-connector

LPF

24 GHz circularly polarized Doppler radar module 

Block diagram of signal conditioning block 

 output signal of 24 GHz Doppler radar module is very 
and contaminated with noise. Therefore, the output 

 has to be properly conditioned with signal conditioning 
 Fig. 5 shows the block diagram of signal conditioning 
 The signal conditioning block is comprised of HPF, 
ier, and LPF. To remove DC offset and block the DC 
f mixer, HPF which has the cut-off frequency of 0.02 
used. To achieve the proper input signal voltage range 
AQ card, a baseband amplifier is implemented. To 
t anti-aliasing, LPF is used, which has the cut-off 
ncy of 50 Hz. HPF and LPF are implemented with 4th

Sallen-Key filter topology. The signal conditioning 
is implemented with LF412CN OP amplifier. The 
ditioned Doppler output signal is converted to digital 



data with a PCMCIA type NI DAQCard 6024E. The collected 
data is processed and displayed with signal processing 
program which is developed with LabVIEW.  

VII. HUMAN VITAL SIGNAL DETECTION

To demonstrate the operation of the developed circular 
polarized radar, heartbeat and respiration rate of human is 
measured with the developed system at the distance of 50 cm 
from the man’s chest. Since the normal respiration rate is 
within less than 0.8 Hz (48 beats/min) and heartbeat rate 
between 0.8 Hz (48 beats/min) to 3 Hz (180 beats/min), it is 
possible to discriminate two signals with the appropriate 
filtering. Because the human vital signal has very low 
movement rate, the output signal is sampled with a low 
sampling rate of 100 S/sec. Fig. 6 shows the measurement 
results of human heartbeat and respiration rate. As shown in 
Fig. 6, the clean heartbeat and respiration signal can be 
obtained. Fig. 6(a) is the raw data without any signal 
processing. It contains all the signals of heartbeat signal, 
respiration signal, and noise. Fig. 6(b) is the measured 
respiration rate. It is filtered with BPF which has the 
bandwidth from 0.01 Hz to 0.8 Hz. The average respiration 
rate is 0.35 Hz or 21 beats/min. Fig. 6(c) is the measured 
heartbeat rate. It is filtered with BPF which has the bandwidth 
from 0.8 Hz to 3 Hz. The average heartbeat rate is 1.15 Hz or 
69 beats/min. 

VIII. CONCLUSIONS

This paper presents a 24 GHz circularly polarized Doppler 
radar front-end with a single antenna. To demonstrate the 
circularly polarized Doppler radar, the radar receiver front-
end IC is fabricated with commercial InGaP/GaAs HBT 
technology. For small chip size, single-end mixer is used 
which uses Tx leakage signal as a LO signal of the mixer and 
Lange coupler as a polarizer is also integrated. 24 GHz 
circularly polarized Doppler radar system which is comprised 
of Doppler radar module, signal conditioning block, data 
acquisition unit, and signal processing program is developed. 
The operation of the proposed circularly polarized radar with 
a single antenna is demonstrated by the measurement of 
human vital signal. 
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