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Abstract—In the field of non-contact sensing, both the 

continuous-wave (CW) Doppler radar and the 
frequency-modulated continuous-wave (FMCW) radar 
have their own superiorities. A combination of these two 
radar modes would be a suitable choice to accommodate 
various application scenarios. This paper presents a 
60-GHz hybrid FMCW-Doppler radar transceiver 
fabricated in a 65-nm CMOS process. An on-chip 
frequency quadrupler driven by a 15-GHz external signal 
source is utilized for the 60-GHz hybrid waveform 
generation. Based on the hybrid operating modes, a 
robust I/Q imbalance calibration method is also proposed. 
Specifically, in the Doppler radar mode, the imbalance 
factors are extracted by evaluating the quadrature beat 
signals during the FMCW period, and then the 
interferometry signals are calibrated to improve the 
detection performance. Unlike the trajectory-based ellipse-fitting method, the accuracy of the estimated imbalance 
factor is independent of the target displacement. Compared with the test-signal-based imbalance factors extraction 
ahead of the target detection, the real-time extraction during the target detection is more efficient and can also mitigate 
the estimation errors caused by environmental variations. With the proposed hybrid radar system and the I/Q 
calibration method, an 80-mm linear displacement is recovered with a 0.016-mm root mean square error (RMSE), and a 
periodic vibration with a 1-µm amplitude is detected with a 16.4-dB signal-to-noise ratio (SNR). Multiple-target detection 
is also performed in the FMCW radar mode, and the vibration trajectories are recovered accurately. 
 

Index Terms—FMCW radar, Doppler radar, hybrid mode, I/Q imbalance, calibration. 
 

 

I. INTRODUCTION 

ICROWAVE radars have been widely used for 
non-contact sensing, such as gesture recognition [1], [2], 

vital sign monitoring [3], [4], as well as mechanical vibration 
detection [5], [6]. Among different types of microwave radars, 
the continuous-wave (CW) Doppler radar is noted for its high 
precision in displacement measurement due to the sensitive 
phase demodulation. However, a single Doppler radar could 
not directly detect the absolute range due to its narrow 
bandwidth. To realize the target localization and distinguish 
multiple targets, a wideband radar such as the 
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frequency-modulated continuous-wave (FMCW) radar is 
required. Based on the phase extraction method [7], [8], the 
FMCW radar can also be applied for displacement 
measurement, but the performance highly relies on the linearity 
of the transmitted chirp [9]. Moreover, the required data 
sampling frequency and computational resources of the FMCW 
radar are typically higher than those of the Doppler radar in 
displacement measurement. To leverage the strengths of these 
two radar modes and enhance the system adaptability to 
different application scenarios, a hybrid FMCW-Doppler radar 
combining the FMCW and CW signals for transmission would 
be a suitable choice. Specifically, in the scenario of multiple 
targets detection, the FMCW signal could be applied for 
vibration trajectories recovery based on the extracted phase 
histories, while in a single-target scenario, the CW signal is 
more adequate for displacement measurement with a relatively 
higher computational efficiency and the FMCW signal could be 
applied for target localization based on the beat frequency of 
the corresponding baseband (BB) signal. 

For the implementation of the hybrid FMCW-Doppler radar, 
a suitable system architecture is essential. In terms of the 
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FMCW radar, a single-channel BB is typically applied [6], [10], 
while a quadrature BB is necessary for the Doppler radar to 
solve the null point issues [11]. To realize the hybrid operating 
modes without increasing the system complexity, a transceiver 
front end with a quadrature receiver (RX) could be shared by 
both the FMCW and the Doppler radar modes. In [12], a hybrid 
FMCW-Doppler radar based on instruments and discrete 
components is firstly proposed. In this work, a sequence of 
chirps embedded into a single-tone CW signal is provided by an 
external signal generator to combine the FMCW and Doppler 
radar modes in a time-division form. The bandwidth of the 
hybrid signal is 160 MHz with a 5.8-GHz central frequency. By 
processing different periods of the BB signals, the operating 
modes can be switched between the FMCW and the Doppler 
radar modes. In [13], a portable on-board hybrid radar system is 
proposed. In the FMCW radar mode, a voltage-controlled 
oscillator (VCO) tuned by a sawtooth waveform is utilized to 
generate the chirps with a bandwidth of 320 MHz around 5.8 
GHz. In the Doppler radar mode, the tuning voltage of the VCO 
is switched to a constant value to generate a 5.8-GHz CW 
signal. However, due to the centimeter-level wavelength of the 
transmitted signals, the sensitivity of the 5.8-GHz hybrid radar 
systems is inadequate, especially in micrometer-level motion 
detections. To tackle this problem, a higher carrier frequency is 
required, which is favourable for improving the system 
sensitivity in both the FMCW and the Doppler radar modes. 
However, with the increase of the carrier frequency, the 
interconnection loss between the discrete components grows 
dramatically, and thus a highly integrated transceiver is 
preferred. 

On the other hand, the orthogonality of the quadrature 
channels is critical for the Doppler-radar-based displacement 
measurement with the commonly-used demodulation 
algorithms such as the arctangent demodulation (ATD) [14], 
the differentiate and cross-multiply (DACM) [15], and the 
complex signal demodulation (CSD) [16]. However, due to the 
circuit flaws and the fabrication mismatches, I/Q imbalance is 
inevitable for a quadrature RX. Recently, a novel 
single-channel phase demodulation (ScD) technique based on 
signal segmentation and Hilbert transformation is proposed 
[17]. However, a quadrature RX is still needed for the selection 
of an optimal signal channel. Moreover, the computational 
complexity of the ScD algorithm is relatively higher. With the 
use of DACM or CSD algorithms, the I/Q calibration is still 
required for high-accuracy vibration detection. Several 
calibration methods have been proposed to improve the 
orthogonality of the I/Q signals. In [18], an extra phase shifter 

with control signals is utilized to measure the I/Q imbalance 
factors ahead of the target detection. In [19], a cross-correlation 
method is proposed for the phase imbalance calibration, while 
extra hardware and testing signals are still required to measure 
the amplitude imbalance factor. Clearly, these calibration 
methods are inconvenient and the pre-measured imbalance 
factors are susceptible to environmental variations, e.g., 
temperature fluctuation [20]. In [21] and [22], ellipse-fitting 
methods are proposed to estimate the I/Q imbalance factors. 
However, the performance of these methods highly depends on 
the quality of the I/Q trajectory. A poor signal-to-noise ratio 
(SNR) or a short arc length caused by a small displacement 
could both fail the fitting process. As mentioned above, both 
the pre-measured imbalance factors based on extra testing 
signals and the ellipse-fitting methods based on the I/Q 
trajectory are not reliable enough, and thus a more robust 
calibration method is required. 

In this paper, a 60-GHz hybrid FMCW-Doppler radar system 
with a robust I/Q calibration method is proposed. The 
transceiver chip is fabricated in a 65-nm CMOS process. A 
hybrid FMCW-CW signal around 15 GHz is generated by an 
external signal generator and then converted to 60 GHz by an 
on-chip frequency quadrupler. Benefiting from the short 
wavelength of the transmitted signal, micrometer-level 
displacement could be detected by the proposed hybrid radar. 
Based on the hybrid operating modes, a robust I/Q calibration 
method is also demonstrated. By extracting the imbalance 
factors from the quadrature beat signals during the target 
detection, the estimation error caused by environmental 
variations could be mitigated. Compared with the 
test-signal-based imbalance factors extraction ahead of the 
target detection, the proposed method is more reliable and 
efficient. In addition, the accuracy of the estimated imbalance 
factors is insusceptible to the arc length of the I/Q trajectory, 
which is more reliable in small displacement measurements 
compared with the ellipse-fitting method. 

This paper is organized as follows. In Section II, the 
implementation of the hybrid FMCW-Doppler radar system is 
demonstrated. In Section III, the theory of the 
hybrid-radar-based I/Q imbalance calibration is proposed and 
analyzed in simulations. The experiments and results of the 
mechanical vibration detections are presented in Section IV. 
The conclusion is made in Section V. 

 

II. SYSTEM IMPLEMENTATION 

A. System Architecture and Operating Principle 

The block diagram of the proposed hybrid radar system is 
shown in Fig. 1. It consists of a 60-GHz homodyne radar 
transceiver chip, two horn antennas connected to the transmitter 
(TX) and the RX via coaxial cables and GSG probes, and a 
vector signal generator (R&S SMW200A). A hybrid 
FMCW-CW signal around 15 GHz is generated by SMW200A 
and then converted to 60 GHz by an on-chip frequency 
quadrupler. After that, the hybrid signal is injected into the TX 
and the quadrature generation module respectively via the 
transmission line (TL) and the transformer-based power divider. 
In the TX, the hybrid signal is amplified by a three-stage power 
amplifier (PA) and transmitted by the TX antenna. The 
reflected signal is received by the RX antenna and amplified by 

 
 

Fig. 1.  Block diagram of the 60-GHz hybrid FMCW-Doppler radar 
system. 
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a three-stage low noise amplifier (LNA). Then the RF signal is 
down-converted by a passive I/Q mixer to generate the 
quadrature BB signals, which are sampled by a data acquisition 
module (DAQ) for digital signal processing. A square-wave 
marker is also provided by the SMW200A to label different 
transmission periods of the hybrid signals, and thus the BB 
signals could be separated for further processing in the FMCW 
and the Doppler radar modes. 

The time-frequency configuration of the hybrid signal 
generated by SMW200A and the transmitted hybrid signal are 
shown in Fig. 2(a), where f0 is the frequency of the transmitted 
single-tone signal during the Doppler period as well as the 
initial frequency of the chirp, B is the chirp bandwidth, TF and 
TD are the duration time of the alternated FMCW and Doppler 
periods, respectively. The hybrid BB signals and the marker are 
also demonstrated in Fig. 2(a). The corresponding BB signals 
during the FMCW and the Doppler periods are named the beat 
signals and the interferometry signals [12], respectively. 

As shown in Fig. 2(b), the operating mode of the hybrid radar 
could be switched for different detection scenarios. For the 
single target detection, the Doppler radar mode is applied. In 
this operating mode, the I/Q imbalance factors are firstly 
extracted from the quadrature beat signals, and then the 
interferometry signals are calibrated to improve the detection 
performance. Specifically, according to the marker edges, the 
quadrature beat signals are extracted and processed by fast 
Fourier transform (FFT). Then the range profiles are obtained 
and the I/Q imbalance factors are extracted from the range bins 
in which the target is located. With the estimated amplitude 
imbalance factor Aimb and phase imbalance factor φimb, the 
interferometry signals are calibrated and the demodulation 
algorithms such as DACM and CSD are utilized for vibration 
information recovery. In detections of mechanical vibrations or 
vital signs, the relatively low-speed target could be regarded as 
stationary during the millisecond-level TF and TD, and the 
interferometry signal during adjacent Doppler periods could be 
regarded as a constant value. Thus, a sampling frequency as 
low as 1/(TF +TD) is adequate for the interferometry signals 
extraction without inducing significant signal distortion. The 
procedure of the I/Q imbalance factors extraction and 
calibration will be demonstrated in more details in Section III. 
For multiple-target detection, the FMCW radar mode is applied. 

In this mode, the successive frames of beat signals along the 
slow time are extracted from a single BB channel. FFT is 
utilized to process each frame respectively, and the range bins 
of the targets could be confirmed. Then the phase history is 
extracted from the corresponding range bins and unwrapped for 
the vibration trajectories recovery [7]. It should be noted that 
the clock synchronization of the DAQ and SMW200A is 
necessary to eliminate the accumulated phase errors in the 
FMCW radar mode [23]. 

B. Module Design and Performance 

Fabricated in a 65-nm CMOS process, the micrograph of the 
proposed hybrid radar transceiver chip is shown in Fig. 3. The 
chip consists of the local oscillator (LO), the TX, and the RX 
modules, occupying a size of 1.8 mm×1.2 mm. 

In the millimeter-wave frequency bands, the implementation 
of a high-performance signal source with a wide frequency 
tuning range and low phase noise is challenging [24]. 
Alternatively, a low-frequency signal source cascaded with a 
frequency multiplier is quite suitable for high-frequency signal 
generation. As shown in Fig. 4, the LO module consists of the 
common-source (CS) amplifiers based on the capacitive 
neutralization technique [25] and a frequency quadrupler based 
on cascaded push-push doublers. As mentioned in [26], central 
capacitors C1 and C3 are utilized to improve the conversion gain 
and efficiency of the push-push doublers. With a -17-dBm 

Fig. 2.  (a) Diagram of the transmitted signal, the markers, and the 
corresponding BB signals during different periods. (b) Hybrid radar 
operating principle. 

    
 

Fig. 3.  Micrograph of the 60-GHz hybrid radar transceiver chip 
fabricated in a 65-nm CMOS process. 

 
 
Fig. 4.  Schematic of the frequency quadrupler based on cascaded 
push-push doublers. 
 
 

Fig. 5.  (a) Measured output power of the frequency quadrupler with a 
-17-dBm input power. (b) Measured output power of the TX. 
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fundamental input signal varying from 13 to 17 GHz, the 
measured output powers of the frequency quadrupler at 
different harmonics are shown in Fig. 5(a). The maximum 
conversion gain of the 4th harmonic is 19.6 dB with a 3-dB 
bandwidth from 56 to 66 GHz, and the harmonic rejection is 
better than 29 dBc at 60 GHz. 

In the TX, a three-stage PA based on capacitive neutralized 
CS amplifiers and inter-stage impedance matching networks is 
demonstrated in Fig. 6. To enhance the output power and 
achieve a compact layout, distributive parallel power splitting 
and combining networks [27] are applied. With the -17-dBm 
input signal of the frequency quadrupler varying from 13.5 to 
16.5 GHz, the measured TX output power is shown in Fig. 5(b). 
The saturated output power is 15.3 dBm with a 3-dB bandwidth 
from 55.5 to 64.5 GHz. 

As shown in Fig. 7(a), in the RX, a three-stage LNA with 
variable power gains is designed. To accommodate the 
variations of the reflected signal power in different application 
scenarios, 10 levels of power gain with about a 2-dB step are 
applied. The output RF signal of the LNA is then evenly split 
for the I/Q down conversions. To compensate for the insertion 
loss of the power splitter, the split RF signals are driven by the 
CS buffers before being injected into the I/Q down-conversion 
mixers. To reduce the influence of the flicker noise on the 

low-frequency BB signals, passive down-conversion mixers 
are utilized [28]. For the quadrature LO signals generation, a 
differential transformer-based quadrature generation network 
with a coupling factor enhancement technique is applied [29], 
and the key design parameters are listed in Fig. 7(b). 

To evaluate the RX performance, the frequency of the BB 
signal is fixed at 1 kHz by keeping a 1-kHz frequency offset 
between RXf  and 4 LOf , where RXf  and LOf  are the input 
frequencies of the LNA and the quadrupler, respectively. The 
measured variable conversion gains of the RX chain from the 
LNA input to the BB output are shown in Fig. 8(a). Within the 
operating frequency band, the variable conversion gains vary 
from 2 to 24 dB, with the corresponding input 1-dB 
compression point (IP1dB) varying from -16 to -30 dBm. With a 
fixed 60-GHz RF input and the maximum gain level of the 
LNA, the simulated noise figure versus the BB frequency is 
shown in Fig. 8(b). The measured RX conversion gain with a 
3-dB bandwidth of 25 MHz is also shown in Fig. 8(b). 

With different fRX, the BB signals in the quadrature channels 
are digitalized and further processed by FFT for the I/Q 
imbalance evaluation. As shown in Fig. 9, from 56 to 65 GHz, 
the amplitude imbalance varies from 0.891 to 0.938, and the 
phase imbalance varies from 1.8 º  to 5.6 º . Note that the 
pre-measured imbalance factors might deviate from those 
during the target detection due to environmental variations such 
as temperature fluctuation, and thus a more reliable method to 
estimate the I/Q imbalance factors is required. 

III. HYBRID-RADAR-BASED I/Q CALIBRATION 

A. Theory  

To better comprehend the hybrid-radar-based I/Q calibration 
method, the beat signals during the FMCW periods and the 
interferometry signals during the Doppler periods are analyzed 
separately. Given a single-point scatter model with imbalanced 
I/Q channels, the normalized quadrature interferometry signals 
during the Doppler period could be expressed as: 

 

  ( ) sin 4I imb imb IInt A d DC            , (1) 
 

  ( ) cos 4Q QInt d DC          , (2) 
 

where Aimb and φimb are the amplitude and phase imbalance 
factors, respectively, τ is the slow time, λ is the wavelength of 
the transmitted signal with a frequency of f0, d(τ) is the target 
displacement in the slow-time domain, θ is a constant phase 
shift caused by the signal transmission, DCI and DCQ are the 
DC offsets of the I/Q channels, respectively. 

The normalized beat signals during one FMCW period could 

Fig. 6.  Schematic of the three-stage PA based on CS amplifiers. 
 
 

Fig. 7.  Design details of the RX. (a) Schematic of the LNA and passive 
mixers. (b) Schematic of the transformer-based quadrature generation 
network. 
 

Fig. 8.  (a) Measured conversion gains of the RX with a fixed 1-kHz BB 
frequency. (b) The simulated RX noise figure with a fixed 60-GHz RF 
input and the measured RX conversion gain. 

Fig. 9.  Measured I/Q imbalance factors with a fixed 1-kHz BB 
frequency. (a) Amplitude imbalance factors. (b) Phase imbalance 
factors. 
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be expressed as: 
 

  ( ) sin ( ) ( ) ( )I imb imb rBeat t A t              , (3) 
 

  ( ) cos ( ) ( ) ( )Q rBeat t t            , (4) 
 

  ( ) 4 ( ) ( )t FB D d c T         , (5) 
 

  0( ) 4 ( )tf D d c        , (6) 
 

   2 2( ) 4 ( ) ( )r t FB D d c T        , (7) 

where t is the fast time, Dt is the distance between the target and 
the radar, c is the speed of light, and φr (τ) is the residual phase 
which can be neglected for short-range detection [30]. For 
low-speed target detection, the variation of d(τ) can be typically 
neglected during a millisecond-level FMCW period, thus ω(τ) 
and φ(τ) can be regarded as constant values. 

As shown in (3) and (4), the phase and amplitude differences 
between the imbalanced quadrature beat signals could be 
extracted directly by FFT, and thus the targeted imbalance 
factors could be obtained. With the extracted imbalance factors, 
the I/Q calibration matrix could be generated and the 
imbalanced interferometry signals could be calibrated as: 

 

 
( ) 1 0 ( )

( ) tan( ) 1 cos( ) ( )

Icali imb I

Qcali imb imb imb Q

Int A Int

Int A Int

 
   

        
           

 

 

 
sin [4 ( ) ]

cos[4 ( ) ]

imb I

imb Q

d DC

d DC

    

    

      
 
     

, (8) 

 

 
tan( ) cos( )

I I imb

I imb Q
Q

DC DC A

DC A DCDC  

              
, (9) 

 

where IntIcali (τ) and IntQcali (τ) are the calibrated interferometry 
signals without I/Q imbalance. 

B. Simulations 
 

1) I/Q imbalance factors extraction 
 

To investigate the effectiveness of the real-time I/Q 
imbalance factors extraction, simulations are performed by 
involving a vibrating target with a sinusoidal motion for 
detection. The imbalanced beat signals during the n-th FMCW 
period could be expressed as: 

 

 

  _ ( ) sin ( ) ( )I n imb n n imbBeat t A t t t       , (10) 
 

  _ ( ) cos ( ) ( )Q n n nBeat t t t t     , (11) 
 

 

  4 sin 2 (( 1) ( ) )
( )

t t t D F

n
F

B D A f n T T t
t

c T

 


    



, (12) 

  04 sin 2 (( 1) ( ) )
( )

t t t D F

n

f D A f n T T t
t

c

 


    
 , (13) 

where At and ft are the vibration amplitude and frequency of the 
sinusoidal target motion, respectively, and [0, ]Ft T . 

The key simulation parameters are shown in Table I. The I/Q 
mismatch is introduced to the simulations by setting the 
imbalance factors as 1.2 (Aimb) and 5º (φimb), respectively. The 
distance of the target is set as 2.2 m and the beat frequency 
could be derived by: 
 

 2 / ( )b t Ff D B c T   . (14) 
 

With a 640-MHz chirp bandwidth (B) and a 2-ms chirp duration 
time (TF), fb is estimated as 4.7 kHz. 

The amplitude of the sinusoidal motion is firstly set as 5 mm 
with a vibration frequency of 3 Hz. White Gaussian noise with 
the same power level is added to the quadrature channels. For 
clarity, the SNR mentioned in the simulation is defined as: 

 

 1010log ( / )Beat Q noiseSNR P P , (15) 
 

where PBeat-Q is the power level of the beat signal in channel Q, 
and Pnoise is the power level of the added white Gaussian noise. 
To reduce the influence of the white noise on the estimation 
accuracy, the mean values of the imbalance factors extracted 
from several frames of quadrature beat signals could be applied. 
With a 100-kHz sampling frequency, the former N frames of 
the quadrature beat signals are extracted and processed by FFT, 
respectively, and N groups of estimated imbalance factors 
( _imb iA  and _imb i , [1, ]i N ) could be obtained. The 
amplitude and phase errors could be represented as: 
 

 10 _ _20 log ( / ),error imb i imb error imb i imbA A A        , (16) 
 

and the mean values of the extracted imbalance factors as well 
as the mean errors could be represented as: 

 _ _

1 1

( ) / , ( ) /
N N

imb imb i imb imb i

i i

A A N N 
 

       , (17) 

 

 1020log ( / ),error imb imb error imb imbA A A        . (18) 
 

To evaluate the influence of the utilized frame number N on 
the estimation accuracy, simulations are performed with 
different N (500, 250, 100, and 1) for comparison. With a 
20-dB SNR, simulations are performed 100 times for each 
frame number, and 100 groups of mean errors are obtained, 
respectively. The distributions of the mean errors are shown in 
Fig. 10(a) and (b). With the increased number of utilized frames, 
the estimation accuracy is improved. To balance the 
computational efficiency and estimation accuracy, a moderate 
number of frames should be applied. In the following 
simulations and experiments, the utilized frame number for 
imbalance factors extraction is fixed at 100. Given a 4-ms 
( )F DT T  repetition interval of the FMCW period, the utilized 

TABLE I 
SIMULATION PARAMETERS 

0f  B  ,F DT T  Aimb φimb tD  

59.68 GHz  640 MHz 2 ms 1.2 5   2.2 m 

 
 

 
Fig. 10. Distributions of the simulated mean errors obtained with 
different numbers of frames. (a) Mean errors of the amplitude imbalance 
factors. (b) Mean errors of the phase imbalance factors. 
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100 frames of beat signals could be extracted with only a 0.4-s 
sampling duration. 

In addition, the influence of the sampling frequency on the 
estimation accuracy is also investigated. With different 
sampling frequencies from 20 to 200 kHz, the former 100 
frames of the quadrature beat signals are sampled and 100 
groups of the I/Q imbalance factors are extracted, respectively. 
The 20% and 80% quantiles of the estimation errors as well as 
the mean errors are shown in Fig. 11(a) and (b). Clearly, a 
higher sampling frequency is favorable for improving the 
estimation accuracy, and the utilization of the mean values 
could further reduce the estimation errors. Considering the 
computational efficiency, a moderate sampling frequency of 

100 kHz is applied for the beat signals sampling. 
As shown in Fig. 12(a) and (b), simulations are also 

performed with different SNRs to evaluate the robustness of the 
proposed method against noise. With an SNR over 20 dB, the 
20% and 80% quantiles of the amplitude and phase error lie 
within ±0.1 dB and ±0.6 º, respectively. The mean errors are 
extremely small, and thus the mean values ( imbA and imb ) 
could be utilized for the I/Q imbalance factors estimation. 

With a fixed SNR of 20 dB, simulations are also performed 
with different vibration amplitudes, i.e., 5 µm, 0.05 mm, 0.5 
mm, and 5 mm. The vibration frequency is fixed at 3 Hz and a 
full motion cycle is experienced during the 100-frame 
quadrature beat signals extraction. The estimation errors are 
shown in Fig. 13(a) and (b). Clearly, the accuracy of the 
estimated imbalance factor is independent of the target 
vibration amplitude, making the proposed method much more 
reliable compared with the ellipse-fitting method, especially in 
small displacement measurement with a short I/Q trajectory. 

In addition, it should be noted that the imbalance factors are 
not always constant within the chirp bandwidth, introducing 
more challenges to the imbalance factors estimation. To reduce 
the variations of the imbalance factors within the chirp 
frequency range, a moderate 640-MHz bandwidth centered at 
60 GHz is utilized in the following experiments. 

 

2) Motion trajectory recovery 
 

Given a 0.5-Hz sinusoidal motion with an amplitude of 5 mm, 
simulations are performed for motion trajectory recovery. With 
a 30-dB SNR, the former 100 frames of quadrature beat signals 
are extracted with a 100-kHz sampling frequency for the 
imbalance factors extraction. The estimated imbalance factors 
are 1.198 and 4.997º, respectively. Then the quadrature 
interferometry signals are sampled with a much lower sampling 
frequency of 250 Hz (1 / ( ) )F DT T   , and the calibration 
algorithm in (8) is applied. The I/Q trajectory of the original 
interferometry signals as well as that of the calibrated ones is 
shown in Fig. 14(a). As shown in Fig. 14(b), compared with the 
referenced vibration trajectory, the root mean square error 
(RMSE) of the recovered trajectory by the DACM algorithm is 
improved from 0.033 mm to 0.009 mm with the proposed I/Q 
calibration method. 

IV. EXPERIMENTS AND RESULTS 

A. Detection of A Single Target  

In the scenario of a single-target detection, the displacement 
history was recovered by the Doppler radar mode. The setup of 

 
Fig. 11.  Simulated estimation errors of the I/Q imbalance factors with 
different sampling frequencies. (a) Amplitude errors. (b) Phase errors. 
 

 
Fig. 12.  Simulated estimation errors of the I/Q imbalance factors with 
different SNRs. (a) Amplitude errors. (b) Phase errors. 
 

 
Fig. 13.  Simulated estimation errors of the I/Q imbalance factors with 
different target vibration amplitudes. (a) Amplitude errors. (b) Phase 
errors. 
 

 
 Fig. 14.  Simulation results of a 0.5-Hz sinusoidal motion with an 
amplitude of 5 mm (SNR: 30 dB). (a) I/Q trajectories of the quadrature 
interferometry signals with a 10-s data sampling. A unit circle (green 
line) is applied for reference. (b) Recovered vibration trajectories. 
 

 
Fig. 15.  Experimental setup of the probe-station-based hybrid radar 
system for single target detection. 
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a probe-station-based hybrid radar system for vibration 
detection is shown in Fig. 15. The radar transceiver system was 
mounted on the probe station, and the TX/RX horn antennas 
were connected to the transceiver chip by the coaxial cables and 
the probes. A 20 cm×15 cm metal reflector controlled by a 
linear actuator was placed 1.2 m away from the antennas for 
detection. The received signal power Pr could be derived 
according to the radar equation [31]: 

 
2

10 3 4
10log [ ]

(4 )
r t t r L

t

P P G G P
D

 


     , (19) 

 

where Pt is the output power of the TX, Gt and Gr are antenna 
gains, λ is the wavelength, σ is the radar cross section, Dt is the 
distance between the target and the antennas, and PL is the 
power loss caused by the coaxial cables and the probes. Based 
on the parameters listed in Table II, Pr is estimated as -54 dBm. 
The setup of the transmitted hybrid signal is consistent with the 
parameters in Table I. Considering the transmission delay 
caused by the 1-m coaxial cables in the TX and RX chains, the 
length of the one-way signal transmission path is about 2.2 m, 
and the beat frequency is estimated as 4.7 kHz. 

According to the RX sensitivity calculation formula, the 
SNR of the beat signals could be estimated by: 

 

 ( ) ( ) ( ) ( )r BBSNR dB P dBm KTB dBm NF dB   , (20) 
 

where KT is the input thermal noise floor per unit bandwidth, 
BBB is the baseband bandwidth of the RX, and NF is the noise 
figure. According to the measured and simulated results in Fig. 
8(b), the noise figure at 4.7 kHz is about 18 dB. With a BB 
bandwidth of 25 MHz, the SNR is estimated as 28 dB, which is 
adequate for the proposed I/Q calibration method. 

To evaluate the practical performance of the hybrid radar 
system with the proposed I/Q calibration method, the linear 
actuator was programmed to provide periodic motions for 
detection. Firstly, a 0.2-Hz vibration with a 5-mm amplitude 
was provided. In order to exhibit the BB signals and the marker 
completely, the quadrature signals and the marker were 
sampled for 10 s with a fixed 100-kHz sampling frequency. A 
segment of the signals is plotted in Fig. 16(a) and the 
zoomed-in view is shown in Fig. 16(b), where the beat signals, 
the interferometry signals, and the marker could be clearly 
identified. With the obtained BB signals, the detailed data 
processing flow for the calibration of the quadrature 
interferometry signals is shown in Fig. 17. According to the 
rising and falling edges of the marker, the beat signals and the 
interferometry signals could be separated, and then the former 
100 frames of quadrature beat signals were extracted for I/Q 
imbalance factors extraction. Specifically, FFT was utilized to 
process each frame of beat signal and 100 groups of I/Q 
imbalance factors could be obtained, and then the mean values 
of these imbalance factors were applied to the I/Q calibration 
matrix in (8). Meanwhile, the interferometry signals were 
down-sampled and reconstructed. Specifically, with a 1-ms 

delay after every falling edge of the marker, a pair of samples 
were extracted from the quadrature BB signals to construct the 
low-frequency interferometry signals, greatly reducing the data 
volume and improving the computational efficiency in the 
following signal processing. With the reconstructed 
interferometry signals and the calibration matrix, the calibrated 
interferometry signals could be obtained for high-accuracy 
displacement measurement. 

Furthermore, with different target vibration amplitudes of 5 
mm, 0.5 mm, 0.05 mm, and 5 µm, the 20% and 80% quantiles 
of the obtained 100 groups of imbalance factors as well as the 
mean values are shown in Fig. 18(a) and (b), where the 
distributions of imbA  vary from 0.923 to 0.924 and the 
distributions of imb  vary from 4.42º to 4.63º. The tiny 
deviations of the averaged imbalance factors prove that the 
accuracy of the proposed method is independent of the target 
displacement, which is more robust compared with the 
ellipse-fitting method. 

With a fixed 5-mm vibration amplitude for detection, the I/Q 
trajectory of the reconstructed 10-s quadrature interferometry 
signals is shown in Fig. 19(a). Due to the amplitude and phase 

TABLE II 
PARAMETERS IN RADAR EQUATION 

tP  ,t rG G      tD  LP  

15 dBm 20 dBi 5 mm 20 cm×15 cm 1.2 m -12 dB 

 

 
Fig. 16.  (a) Sampled BB signals from the quadrature channels as well 
as the markers. (b) Zoomed-in view with more details. 
 
 

 
 

Fig. 17.  Data processing flow for the calibration of the quadrature 
interferometry signals. 
 
 

 
 

Fig. 18.  Measured I/Q imbalance factors with different vibration 
amplitudes. (a) Amplitude imbalance factors (b) Phase imbalance 
factors. 
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imbalance, the trajectory deviates from the ideal circle. Then 
the estimated imbalance factors ( imbA = 0.923, imb = 4.63º) 
were applied to calibrate the imbalanced interferometry signals. 
As shown in Fig. 19(b), after the DC offset cancellation, the 
calibrated I/Q trajectory matches well with the referenced circle, 
proving that the imbalance factors are correctly estimated and 
the calibration method functions well. As shown in Fig. 20(a), 
to further verify the performance improvement with the 
proposed I/Q calibration method, the vibration trajectories are 
recovered by the DACM algorithm with and without I/Q 
calibration, respectively. Taking a 0.2-Hz triangle waveform 
with a 5-mm amplitude as the referenced trajectory, the RMSE 
of the recovered trajectory is improved from 0.091 mm to 0.076 
mm with I/Q calibration. The relatively large error is mainly 
caused by the inertia-induced vibration of the metal plate as 
well as the nonlinear motion of the actuator around the position 
of the maximum displacement. To mitigate the errors induced 
by the inaccuracy of the referenced trajectory, a linear motion 
with a large displacement of 80 mm was also produced by the 
actuator for detection. With I/Q calibration, the RMSE of the 

recovered trajectory is improved from 0.022 mm to 0.016 mm 
as shown in Fig. 20(b). 

To further explore the detection sensitivity of the proposed 
hybrid radar, 5.8-Hz periodic vibrations with 5-µm and 1-µm 
amplitudes were generated by the linear actuator for detection, 
respectively. The CSD algorithm was applied and the power 
spectral densities (PSD) of the calibrated complex 
interferometry signals are shown in Fig. 21. The vibration 
signals at 5.8 Hz could be recognized clearly with SNRs of 35.6 
dB (5 µm) and 16.4 dB (1 µm), respectively. 

B. Detection of Multiple Targets  

In the scenario of multiple-target detection, the FMCW radar 
mode was applied. Calculated by c/(2B), the range resolution in 
the FMCW radar mode is about 23.4 cm. To distinguish 
different targets from different ranges, the distance between the 
targets along the radar line-of-sight (LOS) should be larger than 
23.4 cm. The setup of the multiple-target detection is shown in 
Fig. 22. Two metal plates driven by linear actuators were 
placed along the radar LOS. Target 1 was placed 1.4 m away 
from the antennas and vibrated at 0.2 Hz with a 5-mm 
amplitude. Target 2 was placed 0.7 m behind target 1 and 
vibrated at 0.5 Hz with a 2.5-mm amplitude. As the 
displacement information could be recovered from a single BB 
channel in the FMCW radar mode, the calibration of the I/Q 
imbalance is not needed. In the experiment, the BB signals of 
channel I were sampled for 10 s with a 100-kHz sampling 
frequency, and 2500 frames of beat signals were extracted. 
After applying FFT to each frame, the stacked range profiles 
along the slow time were obtained as shown in Fig. 23(a). 
These two targets could be clearly recognized at the distance of 
2.34 m (range bin 10) and 3.04 m (range bin 13), respectively. It 
should be noted that the detected range information also 
includes the length of the 1-m coaxial cable. The actual lengths 
of the one-way signal transmission paths between the targets 

 
Fig. 19.  I/Q trajectories of the quadrature interferometry signals (Target 
vibration amplitude: 5 mm). (a) Without I/Q calibration. (b) With I/Q 
calibration. 
 

 
Fig. 20.  Measurement results of the single-target detections. (a) 0.2-Hz 
periodic vibration with a 5-mm amplitude. (b) Linear motion with an 
80-mm displacement. 
 
 

 
Fig. 21.  PSD results of the mechanical vibration detections with different 
actuator setups. (a) 5.8-Hz periodic vibration with 5-μm amplitude. (b)
5.8-Hz periodic vibration with 1-μm amplitude. 
 

 

Fig. 22.  Experimental setup of the probe-station-based hybrid radar 
system for multiple targets detection. 

 

Fig. 23.  (a) Range profiles of two vibrating targets with a 0.7-m 
separation. (b) Recovered vibration trajectories of two targets by the 
FMCW radar mode. 
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and the transceiver chip are about 2.4 m and 3.1 m, respectively, 
agreeing with the target locations shown in the range profiles. 
Then the phase information was extracted from the 
corresponding range bins along the slow time and the motion 
trajectories were recovered from the unwrapped phase history 
as shown in Fig. 23(b). The RMSEs of the recovered 
trajectories of target 1 and target 2 are 0.083 mm and 0.059 mm, 
respectively. 

The performance comparisons between the proposed 
60-GHz hybrid radar system and several relevant works are 
shown in Table III. Compared with the low-frequency radars, 
this work exhibits a better performance due to the shorter 
wavelength of the transmitted signal. Compared with the radars 
operating at higher frequencies, the performance of this work is 
still competitive benefiting from the effectiveness of the 
proposed I/Q calibration method. 

V. CONCLUSION 

A 60-GHz hybrid FMCW-Doppler radar system is designed 
in this paper. The system architecture as well as the design 
details are demonstrated. Based on the hybrid operating modes, 
a robust I/Q imbalance calibration method is proposed. By 
extracting the real-time imbalance factors during the target 
detection, the influence of the environmental variations on the 
imbalance factors can be mitigated, which is more credible and 
efficient compared with the test-signal-based imbalance factors 
extraction ahead of the target detection. The proposed method 
also shows robustness against different vibration amplitudes, 
which is more effective compared with the I/Q-trajectory-based 
ellipse-fitting method. With the proposed hybrid radar and the 
I/Q calibration method, an 80-mm linear displacement is 
recovered by the Doppler radar mode with a 0.016-mm RMSE. 
A periodic vibration with 1-µm amplitude is also successfully 
detected with a 16.4-dB SNR. Based on the FMCW radar mode, 
multiple-target detection is also performed, and the vibration 
trajectories are recovered accurately. 
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