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Abstract: Th is paper presents a real-time system that 
can monitor an infant's respiration and detect apnea 

when it occurs. For infants, bedside monitoring of 
res piratory signals using non contact sensors is desirable 
at the hos pital and for in -ho me care. Traditional 

approach employs acoustic sensors which can hardly 
detect infant breathing due to low SNR. ill this paper, a 
novel method is introduced by us ing ultra-wideband 

(UW B) radar that obtains breathing signal trom an 
infant's weak chest vibration. Furthermore, advanced 
signal process ing techniques are proposed to monitor the 

breathing signal and to detect apnea. Since an infant may 
move in the crib, a location algorithm is applied 
periodically to track the current location of the infant's 

chest. An apnea warning is issued when the respiration is 
absent for a pre-defmed period of time. 
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1 Introductio n 

Apnea is a term for suspension of external breathing. 

During apnea, there is no movement of the respiration 
muscles and the lung volume remains unchanged. Apnea 
especially sleep apnea is not rare among new born 

infants, so monitoring an infant's respiration information 
and warning the nurse in neonatal intensive-care unit 
(NICU) can be life-saving. Traditional approaches to 

monitor neonatal apnea include wrapping a band around 
a baby's chest, putting a sensor beneath an infant's 
mattress, or analyzing chemical content of an infant's 

expiration [I]. Such approaches may cause neonatals as 
well as their parents nervous and are sometimes rejected 
by parents. 

In this paper, a non-contact approach to detect an 
infant's breathing signal is proposed by using an 
ultra-wideband (UWB) radar [ 2]. UWB radar has been 

proved for better performance than other techniq ues 
such as receiver signal strength (RSS) and ultrasound for 
indoor localization [3]. The most important feature of 

UWB radar is the high spatial resolution wh ich is 
suitable for detecting human's vital signs such as 
respiration [ 4]. Moreover, detecting infant apnea and 

informing a nurse when it occurs is a critical application 
that may save lives. This paper focuses on developing a 
real-time hardware prototype in conjunction with 

advanced signal processing algorithms that can track an 
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infant's position, acquire and identiJY an infant's 
breathing signal, and trigger the alarm when an apnea 

occurs. 

Related work includes infant position tracking [ 5], 
breathing monitoring [ 6] [ 7] [ 8], two dimensional power 

spectrum density and band pass filter [ 9] for localization 
and signal processing. 

2 Methods 

ill this paper, UWB radar captures the signal and then 
transfers raw data to an embedded processor through 
USB interface. All signal processing algorithms are 

executed on the embedded processor to track an infant's 
location and to monitor its respiration at real-time. 

2.1 UWB radar 

UWB radar is a technology for transmitting information 
spread over a large bandwidth (usually larger than 

500M Hz), while providing a low-power density and 
reducing interference. The UWB pulses are short and 
spread their energy over a broad frequency range. The 

nature of UWB radar makes it more power-efficient than 
other continuous wave radars. 

ill particular, the Time Domain's PulsON400 UWB 

radar board is chosen for this research [ 10]. Figure l (a) 
is the rad iation signal wavefo rm wh ich ach ieves a 
bandwidth of 2 .2 GHz and is transmitted periodically as 

a UWB pulse. Figure I (b) shows that the signal power 
spectrum meets FCC regulation. After each pulse 
transmission, the receiver captures the comeback wave 

that is collected as one scan data shown in Figure 2 [ 10] 
[ 1 1]. The scan time after each pulse transmission 
determines the detection range of the radar. 
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Figure 1 (a) Pulse transmitted by the radar (b) Transmit signal 

power spectrum 

The radar system uses coherent transmissions to 
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maintain the same phase of each transmitted pulse. The 
received signal power of many coherent pulses is 
summed. Since the received signal power is proportional 

to the square of the received signal, summation leads to 
signal power increases along with the square of the 
number of pulses while the incoherent noise is only 

summed linearly. Due to this coherent signal processing 
technique, a very high SNR can be achieved at high 
integrated ratio as illustrating in Figure 3 [ 10] [ 11]. 

b. 
c. Recetved UWB waveform 

Figure 2 Comeback waveform sensed by the radar receiver 
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Figure 3 Received signal with different integrated ratio (16:1 
means 16 received pulses are summed to form one scan and 

512:1 means 512 received pulses are summed). 

2.2 Mathematical models 

Typically, the frequency range of the breathing signal is 

between 0 .25 and 1 Hz. For relaxed human beings, 
respiration can cause chest movement from O.l mm to 
several millimeters. When a pulsed signal is transmitted 

to a human target, it will be reflected due to the high 
reflectivity of the body. The distance between human 
chest and antenna is denoted by so. The distance varies 

due to the respiration motion [ 12]. 

Here dr and fr are the respiration chest movement 

amplitude and frequency respectively. The total distance 
is: 

set) = So + d(c) = So + dr sin(2rrfrt) (1) 

According to radar transmission theory, the received 

signal includes echoes from different channels with 
different delay variations due to respiration. The 
normalized received pulse is denoted byp(t). The total 

received signal can be represented by: 

r(t,T)= LkAkP(T-Tk)+Ap(T- Td(t)) (2) 
where Ak , A are the amplitudes of each echo from 
other channels and human body. Tk, Td are the time 

delay of each echo from other channels and human body. 
Td is determined by antenna distance s (c): 

( ) 2s(t) Td t = --= To + Tr 
c 

(3) 
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where c is the light velocity. UWB radar captures the 
received signal into a 2-D M x N matrix, denoted by 

R[m, nJ: 
(4) 

The row vectors record one time pulse retlected from 
different range, denoted by m, which represents 
T = mTf ( fast time). The column vectors record 

received signals at different time at each location, 
denoted by n, which represents t = n Ts (slow time). 

In a static environment, the clutter from the background 

can be considered DC component and can be removed 
easily by subtracting the mean from the matrix, in both 
rows and columns. After subtraction, there will be only 

one received signal remained: 

r(t,T)=Ap(T- Td(t)) (5) 

The Fourier transform of r( t, T) is: 

RC[, T) = A L�-oo G;(T)8(f -ifr) (6) 

where the functions Gi (T) can be computed using 

Bessel functions: 

Gi (T) = L+: p(v) Ii (f3rv)e(j2rrv(r-ro))dv (7) 

where p(v) is the Fourier transform (in fast-index) of 

the received pulse. 
It can be proved that Gi (T) is maximized at T = To: 

Ui:::::: Gi(To) = J:::: p(v) Ii (f3rv)dv (8) 

where f3r = 2rrdr· 
Cons eq uently , 

R(t,To) = AL�_ooUi 8ct -ifr) (9) 

From the equation, we can know that the spectrum of 

received signal after DC component removal consists of 
a series of delta function at every harmonics of 
respiration frequency ifr. The amp litude of each delta 

function is controlled by Ui: Therefore the respiration 

signal is included in the received signal matrix and can 
be obtained by processing the slow time signal. 

2.3 Band pass filter 

The main purpose of the band pass filter is to attenuate 

signals that are unrelated to respiration. A fi Iter is 
designed to pass frequencies within a certain range and 
attenuate frequencies outside that range. A Butterworth 

type band pass filter is utilized to make frequency 
response as flat as possible in the pass band. It is also 
referred to as a maximally tlat magnitude filter, wh ich is 

ideal for our design. Before implementing the band pass 
filter, the received signal is subtracted by the mean value 
of the original signal to eliminate random background 

clutter. 
Table I Respiration rate by age 

Age 
Respiration Rate Respiration 

(breaths/minute) Rate (Hz) 

Birth to 1 year 30-60 0.5-1 
1-3 years 24-40 0.4-0.67 

3-6 years 22-34 0.37-0.57 
6-12 years 18-30 0.3-0.5 

12-18 years 12-16 0.2-0.27 
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For the band pass filter design, frequency information of 
our target should be predetermined. In our case, we are 
primarily interested in respiration speed of 15 to 60  

breaths per minute that is  0 .25 Hz to  1 Hz in  frequency 
domain. Correspondingly, the band pass frequency of 
the filter is set to 0 .2 Hz to 1 .1 Hz empirically. Table I 

shows typical breathing rates for children at different 
ages and adult. 

2.4 Respiratory monitoring and apnea detection 

For respiratory monitoring, we need to fmd the exact 
location of the breathing object and its breathing 

frequency. Therefore, we propose a peak detection 
algorithm using power-spectrum density (PSD) analysis, 
which reveals the signal with the highest SNR. For 

continuous monitoring, we need to keep track of the 
object since an infant may move in the incubator or crib. 
Therefore, the peak detection algorithm needs to be 

executed periodically to track the object. Once we locate 
the breathing location, the received time-domain signal 
at that location is record and display as the de facto 

breathing signal on the monitoring screen. Certainly, the 
breathing signal data can also be transferred to the 
doctor's office through computer network at real-time. 

For apnea detection, it is to identifY a period of time 
when breathing signal is absent. During infant apnea, no 
evident signal peaks above the threshold are detected. 

We propose a parameter called dynamic threshold that it 
is proportional to the reciprocal of signal variance. Th is 
is due to the fact that signal strength may change 

significantly through time. A dynamic threshold is used 
to adjust the current threshold to be within the same 
scale of signal strength. This method is to automatically 

generate a relatively high threshold when there are no 
obvious peaks in the signal, wh ich indicates the target 
has stopped breathing. The dynamic threshold makes the 

apnea detection more robust. If there are not many peaks 
above the current threshold, the threshold starts to 
increase gradually. The higher threshold helps to 

eliminate the artificial noise. If no peak above threshold 
is detected for an extended period of time such as 10 
seconds, an alarm is set off. Our experimental results 

show that this dynamic threshold method can reduce the 
false alarm rate. 

3 Experimental results 

In this section, we present the measurement results using 

an experimental platform with PulsON400 UWB radar. 
The radar is connected to a Raspberry Pi embedded 
processor through USB interface. Figure 4 shows the 

hardware setup. The radar acquires the raw data and the 
embedded processor serves as the controller. The 
detailed steps of the experiment are described as 

follows. 

The radar is placed about 1 meter away from an infant. 

Obstacles in between are permitted except for metal 
material, since metal can absorb electromagnetic wave. 
In our experiment, the range of the UWB radar system is 
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set to 4 .8 is 1 cm. 
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Figure 4 Experimental setup with UWB radar and an 
embedded processor 
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Figure 5 An examp Ie of the raw data acquired by the UWB 
radar from one scan 

The original data is obtained from the UWB radar 

receiver, which are samples of the received signal 
strength in real-time. Figure 5 shows an example of the 
received signal at different locations from one scan. 

Next, we record the signal for 60 seconds at each target 
position. So the acquired signals can be sorted into a 
two-dimensional (2 0) matrix as described in Section 2 .2 .  

At first, the mean value is removed from the signal. 
Then a band pass filter is applied to attenuate unrelated 
information. Only signals between 0 .25 to 1 .0 Hz are 

retained. Figure 6 shows an example of the f ilter signal, 
which indicates possible res piration activ ities at the 
distance of about I meter from the radar. 

In order to find the exact location and the frequency of 
the breathing signal, we employ PSD analysis to find the 
peak with highest SNR. Figure 7 shows that the PSD of 

the breathing signal at the location of 0 .97 meter from 
the radar and its frequency is about 0 .67 Hz 

Figure 6 Two-dimensional signal plot after background 
removal and band pass tilter 
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Localion: O,97m Brealhing Frequency: O,62Hz 

Froquency(Hz) 
Oislance(m) 

Figure 7 Location and frequency are determined by PSD 

Once we identifY the location, the time-domain signal 
can be captured and displayed. Figure 8 show the normal 

breathing activity of an infant at the identified location. 
As mentioned in Section 2.4, we propose an adaptive 
threshold to detect apnea. If we directly use the 

amplitude and frequency of the t ime-domain signal as 
criteria of apnea, it would result many false alarms since 
the breathing signal captured by the radar can be very 

volatile. The adaptive threshold increases gradually 
when signal is weak, but it declines quickly if a strong 
signal is detected. As shown in Figure 8 ,  the threshold 

value is close to zero when breathing is normal. Figure 9 
shows an apnea is detected if no breathing signal IS 

above the threshold value for about 15 seconds. 
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Figure 8 Normal breathing signal is displayed in time-domain 
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Figure 9 Apnea is reported if no breathing signal is above the 

threshold for 15 seconds 

In practice, we have to consider the movement of an 

infant. If no breathing signal is detected above threshold 
for 10 seconds, the system will automatically execute 
the peak detection algorithm using the previous 10 

seconds' data to relocate a breathing object. This is 
effectively to track the infant location. If a peak is 
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detected at another location, the time domain signal of 
the updated location is applied and the threshold will 
quickly go down to zero. If no peak is detected and the 

breathing does not come back within the next 5 seconds, 
an apnea warning is reported to the nurse and 
interventions can be applied timely. 

4 Conclus ion 

In this paper, we present a real-time respiratory 
monitoring and apnea detection system using 

non-contact UWB radar technology. The detailed 
algorithms are discussed such as signal filtering, target 
localization, peak detection, and apnea warning. Our 

preliminary results prove the feasibility of the proposed 
technique. The UWB radar is integrated with an 
embedded processor as a compact experimental platform. 

More data collection and validation are currently 
underway with the co lIaboration of the neonatal 
intensive care unit at a local hospital. 
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