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Abstract  —  In this paper we present a wireless multiple antenna 
experimental system that is used for remote sensing of 
physiological motion. We introduce a novel detection algorithm 
that exploits multiple antennas. The algorithm is based on the 
analysis of the received signal power spectrum, where a unique 
cost is assigned to each spectral component. The assigned cost 
approximates a probability that the measured spectral 
component is a result of the target's motion. Furthermore, we 
experimentally evaluate its performance demonstrating the 
feasibility of the detection of the breathing signal, and  
demonstrating significant gains due to the application of multiple 
transmit and receive antennas.  

Index Terms — Biomedical monitoring, biomedical signal 
detection, MIMO, remote sensing, physiological motion. 
 

I. INTRODUCTION 

Doppler radar remote sensing of cardio and pulmonary 
activity (i.e. physiological motion) has been a promising 
technique for health monitoring and security applications [1, 
2]. Single antenna systems have been described in [3, 4]. In 
these systems, analog signal conditioning was used to amplify 
baseband output, remove the direct component (DC), and 
avoid aliasing, while digital signal processing was used to 
determine heart and breathing rates. In this paper we propose 
to use multiple antenna multiple-input multiple-output 
(MIMO) systems and techniques to enhance the detection of 
cardio-pulmonary signals. Some prior work on this topic can 
be found in [5-7]. 

MIMO systems take advantage of random scattering of 
radio signals between transmit and receive antennas. This 
scattering is known as multipath, since it results in multiple 
copies of the transmitted signal arriving at the receivers via 
different scattered paths. In conventional wireless systems, 
multipath could result in a destructive interference, and is thus 
considered undesirable. However, MIMO systems exploit 
multipath by treating scattering paths as separate parallel sub-
channels [8]. Similarly, the remote sensing of physiological 
motion can exploit the multiple copies of the transmitted 
signal. 

In this paper we describe a multiple antenna experimental 
system that is used for the remote sensing. Furthermore we 
introduce a novel detection algorithm that exploits multiple 
antennas. The algorithm is based on the analysis of the 
received signal power spectrum between each transmit and 
receive antenna. The measured received power spectrum is 
compared to a reference power spectrum. A unique cost is 
assigned to each spectral component. The assigned cost 
approximates a probability that the measured spectral 
component is a result of the target's motion. The costs are 
combined among multiple receive and transmit antennas 
yielding the decision statistics. Significant gains due to the 
application of multiple antennas are demonstrated.  

In Section II and III we present the MIMO experimental 
system and algorithm details. The experimental results are 
given in Section IV, and we conclude in Section V.  

II. EXPERIMENTAL SYSTEM 

The experimental system is based on a general purpose 
wireless multiple antenna testbed. It consists of transmit and 
receive antenna array each with Ntx and Nrx antennas, 
respectively. In this particular case Ntx = 2 and Nrx = 4.  

 
 

 
Fig. 1: The experimental system consists of Ntx = 2 transmit antennas 
and Nrx = 4 receive antennas, with the target of observation in the 
antenna field. 

 
Each transmit antenna is connected to a general-purpose 

signal generator transmitting a unique continuous wave (CW). 
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Transmit antenna 1 and 2 are set to f1 = 2.4 GHz + 1 KHz, and 
f2 = 2.4 GHz - 1 KHz, respectively. The receiver is build using 
off the shelf components in heterodyne architecture, two-step 
down-conversion heterodyne architecture with intermediate 
frequencies (IF) of 140 MHz and 10 MHz. High-speed analog-
to-digital (AD) conversion digitized the IF signal. The signal 
is further digitally down-converted to the baseband with the 
14-bit resolution. The baseband samples are then stored to a 
PC hard-drive for further analysis and post-processing. The 
transmitter and receiver share a common synchronization 
source. Specifically, their local oscillators are driven by a 
common 10 MHz reference.  

III. ALGORITHM 

In this section we present details of the multiple antenna 
algorithm that is used to detect certain parameters of 
physiological motion.  Specifically, we determine spectral 
components of the received signal that correspond to the 
target’s motion. Basic features of the algorithm are outlined in 
the following. 

 
• The algorithm is based on the analysis of the received signal 

power spectrum between each transmit and receive antenna.  
• A spatial zero-forcing filter is applied so that the DC is 

removed from the measured received signal.  
• The measured received power spectrum is compared against 

a reference power spectrum. Based on how different each 
spectral component of the measured and reference power 
spectrum is, a unique cost is assigned to each component.  

• The assigned cost approximates a probability that the 
measured spectral component is a result of the target’s 
motion, i.e., it is not due to noise. In other words, higher 
cost corresponds to a higher probability of the component 
being due to the target’s motion. 

• The costs are combined among multiple receive and 
transmit antennas yielding the decision statistics.  
 

More details are given in the following. 
 

A. Power Spectrum Reference 
 
During the reference measurements each transmitter and 

receive are wired. For each transmit power level, 100 
independent measurements are taken, corresponding to T = 
6.144 sec, yielding the frequency resolution of ∆f = 0.1628 
Hz.  The sampling rate is fsmp = 15 KHz. The power spectrum is 
determined by the conventional FFT.  

Using the reference measurements, the maximum and 
average power spectrum is found per each component. Fig. 2 
presents the maximum and average reference power spectrum 
between one transmit and four receive branches. In Fig. 2 we 
note a presence of the phase noise (a typical skirt-like shape 
around the DC), as well as, some spurious noise (e.g., at 1.8 
Hz and 3.6 Hz). 

 

 
Fig. 2: The maximum and average reference power spectrum 
between one transmit and four receive branches. 

 
B. Spatial DC Notching  

 
The received signal vector is 
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where rn,m(k) is the signal transmitted by transmit antenna m 
and received by receive antenna n  at the time instance k. The 
vector of the DC coefficients is  
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where un,m= E[rn,m(k)]. It is normalized as 
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The DC is removed from the received vector rm(k) as 
 

( )H( ) ( ) ( )m m mm mk k k= −r r v r v .             (4) 

 
An example of the measured spectrum before and after the DC 
notching is given in Fig. 3. 

 



 

 
Fig. 3: An example of the measured power spectrum before and after 
the DC notching (for the signal that is transmitted by transmit 
antenna 1 and received by receive antenna 1).  

 
C. Cost Function  

 
In the following, Sn,m(f) denotes the measured power 

spectrum of the signal that is transmitted by transmit antenna 
m and received by receive antenna n, for the frequency 
component f. Similarly, max

, ( )n mS f denotes the maximum 
reference power spectrum, which is previously described. The 
cost functions that we use in this study is 

 
2

, max
, ,max

,
, 2max

,

,

( )
0.1 for ( )  ( )

( )
( )

( )
1-0.9 else

( )

n m
n m n m

n m
n m

n m

n m

S f
S f S f

S f
c f

S f
S f

     ≤    =         

, 

(5) 
 

The cost function is design so that is has similar properties as 
a probability mass function. For example, it is non-negative, 
and does not exceed 1. Note that for large values of Sn,m(f) 
relative to  the reference, the cost functions is approaching the 
maximum value 1. This actually quantifies a case when the 
measured power spectrum is significantly stronger than what 
was experienced during the reference measurements. In other 
words, the spectral components with high values of the cost 
function are most probably not due to the noise, but rather due 
to a motion of the target in the antenna field. 

The cost function may be designed to have different 
characteristics. This is a subject of our future work. 
 
D. Multiple Antenna Decision Statistics 

 
Considering similarities between the cost function and 

probability that a particular spectral component is due to the 

target’s motion, the joint cost function for every transmit and 
receive antenna pair is 
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The decision statistics is obtained by normalizing the above 

joint cost function as 
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IV. EXPERIMENTAL RESULTS 

The target is typically positioned within 1 to 2 meters from 
the antenna arrays. It is facing both transmit and receive 
antenna array. The transmit antennas are set 2 λ apart (where 
λ is the wavelength), while the receive antennas are set λ 
apart.  

In Fig. 4 we present the measured power spectrum with a 
person sitting in front of the antenna arrays. The measured 
power spectrum is compared against the maximum reference 
power spectrum. Based on the measurements, the dominant 
spectral component is at 0.4878 Hz. It corresponds to the 
person’s pulmonary activity (i.e., breathing). 
 

 
Fig. 4: The measured and maximum reference power spectrum with a 
person sitting in front of the antenna array (for the signal that is 
transmitted by transmit antenna 1 and received by receive antenna 1).  
 

In Fig. 5 the decision statistics D(f) corresponding to the 
above experimental scenario is presented for Ntx = 2, Nrx = 4, 
and Fmax = 20 Hz. From the results we note that the spectral 
component at 0.4878 Hz is most probably due to a periodic 
motion of the target, i.e., the person’s pulmonary activity. 

 

 



 

Independent measurements of the breathing rate using a 
piezoelectric chest belt point to the same result. 

 
Fig. 5: The decision statistics D(f) for a person sitting in front of the 
antenna array,  Ntx = 2, Nrx = 4, Fmax = 20 Hz. 

 
In Fig. 6 the decision statistics D(f = 0.4878 Hz) is 

presented as a function of the number of transmit and receive 
antennas. D(f = 0.4878 Hz) increases with the number of 
antennas. This clearly demonstrates the benefits of multiple 
antennas. 

 
Fig. 6: The decision statistics D(f = 0.4878 Hz) for different number 
of transmit and receive antennas.  

 
We also determined the decision statistics for a case when 

no target is placed in front of the antenna arrays. The results 
correspond to Ntx = 2, Nrx = 4, and Fmax = 20 Hz. For the 
frequencies of interest, the decision statistics is very low 
(practically zero), indicating that no motion is present. This 
further demonstrates ability of the algorithm to distinguish 
cases with and without the target being present.   

IV. CONCLUSIONS 

In this paper we have introduced the detection algorithm that 
exploits multiple antennas. The algorithm is based on the 
analysis of the received signal power spectrum. A unique cost 
is assigned to each spectral component. The assigned cost 
approximates a probability that the measured spectral 
component is a result of the target's motion. The costs are 
combined among multiple receive and transmit antennas 
yielding the decision statistics. In addition, we have described 
spatial zero-forcing filtering that is used to remove the DC. We 
have performed a number of experiments that are used to assess 
the algorithm performance.  

We have considered the performance as a function of the 
number of transmit and received antennas. Significant gains 
due to the application of multiple antennas are demonstrated. 
Furthermore, we have demonstrated the ability of the algorithm 
to distinguish cases with and without the target being present. 

Our future work will address the design of the cost function 
as well as improvements to the multiple antenna testbed. 
Specifically, increasing the AD resolution and introduction of 
the analog DC filtering are the subject of our future work.  
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