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In this paper, we present a novel signal processing technique for stress evaluation using a mi-
crowave reflectometric cardiopulmonary sensing. This technique enables the heart rate variability
(HRV) to be reconfigured from measurements of body-surface dynamic motion, which is subse-
quently used for the stress evaluation. In particular, a novel element is due mainly to a reconfigura-
tion of the HRV from the time variation of the heartbeat frequency which is evaluated by a repetition
of the maximum entropy method (MEM). An experimental setup of a microwave reflectometer is
presented and several sets of real data are analyzed using a new signal processing technique, which
are subsequently used for the stress evaluation. Finally, a utility of the new signal processing tech-

nique is discussed.
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1. Introduction

In recent years, the stress evaluation using
the heart rate variability (HRV) has been
widely recognized as advanced application to
prevention of stress syndrome, detection of
sleep prediction in driving a car, and so on. The
HRYV is generally obtained from peak intervals
(R-R intervals) in an electrocardiogram (ECG).
However, the evaluation method of the stress
by using the ECG seems to be unsuitable as a
long-time monitor since several electrodes
have to be directly attached to a human body
to acquire the ECG data. We report here on a
new evaluation method of the stress using a
microwave reflectometer which has the fea-
tures of non-contact and non-invasive method.

There is a problem that must be solved to
perform the evaluation of the stress by using a
microwave reflectometer, since the information
of vital signal is obtained from phase fluctua-
tion of reflected waves. It is caused by the
movement of a human body surface (reflection
layer) consisting of the respiration, the heart-
beat, and the random movement of the body.
To extract the heartbeat signal from the
measurement signal, for example, the respira-
tion signal is removed by a high-pass filter
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(HPF) with cutoff frequency of, such as, 0.7Hz,
although the random movement of the human
body still can not be removed. The heartbeat
signal is very small and has low signal-to-noise
(S/N) ratio since the cardiac movement ap-
pears on the body surface through the bone
and the connective tissue.l® For these reasons,
the peak positions in the heartbeat signals
obtained by a microwave reflectometer are not
as clear as those observed in the ECG signals.
Therefore, it is not easy to reconfigure the
HRYV correctly and automatically from the mi-
crowave reflectometer signal. In order to solve
this problem, we have proposed the cross-cor-
relation technique. This is a method reconfig-
uring the HRV from the cross-correlation
function between a measurement signal and a
template signal which is configured by aver-
aging periodic waveform in a measurement
signal.? However, it is difficult to reconfigure
the HRV in real time by the cross-correlation
technique, and which defies the detection of
stress state timely. The purpose of this paper is
to introduce a novel signal processing tech-
nique to reconfigure the HRV in real time.

2. Stress Evaluation Based on ECG

Generally, the evaluation of the stress is
performed by analyzing the frequency spec-
trum of the HRV.2:49 The HRV is reconfigured
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by interpreting R-R intervals in an ECG. The
heartbeat interval is fluctuating all the time by
reflecting autonomous nerve activity composed
of sympathetic nerve activity and parasympa-
thetic nerve activity. In the frequency spec-
trum of the HRV, the parasympathetic nerve
activity appears as the power spectrum in the
high frequency (HF) component with frequency
range of 0.15-0.45 Hz, and both sympathetic
nerve activity and parasympathetic nerve ac-
tivity appear in the low frequency (LF) com-
ponent with frequency range of 0.03-0.15 Hz.
The peak ratio or area ratio of the power spec-
trum in the LF component to the HF compo-
nent (LF/HF) is used to evaluate the stress,
since the sympathetic nerve activity increases
in a stressful state and, on the other hand, the
parasympathetic nerve activity increases in a
relaxed state. The value of the LF/HF in a
stressful state is larger than that in a relaxed
state. For the evaluation of stress in a sta-
tionary state, the fast Fourier transform (FFT)
or the maximum entropy method (MEM) has
been used as a frequency analysis. In this case,
the HRV data for 180 sec is often used for the
reliable estimation of stress. On the other
hand, in a non-stationary state, the wavelet
transform can be applied to the HRV data for
the evaluation of stress.

In addition, the HRV has to be interpolated
at regular intervals in derivation of the fre-
quency spectrum. The most often-used inter-
polation interval is about 0.25 sec.

3. Signal Processing

The time variation of the heartbeat intervals
can be regarded as the short-term time varia-
tion of the heartbeat frequency. In this section,
the time variation of the heartbeat frequency
is evaluated by applying the MEM repeatedly
at the short term. The time window is shifted
step by step along the temporal axis. Then, the
HRYV can be reconfigured since the value of the
heartbeat interval is calculated by the inverse
of the heartbeat frequency. The MEM is an
effective method for estimating the frequency
spectrum at a shot data window, and has much
higher frequency resolution than the FFT.

In the MEM of analysis, the autoregressive
model of observational data is estimated first,
then the spectrum estimation is performed on
the basis of it. The autoregressive model is
given by

m
X = _zamixk—[ +n, (1)
i1

where x; is the observed time-series data in-
terval, n; 1s the stationary white noise which is
independent from x, (I<k), m is the order of the
autoregressive model, and a,; is the autore-
gressive coefficient at the model order m. Now,
we define the autocorrelation function of the
time-series data x; as

R, = R(iAf)= El{x,x, .} (2

where E{ } is the expectation value. The auto-
correlation function at lag 0 is shown as

R, = E{x,f}: _iamiRi +E{n,f} (3)

Since n; and x; (i<k) are independent each
other, the autocorrelation function at each lag
1s organized by

RO Rl Rm 1 p m
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where P, is the variance of the stationary
white noise. By applying the formula of Wie-
ner-Khintchine to Eq.(1), the relationship be-
tween the autoregressive model {a;} and the
power spectrum S(w) is shown as

S(w)=— Y

2
m

1+ Zam e’

i=1

(5)

In the MEM, the model order is generally
unknown. If the model order is selected lower,
the estimated spectrum is smoothed and the
spectrum peak which should be found in a
normal situation does not appear sometimes.
Conversely, if the model order is selected
higher, a lot of spurious peaks appear finely in
the estimated spectrum. The optimum selec-
tion of the model order is of importance in the
MEM. Thus, we selected the optimum model
order as 870 from the empirically-based ex-
periences.

The heartbeat frequency is estimated by
finding the largest peak value in the frequency
range of 0.7-1.55 Hz (42-98 bmp) after calcu-
lating the power spectrum of some data win-
dows by MEM. Here, the frequency 0.7-1.55 Hz
covers sufficiently the range of heartbeat fre-
quency for a seated human subject at rest. It is
said that the heart rate for a seated human
subject is typically in the range of 45-90 bmp,
ie., 0.75-1.5 Hz.?
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If the analyzing data window is selected long,
time response of the heartbeat intervals be-
comes sluggish in the HRV while the reliability
of the estimation enlarges. This could exert a
bad influence upon the estimation of LF/HF. In
this paper, 2.5 sec is selected as the optimum
length of the data window for the MEM analy-
sis from the empirically-based experiences.

In addition, 0.25 sec is selected as the shift
quantity of the data window. It is equal to the
interpolated value of the HRV reconfigured by
the ECG. The MEM is the stationary spectrum
analysis technique where the consistency of
the signal in the data window is assumed.
Therefore, since a correspondence relationship
between the data windows is ignored, some
spectrum estimation errors consist by the se-
lected data window and appear as the fluctua-
tion by 0.25 sec (4 Hz in frequency) in the HRV.
However, it is no problem for the evaluation of
the stress because the spectrum estimation
error between data windows is very small and
its fluctuation does not flop over the frequency
domain of the LF and the HF components.

For these reasons, the time variation of the
heartbeat frequency is estimated by applying
the MEM repeatedly at the 2.5 sec data win-
dow which is shifted by 0.25 sec along the
temporal axis.

4. Experimental Results

4.1 Experimental setup

Figure 1 shows a schematic diagram of the
measurement system. We select a thigh as an
irradiation point of microwave, since its skin
movement is large due to the existence of thick
artery, while it should be small during the res-
piration. It is not a problem whether the
measurement point is right thigh or left one.
We install a 16-elements patch antenna into a
seat of a chair under the left thigh of a seated
human subject. The back of the chair can also
be selected as the antenna position since it is
close to the heart. The analog output from the
microwave reflectometer is fed to a HPF in
order to remove the respiratory components.
The output signal is then converted into digital
signal using the sampling frequency 1000 Hz
by a high-resolution (16 bits) memory scope.
The digitized signals are fed into a computer,
and the heartbeat signals are calculated by the
detection of phase differences.l® Afterward,
the evaluation of the stress is performed by
applying the proposed algorithms to the cal-
culated heartbeat signals.
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Fig.1 Experimental setup.
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4.2 Stress evaluation: static environment

In the first experiment, the evaluation
methods of the stress are applied to a person in
both relaxed state and stressful state. The
flash mental calculation is used to put stress
on a person, which is a method that the person
adds up figures displayed on a monitor con-
tinually in his head. The heartbeat measure-
ment by a microwave reflectometer is applied
to the person who is in the relaxed state or the
stressful state for 180 sec. Two types of pro-
posed methods (the cross-correlation technique
and the MEM technique) are applied to recon-
figuration of the HRV. Then, the LF/HF value
is calculated by applying FFT to the HRV for
time interval of 180 sec. For reference, the
ECG data are measured at the same time in
each state and the LF/HF is calculated by the
conventional evaluation method of the stress.

Figure 2 shows the time evolutions of the
microwave reflectometer signal and the ECG
signal of the person in the relaxed state. Note
that the time interval of the periodic signal is
in good agreement between two signals. This
means that the heart beat can be obtained
correctly from the microwave reflectometry.
Figure 3 shows the subsets of the HRVs cal-
culated by the original microwave reflectome-
ter signal and by two proposed methods to-
gether with the one obtained from the ECG.
The HRVs calculated by two proposed methods
agree well with that by the ECG, comparing to
that by the unprocessed reflectometer signal.
Additionally, the HRV calculated by the MEM
contains periodical noise component compared
to that calculated by the cross-correlation
technique. This might be caused by some
spectrum estimation errors between data
windows which appear as the fluctuation by
0.25 sec (4 Hz in frequency) in the HRV. How-
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ever, the estimated error of the HRV due to the
spectrum estimation error is very small, i.e.,
about several percent of the HRV values. Thus
the fluctuation of estimation errors is not a
problem for the evaluation of the stress as de-
scribed in Sec. 3. Therefore, it is understood
that the HRV is reconfigured correctly by using
the proposed method.

The frequencies of the HRVs reconfigured by
two proposed methods and the ECG in the re-
laxed state are analyzed, respectively. Gener-
ally, it is said that the individual variability of
the LF/HF is about +30 %.5 If the spectral
shapes of the HRVs are similar and the
LF/HFs can be estimated by two proposed
methods in the range of £30 % as compared to
the ECG, it could be argued that the estima-
tion of stress is successful.

The results are shown in Fig. 4. In the same
way, the result in the stressful state is shown
in Fig. 5. Here, In Figs. 4 and 5, the maximum
values of the spectrum peaks are made fit with
each other and normalized into 1 in order to
compare three spectra. The frequency spectra
of the HRVs reconfigured by applying two
proposed methods to the microwave meas-
urement are nearly conformable to that recon-
figured by the ECG, respectively. The LF/HF
values by two proposed methods lie in the
range of £30 % compared to that obtained by
the ECG in each state. Here, the LF/HF value
is obtained from area values of the spectrum.
In addition, it is understood that the flash
mental calculation put stress on the person
since the LF/HF value in the stressful state is
about twice larger than that in the relaxed
state. Those results show that the evaluation
of the stress can be performed by applying two
proposed methods to the microwave reflecto-
meter signal similar to the ECG.

4.3 Stress evaluation: non-static environ-
ment

In the second experiment, the evaluation
methods of the stress are applied to a person in
non-static environment. It is not always true
that the stress evaluation is applied to static
environment in any time. In order to search
the applicable scope of the system, the system
is installed in a car. The stress evaluation is
performed during the engine vibration is
added. The heartbeat measurement by using
the microwave reflectometer is applied to the
person who is sitting on a driver’s seat.

The two proposed methods are applied to the
reconfiguration of the HRV. Then, the LF/HF
value is calculated by applying the FFT to the
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Fig.2 Comparison between the microwave reflectometer
signal and the ECG signal.
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Fig.4 FFT spectrum of the HRV in relaxed state.
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Fig.56 FFT spectrum of the HRV in the stressful state.

HRYV for 180 sec. For reference, the ECG data
are measured at the same time in each state
and the LF/HF value is calculated by the
method.

In the non-static environment, the micro-
wave reflectometer signal includes various
noise (spurious) components due to random
movements of the body surface.

They mask the heartbeat signal, and make
the detection of the heartbeat interval difficult.
Figure 6 shows the example of the measure-
ment with such noise components. We inves-
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tigate whether the evaluation of stress is pos-
sible or not even in the non-static environment
by two proposed methods.

Figure 7 shows the frequency spectra of the
HRV reconfigured by two proposed methods
together with those obtained from the ECG
signals. In this case, the calculation of the
cross-correlation was repeated three times to
make the peak intervals of the waveform clear
[2]. The spectral shapes of the HRV using the
third cross-correlation function and MEM
technique is nearly equal to that by the ECG
and their LF/HFs lie in the range of +30 %
compared to that obtained by the ECG.

Those results show that the evaluation of
the stress can be performed by applying two
proposed methods to microwave reflectometer
signals similar to the ECGs even in non-static
environment.
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Fig.6 Time evolution of the microwave reflectometer
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Fig.7 FFT spectra of the HRV reconfigured by the MEM,

the cross-correlation technique and the ECG sig-

nal.

4.4 Comparative discussion

We discuss here on the utility of the new
proposed method comparing with the previous
one. In the previous proposed method, the mi-
crowave original signal for the first several
tens sec is required at least to improve the
accuracy of the template signal, and which add
the time lag for several tens sec to the time
variation of stress. Additionally, the repetitive
operations of the cross-correlation function are
required in non-static environment as shown
above. These operations append large amount
of calculation and complicate the processing.
Thus, it could be difficult to get real-time
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measurement of stress by the cross-correlation
technique.

On the other hand, the HRV can be recon-
figured timely by 0.25 sec using the MEM
technique. The MEM technique also enables
the evaluation in only one calculation even in
any environment.

If the real-time evaluation of stress is de-
sired, the MEM technique could work better
than the cross-correlation technique. In the
future works, the detection of stress syndrome
or sleep prediction will be performed during
driving a car.

5. Conclusions

In conclusion, we have proposed a new sig-
nal processing technique for microwave re-
flectometer sensing that enables the estima-
tion of mental stress from measurement of
body dynamic motion. The algorithm based on
the MEM is studied to reconfigure the HRV
correctly and automatically from low-S/N mi-
crowave reflectometer signals. This technique
enables the stress evaluation by microwave
reflectometers in any environment, and indi-
cates a possibility of the real-time evaluation
of stress toward detection of stress syndrome
or sleep prediction in driving a car.
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