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Self-mixing in a diode laser as a method for
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Abstract. Our aim is the development of a simple optical method for
pulse wave profile, pulse wave delay time, and blood flow measure-
ment. The method is based on recording the Doppler frequency shift
related to a moving target—blood vessel walls or small particles. The
Doppler signal is detected using the self-mixing that occurs in the
diode laser cavity when radiation scatters back from the moving target
into the laser and interferes with the field inside. Two different ways
can be simultaneously used for the self-mixing signal extraction: a
photodiode accommodated in the rear facet of the diode laser pack-
age and a resistor from the laser pump current. An experimental de-
vice with a pigtail laser diode is developed that is able to detect the
pulsation of major arteries with potentially useful information, includ-
ing the pulse wave profile and the pulse wave delay time. The pulse
wave delay time in different regions of the human body is measured
relative to the electrocardiogram (ECG) signal. Also the flow velocity
of a liquid suspension containing particles the size of erythrocytes
(equivalent to blood flow) is measured. Registered signals are stored
after digitalization and preprocessed using LabView for a Windows
environment. The described device has the application of the self-
mixing method and highlights significant advantages of simplicity,
compactness, and robustness as well as the self-aligning and self-
detecting abilities of such method, compared with the use of conven-
tional interferometric method. © 2003 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1528949]

Keywords: coherent photodetection; Doppler-shifted light; optical fiber; pulse wave
profile; pulse wave delay time.
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1 Introduction
It is well known that coherent photodetection has found wide
applications. For example, the coherent photodetection of th
radiation reflected back from the object surface is used in
vibration measurement,1 in surface motion measurement,2 in
deformation measurement,3 and in distance measurement.4

The method for coherent photodetection is used in severa
biomedical applications of coherent imaging detection,5 Dop-
pler interferometry,6 Doppler anemometry,7 and in the princi-
pal schemes of a number of different sensors. However, sev
eral realizations are technically complicated and carefully
aligned high-quality optics is required.

The self-mixing method in a laser is known to have severa
advantages over conventional systems.8,9 This method enables
us to simplify the optical scheme of such devices and achiev
the mixing effect, where a small portion of the light reflected
from the mirror is returned to the laser cavity and is mixed
with the original oscillating wave inside the laser. The method
of self-mixing inside the laser cavity facilitates the design of
the same principle without beamsplitters and an external pho
todetector. The optical setup contains only reasonably price
optical components: a laser diode with fiber or lenses. Self
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mixing systems can be easily aligned; because these h
only one optical axis, they have been called self-aligning s
tems. Self-mixing also provides a larger modulation dep
hence a comparatively high SNR.

The theories of heterodyne or homodyne reception a
photodetection with self-mixing in a semiconductor laser,10,11

and a gas laser12 as well as the theory of self-mixing in a
single-mode or multi-longitudinal-mode diode laser13 are
based on a presumption of coherence of light in all equipm
and on the way to the target and back. The laser is use
send light, either in free space or through an optical fiber, t
movable target from which the backscattering is detected.
self-mixing effect has been explained as a spectral-m
modulation inside the laser caused by backscattered radia
The theories operate with interference between radiation i
diated and scattered back to the laser cavity.

In medical applications, laser Doppler methods were
plied for different purposes including tissue vibratio
measurement14 and eye movements registration.15 Blood flow
measurements have long been of special interest becaus
quantitative determination of blood flow provides essen
information to diagnose serious diseases and circulatory
orders in certain parts of the body, including vessels. A la
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Self-Mixing in a Diode Laser . . .
Doppler flowmetry was developed as an effective and reliable
method for noninvasive blood flow measurement.16–19 The
self-mixing effect in diode lasers provides remarkable advan
tages in blood circulation measurement. Intra-arterial mea
surements of the velocity and the average flow of red blood
cells were investigated using a fiber-coupled laser Dopple
velocimeter based on self-mixing effect.20 This technology is
close to being a commercial product for clinical application.
The efficiency of the self-mixing velocimeter was testedin
vivo with the optical fiber inserted in the artery in upstream
and downstream blood flow conditions.16

Blood pressure and cardiovascular pulsation are funda
mental indicators of cardiovascular disease. The pulse is con
sidered one of the four most fundamental medical parameter
The abnormal shape and rhythm of arterial pulsations are d
rectly related to diverse cardiovascular disorders. Small an
weak pulses can be related to heart failure, shock, or aorti
stenosis. Large and bounding pulses can represent hyperk
netic states, aortic regurgitation, or abnormal rigidity of arter-
ies. Arrhythmia can lead to a changing amplitude or irregular-
ity of pulsation. The abnormal amplitude of pulsation can also
be related to the blood pressure. Pulse wave velocity is know
to be correlated with blood pressure. The pulsation of the
carotid artery can be an indicator of cerebrovascular diseas
In our preliminary publication, the method enables an optica
no-touch measurement of skin surface vibrations, which ca
reveal the pulsatile propagation of blood pressure waves alon
the vasculature.21 The same method and equipment were ap-
plied to detect small moving micrometer-size particles22 and
as an optical noninvasive method for blood flow velocity
measurement.23

This work is directed toward the development of a simple
optical method for the observation of the pulse wave profile
and delay time as well as small-particle flow detection. The
self-mixing method was selected because it presents the si
nificant advantages of compactness and simplicity of align
ment, in comparison with the conventional methods. The
problems of self-mixing signal dependence on the distance t
moving object and sensitivity of the method are specially in-
vestigated.

2 Theoretical Background
The pulse wave as a pressure wave causes changes in
radius of blood vessels and the movement of their wall. Typi-
cally, vessel wall expansion and shrinkage results in move
ment on the skin surface, which can reveal the pulsatile
propagation of pulse waves along the vasculature and ca
contain such useful parameters as period of pulsation, mo
ment of pulse wave arrival, and pulsation profile.

The laser light is coupled into a fiber and guided toward a
moving object—the skin near the arteries. A small part of the
Doppler-shifted light scattered by the moving object is col-
lected by the same fiber and guided back into the laser. Th
Doppler-shifted light interferes with the laser light present in
the laser cavity and causes an intensity modulation of the ligh
inside the laser cavity. The frequency of this intensity modu-
lation is related to the Doppler shift.

The self-mixing effect in a semiconductor laser diode is
observed as modulation of the amplitude and the spectra o
the emitted light due to the optical feedback of backscattere
-
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light into the laser cavity. This external optical feedback
fects such internal parameters of the laser diode as thres
gain and lasing frequency. The light backscattered from
target comes into a laser active cavity and causes chang
the number of carriers in the active area and so in the thre
old of excitation current.10–12,24In this way, the backscattere
light is active in the process of laser generation and affe
inversion.

The theory to explain the phenomena observed in the s
mixing process was developed by several authors. An ana
cal model for the three-mirror cavity was proposed a
widely used to explain optical feedback-induced changes
output parameters of diode laser. The amplitude and spe
behavior of the laser with optical feedback were studied.25 A
spectral line narrowing or broadening depending on feedb
conditions was shown to take place in the output spectra
the semiconductor lasers.26 A theoretical model for the shap
and the amplitude of self-mixing signals was described.17 A
broadening of the apparent line width of the semiconduc
laser modes with the external cavity was shown to be due
the coherent nature of the feedback and multiple reflection
the external cavity.27 A detailed theoretical analysis of stabi
ity for a semiconductor laser with an external cavity show
that instability is related to jumps of the laser frequency b
tween external cavity modes or to feedback-induced inten
pulsations due to the carrier density dependence on the re
tive index.28 The conditions that determine whether an ext
nal cavity laser oscillates in the mode with lowest thresh
gain was discussed,29 where the mode coupling between th
sidemodes was shown to enable the external-cavity lase
oscillate stably in a mode even though it has sidemodes w
higher gain. The results of numerical analyses of the exte
feedback on a single-mode semiconductor laser demonstr
that the lasing mode with the minimum line width is mo
stable rather than the mode with the minimum thresh
gain.30,31

A three-mirror cavity model can be used to describe
self-mixing method applied for measurements in this stu
The principal scheme of the method is presented in Figur
Two mirrorsR1 andR2 constitute the laser cavity. The mov
ing object~skin! can be presented as a third mirrorR3 . The
light reflected from the target interfered with the light at th
laser front facet with different phase swift determined by t
distance to the target. MirrorR3 and one of the laser facets
R2 , constitutes an effective laser mirrorRe , the reflectivity of
which depends on distance. The dependence of effective
flection from the second laser mirror on the length of exter
cavity causes changes in threshold of generation and the
put light power of the laser. It is clear that the laser optic
output includes modulation term dependent on the feedb

Fig. 1 Schematic of a simple laser with external optical feedback: l,
laser-cavity length; L, distance from laser-cavity front face to target;
R1 , R2 , and R3 , laser mirrors and target.
Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1 153
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Meigas et al.
strength and the distance of the external reflector. It corre
sponds to a variation of thel/2 displacement at the external
reflector and is a repetitive function with a period of 2p rad.
This model is based on coherence of light inside the externa
cavity.

According to the three-mirror model,18,25 the field in the
laser cavity can be calculated by applying the amplitude an
phase criteria for the stationary state of the light propagating
in the laser cavity. In such an approach, we can see that diod
laser undergoes threshold gain and lasing frequency varia
tions. The changes in threshold gain and therefore in the op
tical output variationDP due to feedback was shown to have
a nonmonotonic dependence on length of the external cavity

DP}
12R2

Rl
Rextcosvtext, ~1!

whereR is reflectivity of the laser facets,l is length of the
laser cavity,Rext is reflectivity of the moving object~skin!, v
is the lasing frequency with optical feedback,text52L/c is
the round-trip time of the laser light in the external cavity, and
L is the distance from the front facet of the laser cavity to the
moving object~skin!.

The maximum value of optical output takes place when the
waves from laser cavity and external cavity meet each other i
the same phase at the laser front facet. This condition can b
satisfied if the effective optical length of external cavity is the
same as or is multiplied to be the effective optical length of
laser cavity. The maximum optical output is realized when the
following condition is satisfied:

L

h l
5m, ~2!

whereh is a refractive index of the cavity, andm5M 82M is
difference of mode index. This means that the maximum out
put is attained at the external-cavity length equal to intege
multiples of the effective laser cavity lengthh l .

The dependence of the self-mixing signal on distance be
tween the laser and moving object and threshold gain~pump
current! was investigated in experiments.

3 Experiment
3.1 Self-Mixing Signal Dependence on Distance
The experimental setup for measurement of the dependence
self-mixing signal on distance is presented in Figure 2. A
Philips 1550-nm GaInAsP LD CQF 58 with monomode fiber
with a 1-m length was used in our experiments. There is a
special potentiometerP for precise adjustments of the laser
pump current. A special low-noise two-channel amplifier used
for the signals from the PD and from the resistor in the lase
current chain, correspondingly. Light consists of nine longitu-
dinal modes, and the shift between them was 1.11 nm~Figure
3!. The frequency difference between the longitudinal modes
of laser active cavity wasD f 51.2531011 Hz, the equivalent
optical ~taking into account the refractive index! longitudinal
size of the cavity was about 1.2 mm.

The measured dependence of the self-mixing interferenc
on the distance between laser and target is presented
154 Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1
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Figure 4 ~first five maximums and others!. The distance be-
tween minimum and maximum on the self-mixing modulati
function curve was 0.89 mm.

We used a reflective surface attached to a loudspeaker
driven by a signal generator as a target, to provide ph
variations of the external optical feedback. The diode la
package incorporates a PD accommodated in the rear fac
monitor the laser power. This characteristic of the device
particularly well suited to observing the self-mixing interfe
ence and it provides a convenient internal detector. A typ
output signal obtained in this case is shown in Figure 5. T
feedback was less than 10% in all experiments. The up
trace in Figure 5 is the signal applied to achieve the perio
target movement, and the resultant intensity modulat
~middle trace! is the self-mixing signal observed. Anothe
structure of the same device was also observed. For si
separation and capturing, there is an additional resistor(R
550V) with intermittent potential in the laser pump curre
chain. In the same figure~lower trace! the self-mixing signal
is presented.

Fig. 2 Schematic experimental arrangement with amplifiers for PD
and LD output signals and with LD current regulation. Used laser
package from Philips CQF 58, which contain an optical fiber of 1 m
length: PD, photodiode (integral), and LD, laser diode.

Fig. 3 Spectrum of LD CQF 58 passport data.



Self-Mixing in a Diode Laser . . .
Fig. 4 Dependence of self-mixing interference on the distance: left, first five maximums, and right, all maximums. Here horizontal axis represents
the distance between optical fiber output and target, and the vertical axis, the signal amplitude in arbitrary units.
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The theoretical value for distances between the position
of two maximums on the self-mixing modulation function
curve is about 1.2 mm. The difference between theoretica
estimation of distance between maximums and the measure
real value of 0.89 mm~Figure 4! would be explained by
slightly different length of laser cavity used in theoretical es-
timation. This length was derived from passport data of light
spectrum of the diode laser~Figure 3!.

The dependence of the self-mixing signal amplitude maxi-
mums on distance can be explained by the characteristics
spatial broadening of laser light beam as well as by its limited
longitudinal coherence. The spatial broadening of the beam
from the optical fiber was measured by the method applied in
Ref. 21. The radiation angle of the fiber was 40 deg at a 90%
level and the intensity dependence on distance from the fibe
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r was typical for spherical wave1/r 2. The decrease of the
measured maximums~Figure 4! with increased distance fi
well with this dependence.

The longitudinal coherence is determined by the width
the radiated light spectrum. If the round-trip time of the lig
in the external cavitytext52L/c is within the coherence time
the interference between the backscattered field and field
side the laser active cavity is strongest. If the round-trip ti
is larger than the laser light coherence time, the phase cha
between the intracavity and backscattered light cause a st
reduction of the interference and consequently the self-mix
signal. Introducing the longitudinal coherence length throu
the width of the spectrum of the radiated lightl coh5c/D f the
relative reducing of the self-mixing signal is proportional
the ratio16

^I 2&
I coh

2 }
1

@11~2L/ l coh!
2#1/2, ~3!

where I coh is level of the signal fortext! l coh or 2L/c
!c/D f .

In our experiments, a multimode laser was used and
spectrum consists of a series of narrow lines~Figure 3!. In this
case, there are two different coherence scales. One is d
mined by the width of single longitudinal mode. On the oth
hand, the whole spectrum includesN modes separated b
DF5c/2l , where l is length of the laser cavity. The tota
intensity is obtained as a sum ofN uncorrelated spectrum
lines and the longitudinal coherence lengthI coh52l has its
minimal value 2.4 mm. The real length of the external cav
L consists of two parts: the length of the optical fiberl f

51 m and distance from the fiberr and L5 l f1r , which is
much longer than the coherence length. The relatively sm
changes in distanceL caused by variances ofr ~Figure 4!
cannot affect the conditionL@ l coh. Calculated by Eq.~3!, the
dependence of the self-mixing signal on distancer from the
fiber is not significant. In this case, the measured depende
of maximums amplitude on distance~Figure 4! was caused by
the decrease of light intensity with distance caused by
beam broadening only.
Fig. 5 Typical signals observed from self-mixing: upper trace, signal
applied to achieve the periodic target movement; middle and lower
traces, self-mixing signals from the PD and the resistor in the laser
current chain. Here the horizontal axis represents time, and the verti-
cal axis, the signal amplitude in arbitrary units.
Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1 155
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Fig. 6 Mixed signal amplitude dependent on laser current: the used
laser was QF 4142 with a threshold current I th524 mA. Here the
horizontal axis is laser current in milliamperes and the vertical axis,
the signal amplitude in arbitrary units.
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3.2 Self-Mixing Signal Dependence on Laser Current
and Sensitivity of the Method
First, we measured the self-mixed signal amplitude as a func
tion of the laser pump current. The pump current was adjuste
precisely with a potentiometer and the output signals of both
channels were recorded simultaneously. These characteristi
are similar and one of them shown is in Figure 6. As we can
see in both cases, the self-mixed signal dependence on th
laser pump current as inversely proportional, and the maxi
mum value of the signal corresponds to the pump current nea
threshold.

Second, we measured the sensitivity of self-mixing as a
method. We registered a maximum distanceLmax542 mm
~distance from optical fiber output to target! when the self-
mixed signal amplitude in the amplifier output is equal to the
noise~SNR is 1!. This situation corresponds to the minimum
reflected signal that we were able to measure without add
tional signal processing. Thereafter, we geometrically calcu
lated the amount of a radiation reflected from the target to th
optical fiber input in the case ofLmax. The measured optical
radiation distribution from the optical fiber in different direc-
tions is the same on both plane surfaces and the calculate
spatial angle for 90% of radiation is 10 deg. The calculated
geometrical laser spot surface of reflected radiation on th
plane surface of the optical fiber inputS5pr 2

5p(2L tanw)25168 mm2.
We calculated geometrically minimum optical power

Pmin(SNR51), reflected back to a laser cavity, without con-
sidering losses from the refracting of different surfaces, losse
from matching, and losses from mixing in the case of an
optical fiber core diameter of 9mm and a laser output optical
power P50.05 mW ~near threshold!. As a result, Pmin

5Sfiber/S3P519 pW, which gives a satisfactory sensitivity
for this method.
156 Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1
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3.3 Application of Method for Flow Detection
The experimental scheme used to investigate the flow eff
of self-mixing with a pigtail diode laser is shown on Figure
The pigtail laser package consists of an LD, which is kep
constant temperature by Peltier element, and a PD.
matched monomode optical fiber is 1 m long with a core
diameter of 9mm and without any lens, which means that t
SNR of output signal can be improved by having a collecti
lens in the fiber output end. In this scheme, the light from
pigtail heterojunction InGaAs LD~Philips CQF 58! with a
wavelength of 1550 nm and with an output optical power 1
mW is emitted from the fiber output and reflected back in
the laser cavity via the same fiber. The liquid used is an aq
ous suspension of polymer microspheres with a sphere di
eters of 7.0mm, a polymer density of 1.05 g/cm3, a refractive
index of 1.59, a concentration approx.107 spheres/ml,pro-
duced by Duke Scientific Corporation. The rotating speed
the vessel containing liquid can be adjusted in range of 0.
0.7 turns/s. The end of the fiber is fixed at under 45 deg n
to the liquid surface. The distance from the fiber end to
liquid surface is 1 mm and distance from the rotation cente
4 mm. The speed of rotating vessel was increased in
equal steps and the self-mixing signal power spectrum w
recorded. As we can see from the Figure 8, the spect
maximum corresponds to the particle flow rate, which
creases proportionally to the rotation speed of the turning v
sel.

A PC with a data acquisition card~PCI-MIO-16E-1! was
used to record the output signal. The data acquisition res
tion is 12 bits and frequency of discretization in our case is
kHz. After discretization, the signal was filtered by a hig
pass filter~HPF! to reduce the low-frequency noise level. Th
third order filter was used in that case. The HPF filteri
limits the theoretical minimum velocity that can be detect
~1.6 mm/s!; the upper frequency limit is set by the Nyqui
criteria ~19 mm/s!. After filtering, the signal was windowed
and the power spectral density was calculated inside 2
sample frames. To obtain a reasonable SNR, the power s
trum was averaged over 40 frames, the frames were 5

Fig. 7 Experimental arrangement for flow detection.
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Fig. 8 Recorded power spectrums at five different flow velocities of the liquid.
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overlapped. The length of the signal that was processed wa
204834030.530.231024 s>0.8 s, which means that the
first measurement result can be obtained in less than a secon
and for continuous measurements, the time resolution is lim
ited by the frame size and discretization frequency2048
30.231024 s>0.04 s. A sliding window additionally
smoothed the calculated power spectrum; the window siz
was 200 points. Thereafter, the frequency with the maximum
amplitude was detected and the frequency-to-velocity trans
form was performed. National Instruments graphical pro-
gramming software LabView was used to record and for
signal-processing purposes.

3.4 Application of Method for Pulse Profile
Measurement
The pulse profile registration was performed using the sam
setup and equipment as represented in Figure 2. The probin
ray was led via the optical fiber to the skin surface~arm ar-
tery!. At the end of the fiber, a special clamp was attached to
minimize the interfering signal due to involuntary tremors of
the body~the position of the fiber tip relative to the arm was
fixed!.

The signals were recorded with a sampling rate of 10 kHz
which gave a bandwidth of 0 to 5000 Hz, the duration of the
recording was 10 s. The recorded signal was preprocesse
using a sliding window, the length of the Hanning windowed
signal was 128 points, and power spectrum was calculate
after every 8 points~resolution 0.8 ms! using the fast Fourier
s

d,

g

d

transform~FFT! algorithm. For every calculated power spe
trum segment the frequency with maximum amplitude w
detected, which gave us the time-dependent Doppler
quency~pulse profile!. See the sliding processing part of th
upper channel in Figure 12 in Sec. 3.5. We used the Natio
Instruments data acquisition board~DAQ! AT-M10-16E-10 to
digitize the signals locally and transmit the digital data to t
PC with a resolution of 12 bits.

As we can see in the frame of the recorded pulse pro
signal in Figure 9, the shape of each pulsation has m
peaks, including a major peak and a secondary peak imm
ately following the major peak. The reasons for this are
reflections of the blood pressure wave, but the output signa

Fig. 9 Frame of recorded pulse profile signal.
Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1 157
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Fig. 10 Experimental arrangement for pulse wave delay time measurement.
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our system represents the absolute value of the skin vibra
tions, because we can not distinguish movement toward o
away from the probing ray. In this figure, timet2 corresponds
to the maximum velocity of vessel extension, and timet4 to
the maximum velocity of vessel restriction. We have the
maximum diameter of the vessel at timet3 and the normal
diameter att1 and t5 , respectively.

3.5 Application of Method for Pulse Wave Delay
Time Measurement
Pulse wave delay time is measured as a time interval betwee
the electrocardiogram~ECG! signal and the skin vibration sig-
nal near different arteries of the human body. We used a four
lead system with the standard ECG clinical device
Mingograf-4 produced by Siemens-Elema for ECG record-
medical Optics d January 2003 d Vol. 8 No. 1
-
r

n

ings. The setup for measurement is represented in Figure
Six different measurement points Mp1 to Mp6 were used
measure the pulse wave in different arteries. Both of the
nals were recorded with a sampling rate of 10 kHz, and
duration of the recording was 10 s. The recorded signals
shown in Figure 11. The first signal~upper curve! is the ECG
used as a reference signal for the time measurement, the
ond curve is a processed laser Doppler signal~pulse profile!,
and the third curve is a signal from the LD used as an in
signal ~without processing!.

The recorded laser Doppler signal was preprocessed~Fig-
ure 12! using a sliding window, the length of the Hannin
windowed signal was 128 points and the power spectrum
calculated after every 8 points~resolution 0.8 ms! using the
FFT algorithm. For every calculated power spectrum the f
Fig. 11 Recorded pulse profile, processed pulse profile, and ECG signals.
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Fig. 12 Block diagram of digital signal processing algorithm for pulse delay measurements.
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quency with the maximum amplitude was detected. The maxi
mum of every pulse profilet2 ~Figure 9! was detected using
the adaptive level peak detector, after which the pulse vibra
tion starting pointt1 was determined. The calculated time-
dependent frequency~pulse profile! never goes exactly to the
zero because of the noise, and that makes it difficult to dete
mine the exact starting point of the pulse vibration. In this
paper, the starting point of the pulse wave was fixed to the
time point where tangent of the maximum value of the first
derivative of current pulse profile and the zero frequency con
verge. The discretization frequency of the ECG was reduce
to 335 Hz, because there is no relevant information above 10
Hz. Thereafter, the ventricular electrical activation starting
point R peak~Figure 11! in the ECG was located by the adap-
tive level peak detector. The pulse delay was calculated as
time difference between theR peak of the ECG and the fol-
lowing pulse starting point of the laser Doppler signal.

The results of the pulse delay measurements are present
in Table 1. One recording~10 s! contains about 12 to 13
pulses. The mean delay of the pulses was calculated withou
the maximum and minimum values of every data series. Th
heart rate mean values are calculated in the same way. Th
values of the heart rate are different for different points of the
human body because these measurements are made at diff
ent time moments.

4 Conclusions
Simple equipment based on self-mixing with the use of the
same LD was applied to record different cardiovascular pa

Table 1 Pulse delay measured from different locations of human
body.

Pulse
Location

Measuring
point

Pulse Delay
(mean6SD) (s)

Heart rate
(mean6SD) beat/min

Right arm Mp4 0.22860.05 79.661.5

Mp5 0.18560.07 78.660.9

Left arm Mp1 0.21560.04 82.860.9

Mp2 0.17560.06 82.561.0

Right leg Mp6 0.35860.07 82.060.9

Left leg Mp3 0.35160.05 79.561.2
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rameters: pulse wave shape, pulse wave delay, and blood
From the results of experimental investigation of the meth
some general conclusions can be derived:

1. The self-mixing signal can be produced even when
length of the external cavity is much longer than t
longitudinal coherence length.

2. The level of the registered self-mixing signal depen
on the distance between the laser front facet and
target. The longitudinal intervals between maximum
have a value close to effective optical length of the la
cavity.

3. The self-mixing method has maximum sensitivity at t
laser excitation near threshold. The optimal conditio
for sensitivity provide a sufficient level for the registra
tion of the pulse wave profile and detection of sm
particles similar to blood cells.

4. The method is used for the noninvasive registration
pulse wave profile in different regions of the huma
body, and pulse wave delay time in different arteries

5. The method used requires the consideration of only
optical axis, in addition to the use of fewer optical com
ponents. It is self-aligning as well as self-detecting a
therefore this method presents a significant advant
in compactness, simplicity, and ease of alignment
comparison with the conventional methods for such a
plications. As a limitation of this method we must tak
into consideration that the maximum difference fr
quency did not shift outside the resonator mo
profile.12
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