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Sources of phase noise in homodyne and heterodyne phase modulation
devices used for tissue oximetry studies
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The objective of this study was to characterize sources of phase noise in homodyne and heterodyne
phase modulation devices~PMDs! used for tissue oximetry measurements. Each PMD incorporates
a laser diode modulated at a radio frequency in the 50–200 MHz range, an optical detector and a
homodyne/heterodyne phase sensitive detector. The intensity modulated light which propagates
through tissue is attenuated and undergoes a phase shift, which reflects the mean time of flight of the
photons through the tissue. The measured amplitude and phase can be used to determine
hemoglobin saturation in tissues using equations based on diffusion theory. Four studies were
performed to characterize the sources of phase noise. First, the signal to noise ratio was
characterized to determine if the PMDs are operating at the shot noise or detector noise limit.
Second, the accuracy of the three PMDs for measuring phase shifts in tissue were compared by
using them to measure the phase shift as a function of path length change in air, at a constant
amplitude, and at signal to noise ratios comparable to that measured from tissue. The third source
of noise measured was the phase shift that results from optical attenuation of the signal
~phase-amplitude cross talk! at a constant path length, to characterize intensity dependent phase
shifts in the PMDs. Finally, the interchannel interference of a dual wavelength PMD which uses
radio frequency multiplexing to perform phase measurements at two wavelengths simultaneously
was compared to that of a dual wavelength PMD which uses time multiplexing to perform phase
measurements at two wavelengths serially to determine the effect of each on phase error. ©1998
American Institute of Physics.@S0034-6748~98!01308-2#
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I. INTRODUCTION

In the near-infrared~NIR! spectral region, the number o
light scattering events in tissue is approximately two ord
of magnitude greater than the number of absorption eve
This allows light to penetrate several centimeters into
medium before being absorbed or emitted through bou
aries, therefore enabling sampling of large tissue volum
such as the breast, brain, and skeletal muscle. Endoge
chromophores include oxy and deoxy hemoglob
myoglobin, cytochrome oxidase, and water.1 The absorption
of light by these chromophores can be used to determ
important physiological indicators such as hemoglob
myoglobin oxygenation,2 blood volume changes,3,4 and
respiration.5 Tissue scattering is associated with microsco
variations in the tissue dielectric constant and is affected
the concentration of mitochondria in cells,6 cell size, and
volume fraction, and alterations in refractive indices of bo
intracellular and extracellular compartments due to chem
modulators, such as carbohydrates.7,8 Quantification of the
absorption and scattering properties of tissue can enable
quantification of important physiological markers.

Photon migration in tissue is a diffusion process
which discrete photons are either elastically scattered or
tally absorbed according to linear absorption and scatte
coefficients. These coefficients can be quantitatively
scribed using a model of light propagation based on the
fusion approximation to the radiative transfer theory, wh
is valid at distances from the light source much larger th
3040034-6748/98/69(8)/3042/13/$15.00
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the mean free path of light scattering.9 Although physico-
chemical descriptions of tissue scattering coefficients are
pirical, the absorption coefficient can be described as a fu
tion of the product of the extinction coefficient an
concentration of the chromophore; if more than one ch
mophore is present, the absorption coefficient is the sum
the absorption coefficients of contributing chromophores.10

The diffusion approximation can be used to calculate
absorption and scattering coefficients of tissue using
quency domain measurements of diffusely reflected light.11,12

A typical frequency domain apparatus incorporates a la
source with its intensity modulated at the megahertz f
quency range using a radio frequency~rf! oscillator and an
optical detector coupled to a phase sensitive detector.
intensity modulated light which propagates through tissue
attenuated and undergoes a phase shift. The phase shift o
detected signal reflects the mean time of flight of the phot
propagating through the tissue~5–10 ns! and the amplitude
of the signal reflects the attenuation characteristics of
medium. Tissue absorption and scattering can be determ
from the amplitude and phase using the diffusi
equation.13,14

Our objective is to compare the sources of phase nois
three types of frequency domain apparatuses~differing
mainly by the method of phase detection employed by ea!,
which we will refer to here as phase modulation devic
~PMDs!. These PMDs are specifically designed to meas
and quantify hemoglobin saturation~percentage of hemoglo
2 © 1998 American Institute of Physics
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TABLE I. Characteristics of the of the 140~1!, 200 ~2!, and 50.1~3! MHz phase modulation devices~PMDs!.

PMD

Radio
frequency

~MHz!

Laser
diode
~nm!

Modulation
~%!

Laser
power
~mW!

Delivered
laser power

~mW!
Optical
detector

Frequency at
optical detector

~MHz! Phase detector
Frequency at phase

detector~MHz!

1 140 786 90 10 20 APD 140 In phase and 140
Hom 830 30 40 R928, T08 140 quadrature 140
2 200 754 90 5 10 R928 0.054 Zero crossing 0.054
Het 816 5 10 0.023 0.023
3 50.1 786 90 10 20 T08 50.1 Zero crossing 0.10
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bin that is oxygenated! in tissues, at wavelengths betwee
750 and 850 nm, where oxygenated/deoxygenated he
globin are the primary absorbers. Typically, tissue hemog
bin concentrations range from 0 to 100mM and the clini-
cally relevant PO2 range is between 20 and 50 mm Hg15

Sevicket al.15 have used time domain spectroscopy to m
sure photon path lengths as a function of PO2 of a solu-
tion containing 27mM hemoglobin, 0.5% intralipid, and
0.01% yeast added to consume oxygen~scattering coeffi-
cient: ms857.25 cm21). The results indicate that as the PO2

is increased from 20 to 60 mm Hg, the path length chang
1 cm at 754 nm and 0.25 cm at 816 nm. If a PMD modula
at 200 MHz is used to make these measurements, the
length changes would correspond to a phase shift of 3.25
754 nm and 0.8° at 816 nm, assuming that the velocity
light in tissue is approximately 22 cm/ns.15 These small
phase shifts suggest that sources of noise in phase mea
ments need to be characterized and minimized for hemo
bin saturation quantification.

Four studies were performed to characterize the sou
of phase noise in the three PMDs. First, the signal to no
ratio was characterized to determine if the PMDs are ope
ing at the shot noise or detector noise limit. Second,
accuracy of the three PMDs for measuring phase shifts
tissue were compared by using them to measure the p
shift as a function of path length change in air~theoretical
value can be obtained from the velocity of light in air!, at a
constant amplitude and at signal to noise ratios compar
to that measured from tissue. The third source of noise m
sured was the phase shift that results from optical attenua
of the signal~phase-amplitude cross talk! at a constant path
length, to characterize intensity dependent phase shifts in
PMDs. The final objective was to compare the interchan
interference of a dual wavelength PMD which uses f
quency multiplexing to perform phase measurements at
wavelengths simultaneously to that of a dual wavelen
PMD which employs time multiplexing to perform phas
measurements at two wavelengths serially to determine
effect of each on phase measurements. These studies fo
and expand on the work of several groups who have p
formed studies to quantify the performance of frequency
main instrumentation.16–18 In particular, Fantiniet al.16 have
done a series of systematic tests to quantify the precision
accuracy of phase and amplitude measurements using
frequency domain spectrometer for the optical character
tion of biological tissues. Yokoyomoet al.17 and Pogue
et al.18 have shown previously in phase-amplitude cross-t
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tests that optical detectors including both avalanche ph
diodes ~APDs! and photomultiplier tubes~PMTs! used in
PMDs can cause an intensity dependent phase shift in
modulated signal transiting the optical detector.

II. INSTRUMENTATION

Table I summarizes the characteristics of the th
PMDs. The 140 MHz PMD~1! is a homodyne unit which
employs in-phase and quadrature~I&Q ! circuitry for phase
detection of the optical signal modulated at the rf, where
the 50.1 MHz PMD~3! employs heterodyning in a mixer a
the output its optical detector to convert the optical sig
modulated at the rf into an audio frequency range prior
phase detection with a zero crossing detector. The 200 M
PMD ~2! also employs heterodyning but by the injection o
rf signal at a slightly offset frequency~required to produce
the heterodyne signal! at the second dynode stage of its PM
prior to phase detection with a zero crossing detector.

Laser diodes have been employed as these light sou
can be modulated at high frequencies~up to 300 MHz! with
modulations approaching 100%. The wavelengths sele
coincide with the absorption bands of oxygenated a
deoxygenated hemoglobin in the NIR window as the
PMDs are primarily used for tissue oximetry studies. T
laser powers range from 5 to 30 mW, and the laser po
delivered to the tissue ranges from 10 to 40mW.

Three optical detectors were evaluated. The R928 P
~Hamamatsu, R928! has an extended red response. Howev
the frequency response of this PMT declines at around
MHz. The T08 PMT~Hamamatsu, R5600-01! has a parallel
dynode structure which provides a better frequency respo
up to 400 MHz. However, its cathode has a decreased q
tum efficiency above 810 nm. Avalanche photodiod
~APDs! ~Hamamatsu, C5331, operating voltage: 5 V, ga
setting: 4.53104 V/W, temperature stability:62.5% be-
tween 15 and 35 °C! have a larger bandwidth~up to 1 GHz!
than R928 and T08 PMTs and have built in amplifiers wh
provide output signals within the range of low gain PMT
However, the APD has a 0.25 mm2 aperture which decrease
optical coupling efficiency.

~i! 140 MHz PMD: Figure 1 shows a schematic of th
dual wavelength 140 MHz PMD. A 140 MHz rf oscillato
~Wilmanco, VS-A-140.0, 13 dBM! is used to sinusoidally
modulate two laser diodes operating at 786 and 830
~Sharp Laser Diodes, LT031MD, 10 mW; LT024MD, 1
mW!, respectively, using a 10 Hz electromechanical swit
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 1. 140 MHz phase modulation device.
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The intensity modulated light is delivered to the tissue fro
both laser diodes using a bifurcated fiber-optic bundle. T
phase shifted and attenuated optical signal from the samp
delivered via a second fiber-optic bundle to the optical
tector~the 140 MHz PMD was evaluated using all three o
tical detectors described previously!.

The output of the optical detector is amplifie
~Hamamatsu, C5594-22, 36 dB gain!, filtered and then deliv-
ered to an I&Q demodulator~Mini-Circuit, MIQY-140D!.
The 140 MHz oscillator also provides a reference sig
through the use of a 50/50 power splitter to the I&Q d
modulator. The dc outputs of the I&Q demodulator,I andQ,
which are the cosine and sine components of the phase
amplitude are filtered using a low pass filter with a 10
band width and then digitized by an analog to digital co
verter ~Real Time Devices, 2210!. The phase and amplitud
are then calculated by computer software. The details of I
demodulation are described in detail elsewhere.19
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~ii ! 200 MHz PMD: A schematic of the 200 MHz PMD
is illustrated in Fig. 2. Laser diodes at wavelengths of 7
and 816 nm are sinusoidally modulated by two constructe
oscillators~14 dBM! operating at 200.054 and 200.023 MH
respectively. The phase shifted and attenuated optical sig
from the sample are delivered to an R928 PMT. A referen
signal at 200 MHz generated by a third constructed rf os
lator ~14 dBM! is coupled to the second dynode stage of
PMT through a resonant circuit of 10 kV impedance to pro-
vide heterodyne mixing with the signals at 200.054 a
200.023 MHz with 50% modulation. The resulting signals
a frequency of 54 kHz at 754 nm and 23 kHz at 816 nm
coupled to a constructed amplifier~20 dB gain! and sepa-
rated using appropriate bandpass filters centered at 55 an
kHz, respectively. The phase shift of these signals is m
sured by a zero crossing pulse that triggers a sawtooth w
form which is terminated by the reference pulse provided
the mixing of the 200 MHz rf signal with those at 200.05
FIG. 2. 200 MHz phase modulation device.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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and 200.023 MHz, respectively. Output voltages repres
ing the phase and amplitude at both frequencies measur
a 30 Hz bandwidth are plotted on a strip chart recorder.

~iii ! 50.1 MHz PMD: Figure 3 shows a schematic of t
50.1 MHz PMD. The output signals from a 50 MHz rf o
cillator ~Texas Instruments, 2N3904! and a 100 kHz oscilla-
tor ~Texas, Instruments, MC1350! are mixed in an SBL-
diode mixer to produce the 50.1 MHz rf signal. The output
the mixer passes through a 50.1 MHz filter which elimina
the lower side bands and is amplified by a second ampl
~Texas Instruments, NE592!. A 786 nm wavelength lase
diode ~Sharp Laser Diodes, LT031MD, 10 mW! is sinusoi-
dally modulated by the rf signal~12 dBM! at 50.1 MHz. The
phase-shifted and attenuated optical signal is delivered
T08 PMT. The output of the PMT is coupled to two lo
noise amplifiers~Mini-Circuits, MAN1LN, 30 dB gain! with
a 50.1 MHz bandpass filter with a 1 kHz bandwidth, betwee
them to ensure that there is no noise loading of the sec
amplifier. The 50.1 MHz signal is combined in a mixer wi
a reference signal from the 50 MHz rf oscillator to produc
signal at 100 kHz. This output is further amplified by tw
amplifiers ~Texas Instruments, NE592!, with a 100 kHz, 1
Hz bandwidth filter between them. The phase shift of
output signal is measured using a zero-crossing phase d
tor ~Krohn–Hite, 6220B! with respect to a reference sign
from the 100 kHz oscillator. Output voltages representing

FIG. 3. 50.1 MHz phase modulation device.
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phase and amplitude measured in a 1 Hzbandwidth are plot-
ted on a strip chart recorder.

III. EXPERIMENTAL METHODS

A simple optical apparatus was used to test the per
mance of the three PMDs described above. The optical
paratus consists of two plano convex lenses: the first l
~focal length: 7.5 cm, diameter: 5 cm! serves to collimate the
illumination from the fiber-optic bundle~diameter: 1 cm, nu-
merical aperture: 0.55! which is coupled to the modulate
laser diode; the second lens focuses the collimated b
onto a second fiber-optic bundle~focal length: 7.5 cm, diam-
eter: 5 cm! which is coupled directly to the optical detecto
used in the PMD. Neutral density filters of O.D., 0.1, 0
0.5, and 1.0 were used for the purpose of attenuating
optical signals in a calibrated manner during the various
perimental studies.

~i! Signal to noise ratio: The first goal was to charact
ize the relationship between the signal and noise measure
the output of the optical detector~s! used in each of the thre
PMDs. The signal and corresponding noise were measu
over a wide signal range in the optical detector. The sig
incident on the optical detector was incrementally chang
by uniformly attenuating the optical signal in the collimate
region between the two lenses by neutral density filters
O.D., 0.1, 0.3, 0.5, and 1.0. The corresponding signal
noise at the output of the optical detector were measu
using a spectrum analyzer~Hewlett Packard, 8554B! at a
fixed bandwidth before and after the addition of each neu
density filter.

The signal to noise ratio~SNR! was calculated according
to the following equation:

SNR5
Sac2Nac

Nac
, ~1!

where,Sac is the photocurrent corresponding to the ac sig
and Nac is the photocurrent corresponding to the ac no
measured at the output of the optical detector.

~ii ! Phase shift as a function of path length change in
The accuracy of each PMD for performing phase measu
ments was characterized by using it to measure the velo
of light in air. The following equation relates the phase sh
measured per unit path length change in air to the velocity
light:

Df52pF
DL

c
or

Df

DL
52pF

1

c
~2!

where,Df is the phase shift in radians,F is the frequency of
the modulated laser source,c is the velocity of light in air
which is 2.9979E110 cm/s andDL is the path length
change in air.

Each PMD was used to measure the phase shift a
function of path length change in air using the optical ap
ratus. The path length change in air was achieved by cha
ing the distance between the two lenses of the optical ap
ratus from an initial separation of 3 cm to a final separat
of 7 cm in 1 cm increments. Increasing the separation wh
the beam is collimated ensured that at each path length
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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sition, the amplitude loss was negligible. This was done
eliminate any intensity dependent phase shifts. The ph
shift and signal to noise ratio was measured at each
length position. The experimental phase shift as a functio
path length change in air was fit to a linear function, t
slope of which was compared to the theoretical phase s
per unit length change in air calculated using Eq.~2!.

The phase shift per unit path length change in air w
measured over a range of signal to noise ratios which
achieved by attenuating the signal incident on the opt
detector using neutral density filters. When a PMT was us
the phase shift as a function path length change in air
also measured as a function of several high voltages. Furt
more, the phase shift per unit path length change in air
compared between different types of optical detectors u
with the same PMD in order to make a direct comparis
between them.

Finally, in order to compare the phase measurement
curacy of the three PMDs and corresponding optical de
tors at a signal to noise ratio that is comparable to meas
ments made from biological tissues, the three PMDs w
used to measure the signal from the forehead of a hu
volunteer at several source and detector separations ran
from 2 to 5 cm. The phase measurement accuracy of
three PMDs was determined by evaluating the error in th
measurement of phase shift per unit path length change i
at a signal to noise ratio similar to that obtained from t
forehead of the volunteer at a source and detector separ
of 3 cm. The signal to noise ratio obtained from this me
surement was considered to be representative of typical
nal to noise ratios measured from tissues,in vivo.

~iii ! Phase shift as a function of amplitude attenuat
with and without dynode feedback: Each PMD and cor
sponding optical detector was used to measure phase sh
a function of amplitude attenuation using the optical appa
tus. The signal incident on the optical detector was inc
mentally attenuated using neutral density filters of O.D. 0
0.3, 0.5, and 1 between the two plano convex lenses.
path length between the two lenses in the collimated par
the beam was maintained at a constant separation of 3
During the experiment, the phase shift, amplitude, and sig
to noise ratio were measured before and after the additio
each neutral density filter. When a PMT was used, the d
were measured as a function of several high voltages.
thermore, the phase shift as a function of amplitude atten
tion was measured using a single PMD with different opti
detectors of the same type as well as with the three diffe
types of optical detectors.

A dynode feedback loop which regulates the dyno
voltages to produce a predetermined constant signal ou
level in the PMT12 was incorporated into the 200 MHz PMD
to test the feasibility of using this technique to overcome
phase shift due to amplitude attenuation in the optical de
tor. Dynode feedback has the advantage that~1! the amplifier
and phase detector are supplied with a constant signal i
and thus have a minimal contribution to drift or phase sh
and ~2! although, there is a change in the transit time de
with a change in the dynode voltage of the PMT, this is
reproducible quantity that depends on the physical charac
Downloaded 04 Jun 2002 to 144.92.12.64. Redistribution subject to AI
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istics of electron multiplication. The 200 MHz PMD with
dynode feedback was used to measure the phase shift
function of amplitude attenuation using the optical appara
The phase shift, the corresponding high voltage, and the
nal to noise ratio were measured before and after the add
of each neutral density filter. The phase shift measured
function of high voltage using dynode feedback was co
pared to the phase shift due to amplitude loss at a fixed h
voltage over the same optical attenuation range, using
200 MHz PMD.

~iv! Interchannel interference of dual wavelength PM
which employ frequency multiplexing versus time multiple
ing: The final objective was to compare the interchannel
terference of a dual wavelength PMD which uses freque
multiplexing to perform optical measurements at two wav
lengths simultaneously versus a dual wavelength PM
which employs time multiplexing to perform optical me
surements at two wavelengths serially.

The first goal was to characterize the harmonics and
termodulation products of the heterodyned frequency
coded signals at both wavelengths and evaluate their e
on interchannel interference in the 200 MHz PMD. Using
spectrum analyzer, three specific experiments were
formed ~at a high voltage of 740!: ~1! only the modulated
laser source at 754 nm was turned on; the frequency s
trum of the corresponding dynode demodulated signal a
kHz was evaluated at the output of the 55 kHz bandpass fi
as well as at the output of the 23 kHz bandpass filter~to test
the leakage!, ~2! the previous experiment was repeated w
only the modulated laser source at 816 nm turned on, and~3!
both modulated laser sources were turned and the frequ
spectrum from both the 55 and 23 kHz bandpass filters w
measured.

Next, the interchannel interference of these harmon
and intermodulation products was evaluated on the meas
ment of phase shift as a function of path length change in
With both modulated laser sources on, the optical sig
from both sources was appropriately attenuated such tha
signal in the optical detector due to both sources was equ
lent. The phase shift as a function of path length change
air was measured at both wavelengths simultaneously as
scribed previously, at a high voltage of 740. This experim
was repeated at different signal to noise ratios by chang
the signal incident on the optical detector.

The final goal was to evaluate the interchannel interf
ence of the harmonics and intermodulation products on
measurement of phase shift as a function of amplitude
tenuation. The amplitude-phase relationship discussed pr
ously is the resulting phase shift due to an amplitude loss
the optical signal at the same wavelength~primary wave-
length!. In the presence of interchannel interference, th
will be an additional contribution to the phase shift due
amplitude losses of the optical signal at the other wavelen
~secondary wavelength!. To test this hypothesis, a fibe
bundle from the primary wavelength source was coupled
rectly to one leg of a bifurcated fiber-optic bundle, the co
mon end of which is connected to the PMT. An optical fib
bundle from the secondary wavelength source was cou
through the collimated optical apparatus described pre
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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ously to the second leg of the bifurcated fiber-optic bund
Initially, the optical signals from both laser sources we
appropriately attenuated such that the signal incident on
optical detector from both sources was equivalent. Then
keeping the signal at the primary wavelength constant,
optical signal from the secondary wavelength source was
crementally changed by placing neutral density filters
O.D. 0.1, 0.3, 0.5, and 1.0 in the collimated part of the bea
The phase and amplitude at both wavelengths were meas
at the output of the 25 and 55 kHz bandpass filters at e
attenuation step.

To compare time multiplexing to frequency multiple
ing, an experiment was done to characterize~1! the phase
shift as a function of path length change in air and~2! the
phase shift as a function of amplitude attenuation using
dual wavelength 140 MHz PMD with the APD which us
an electromechanical switch to alternate between the
wavelength sources. The results obtained from this st
were compared to analogous results obtained from the
quency encoded 200 MHz PMD, to compare the interchan
interference effects of each.

IV. RESULTS

~i! Signal to noise characteristics: Figure 4 displays
perimental data and corresponding fits of the ac noise
function of the ac signal measured at the output of the T
PMT and APD used in conjunction with the 140 MHz PM
at 786 nm~a bandwidth of 2.5 kHz was used to reduce t
effect of 1/f noise!. Figure 4 indicates that at a high voltag
of 740 and 850 of the PMT, the noise is related to the squ
root of the ac signal which is reflected by the functional fo
of the fits. Therefore, the quantum fluctuations in the
tected light impose an ultimate limit on the signal to no
ratio. However, when the T08 PMT is used at a high volta
of 500 or when an APD is used, the noise is independen
the ac signal, indicating that the signal to noise ratio is
tector noise limited. Similar experiments performed with t
R928 PMT demonstrated that the signal to noise ratio is s
noise limited at high voltages greater than 640. Figure
demonstrates that there is an excellent agreement betw

FIG. 4. Experimental data and corresponding fits of the noise as a fun
of ac signal measured at the output of the T08 PMT and APD opt
detectors used in conjunction with the 140 MHz APD at 786 nm~HV is high
voltage!. A bandwidth of 2.5 kHz was used to reduce the effect of 1/f noise.
Downloaded 04 Jun 2002 to 144.92.12.64. Redistribution subject to AI
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the experimental data and corresponding fits; this is rep
sentative of fits to similar experimental data obtained w
the other PMDs and corresponding optical detectors.

~ii ! Phase shift as a function of path length change in
The phase shift as a function of path length change in air
measured with all three PMDs and corresponding optical
tectors. Figure 5 shows the experimental data and co
sponding linear fits of the phase shift versus path len
change in air measured at a high and low signal to noise r
~10 Hz bandwidth! using the 140 MHz PMD and APD at 78
nm. Figure 5 shows that there is good agreement between
experimental data and the corresponding fits. These are
cal of fits to similar experimental data obtained with t
other PMDs and corresponding optical detectors. Note th
small degradation of the fit is observed at the lower signa
noise ratio in Fig. 5. This can be explained by the fact tha
the signal to noise ratio decreases, the uncertainty in
phase shift as a function of path length change increa
hence resulting in a poorer fit to the theoretical model.

Figure 6 displays the phase shift per unit path length
air (Dw/DL) measured as a function of signal to noise ra
~10 Hz bandwidth! using the 140 MHz PMD and APD at 78
nm. The solid line represent the theoretical value ofDw/DL,
calculated from Eq.~2! and the dotted lines represent a
incremental error of 10% relative to the theoretical valu
The experimentalDw/DL was extracted from the slope o
the linear fit to the experimental data. Figure 6 illustrates t
the error inDw/DL increases as the signal to noise ra
decreases reflecting the inverse relationship between t
two parameters.

Figures 7~a!–7~c! display the signal to noise ratio as
function of source-detector separation on the forehead
human volunteer measured with the three PMDs. The sig
to noise ratio was calculated from the ac signal and no
measured at the output of the optical detector~2.5 kHz band-
width!. Figure 7~a! compares the signal to noise ratio me
sured as a function of source-detector separation using t
different optical detectors with the 140 MHz PMD at 78

on
l

FIG. 5. Experimental data and corresponding linear fits of the phase sh
a function of path length change in air measured at high and low signa
noise ratio~bandwidth is 10 Hz! using the 140 MHz PMD and APD at 786
nm.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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nm. Note that both the APD and R928 PMT display a sig
to noise ratio ranging from 10 to 1 as the source-dete
separation increases from 2.5 to 3.5 cm. The T08 PMT h
signal to noise ratio that is more than twice that of the AP
and R928 PMT at a similar source-detector separation.

Figure 7~b! displays the signal to noise ratio as a fun
tion of source-detector separation measured with the
MHz PMD and R928 PMT at 754 nm. The signal to noi
ratio ranges from 40 to 20 for a source-detector separa
ranging from 2.5 to 3.5 cm. A comparison of the 200 MH
PMD to the 140 MHz PMD used with the same R928 PM
indicates that for a source-detector separation of 3 cm
example, the latter PMD has approximately a factor of fo
lower signal to noise ratio. This may be attributed to the f
that the signal loss in the R928 PMT is more significant d
to the higher modulation frequency of the signal.

Figure 7~c! displays the signal to noise ratio as a fun
tion of source-detector separation for the 50.1 MHz PM
and T08 PMT at 786 nm. For a source-detector separa
ranging from 2.5 to 3.5 cm, the signal to noise ratio rang
from 70 to 10~at a high voltage of 850!. Note that the signa
to noise ratio at a particular source and detector separatio
highly dependent on the gain of the PMT. A comparison
this PMD to the 140 MHz PMD used with the T08 PM
indicates that for a source-detector separation of 3 cm,
latter PMD has a factor of two lower signal to noise ratio~at
a high voltage of 850!. Again, this is attributed to the in
creased losses in the R928 PMT at the higher modula
frequency of 140 MHz.

Table II provides the accuracy of the three PMDs
measuringDw/DL in air at signal to noise ratios that ar
similar to that measured from the forehead of a human v
unteer at a source-detector separation of 3 cm. Signa
noise ratios have been recalculated in a 1 Hzbandwidth for
the purpose of comparison between the different PMDs
corresponding optical detectors. Evaluation of all thr
PMDs and corresponding optical detectors indicate that
error in Dw/DL increases as the high voltage increases
comparison between the three optical detectors used with

FIG. 6. Phase shift per unit path length change in air measured as a fun
of signal to noise ratio~bandwidth is 10 Hz! using the 140 MHz PMD and
APD at 786 nm.
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140 MHz PMD indicates that the APD has the lowest pha
measurement accuracy while the R928 PMT demonstr
the highest. A comparison between the 200 MHz PMD w
the R928 PMT~at a high voltage of 640! and the 140 MHz
PMD with the R928 PMT~at a high voltage of 740! indicates
that the latter PMD has approximately a factor of two i
crease in phase error. A comparison between the 50.1 M
PMD with the T08 PMT~at a high voltage of 740! and the
140 MHz PMD with the T08 PMT~at a high voltage of 740!
indicates that the latter PMD has approximately a factor
three increase in phase error. Note that the 200 MHz P

ion

FIG. 7. Signal to noise ratio as a function of source and detector separ
on the forehead of a human volunteer using~a! the 140 MHz PMD with all
three optical detectors,~b! 200 MHz PMD with the R928 PMT and~c! 50.1
MHz PMD with the T08 PMT. The signal to noise ratios were measured
the output of the optical detectors using a bandwidth of 2.5 kHz.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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Downloaded 04 
TABLE II. The accuracy of the three phase modulation devices~PMDs! for measuring phase shift per unit pat
length change in air (f/L) at SNR~recalculated in a 1 Hzbandwidth! comparable to measurements from th
forehead of a human volunteer at a source and detector separation of 3 cm.

PMD
Optical
detector

High
voltage~V! SNR

Measuredf/L
~°/cm!

Error in f/L
~°/cm!

Error in f/L
~%!

140 MHz PMD APD N/A 50 3.2 1.52 90
~786 nm!

R928 740 125 1.4 0.2 12
850 250 1.2 0.4 23

T08 740 550 1.23 0.36 21
850 600 0.62 1 60

200 MHz PMD R928 640 1250 2.32 0.08 3.33
~754 nm!

740 750 2.22 0.18 7.50
850 1250 2.714 0.314 13

50.1 MHz PMD T08 500 50 SNR too low ¯ ¯

~786 nm!
740 750 0.55 0.05 8
850 1250 0.56 0.04 6.67
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and the 50.1 MHz PMD demonstrate comparable phase m
surement accuracies at equivalent high voltages. The b
for the superior performance of these two PMDs relative
the 140 MHz PMD is the superior signal to noise ratio
these systems under similar experimental constraints.

~iii ! Phase shift as a function of amplitude attenuation
the absence of a path length change: The phase shift du
amplitude attenuation was measured and characterized u
the three PMDs and corresponding optical detectors. Fig
8 displays the experimental data measured using the
MHz PMD and R928 PMT at 754 nm, at a high voltage
640 and bandwidth of 30 Hz. The data were fit to the f
lowing function:

Df5
k

I
, ~3!

where, I is the ac photocurrent at the output of the optic
detector andk is the free parameter of the fit, which in th
case was 2.3. Note that a constant value of 1 was adde
the experimental phase data for fitting purposes, since

FIG. 8. Experimental data and corresponding fit of the phase shift meas
as a function of amplitude attenuation~achieved with a series of neutra
density filters of O.D. 0.1, 0.3, 0.5, and 1.0 with resulting correspond
signal to noise ratios of 450, 350, 280, and 100, respectively! at a high
voltage of 640 V~bandwidth is 30 Hz!.
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initial phase was zero after base line subtraction. Evalua
of Fig. 8 indicates that the phase shift varies inversely w
the ac signal in the optical detector as reflected by the fu
tional form of the fit. Figure 8 demonstrates that there
good agreement between the experimental data and c
sponding fit and this is representative of fits to experimen
data obtained with the other PMDs and optical detectors

In order to compare the phase shift due to amplitu
attenuation between the different PMDs, the phase shift
measured over a 1.0 O.D. attenuation range using each P
and corresponding optical detector~s!. A singular value of
phase shift per unit amplitude attenuation was determined
subtracting the phase shift measured at a 1 O.D. attenuation
from the phase shift measured in the absence of attenua
with each PMD. Although the phase shift is not linearly r
lated to attenuation represented in O.D., denoting the ph
shift per amplitude attenuation in these units allows fo
comparison to be made between the different PMDs, si
this is the common denominator in all the measurements

Table III compares the phase shift per unit amplitu
attenuation (Dw/M ) of the three PMDs and correspondin
optical detectors. Evaluation ofDw/M in the 200 MHz PMD
with the R928 PMT indicates that it is approximately 4.5
O.D. and decreases slightly with increasing high volta
when the photocurrent in the PMT in the absence of atte
ation is the same at all three high voltages. A comparison
Dw/M measured using the three different optical detect
with the 140 MHz PMD indicates thatDw/M of the APD is
comparable to that of the R928 PMTs at similar signal
noise ratios, which is in the range of 10–20°/O.D. Howev
a comparison ofDw/M of the T08 PMT to that of both the
APD and R928 PMT at similar signal to noise ratios ind
cates that it is almost an order of magnitude lower at all th
high voltages. Evaluation of the T08 PMT when used w
the 50.1 MHz PMD indicates that itsDw/M is an order of
magnitude higher than when it is used in conjunction w
the 140 MHz PMD. Furthermore, it is also higher than th
of the other optical detectors used with their correspond
PMDs. It is speculated that the large phase shifts obser

ed

g
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TABLE III. A summary of the phase shift per unit amplitude attenuation (f/M ) measured with all the three phase modulation devices~PMDs! and
corresponding optical detectors.I 0 represents the ac signal in the optical detector in the absence of calibrated attenuation~using neutral density filters! and
SNR represents the corresponding signal to noise ratio recalculated in a 1 Hzband width.

PMD
Optical
detector

High
voltage

~V!
I 0

~mA! SNR
f/M

~°/O.D.!

200 MHz PMD ~754 nm! R928 ~1! 640 3.7 2600 5.34
740 3.5 1900 4.5
850 3.3 1350 3.5

140 MHz PMD ~786 nm! APD N/A 60 7450 9.718
R928~1! 500 16 13300 17.27

740 32 7950 11.002
850 64 5650 9.626

R928~2! 500 23 290 16.17
740 40 100 12.23

T08~1! 500 27 230 1.982
740 18 50 1.06
850 32 50 0.95

T08~2! 740 55 140 2.41
850 36 45 1.834

50.1 MHz PMD~786 nm! T08~1! 500 36 300 31.3
740 42 75 35.7
850 48 60 40.3
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here may be attributed to additional phase shifts through
rf electronics in the 50.1 MHz PMD.

Finally, a comparison was made between two differ
optical detectors of the same type, used with the same P
to determine what the variability inDw/M is. The two R928
PMTs ~1! and~2! used with the 140 MHz PMD indicate tha
for a similar signal level in the PMT~in the absence of at
tenuation! and at the same high voltage, theDw/Ms of both
optical detectors are similar to within 10%. A comparis
between the two T08 PMTs~1! and ~2! used with the 140
MHz PMD indicates that the phase shift due to PMT~1! is a
factor of two greater than that due to PMT~2! at a similar
signal level in the PMT and at the same high voltage of 8

The results in Table III indicate that the phase shift a
function of amplitude attenuation is significant in all thr
optical detectors used with their corresponding PMDs. F
thermore, the phase shift is inversely related to the ac sig
in the optical detector suggesting that a linear relations
cannot be used to describe the relationship between p
shift and amplitude attenuation. Finally, the relationship
tween phase shift and attenuation is a function of the gai
the optical detector. Although in principle, a look up table
phase error corrections can be developed to rectify this p
lem, the dependence of phase shift on both photocurrent
gain makes this difficult to implement. An alternate soluti
is to use the principle of dynode feedback to maintain
constant signal output from the optical detector such t
intensity dependent phase shifts are eliminated.

Dynode feedback was incorporated into the 200 M
PMD to regulate the high voltage such that a constant sig
was maintained at the output of the PMT.12 The phase shift
as a function of high voltage change~amplitude attenuation!
was then measured over a 1.0 O.D. range of amplitude
tenuation and is shown in Fig. 9. Figure 9 indicates that th
is a linear relationship between phase shift and high volta
This phase shift is due to the transit time delay in the PM
Downloaded 04 Jun 2002 to 144.92.12.64. Redistribution subject to AI
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which is a function of the high voltage and is approximate
0.2°/V.

Figure 10 compares the phase shift measured as a f
tion of amplitude attenuation represented in O.D.~a! in the
presence of dynode feedback and~b! in the absence of dyn
ode feedback at a fixed high voltage~640 V!, using the 200
MHz PMD. Note that the signal to noise ratio range ov
which the signal is attenuated for both measurements is id
tical ~signal to noise ranges from 450 to 100, measured i
30 Hz bandwidth!. Evaluation of Fig. 10 indicates that th
phase shift due to amplitude attenuation and hence, h
voltage change has a linear relationship with O.D., but
phase shift due to amplitude attenuation at a fixed high v
age has a nonlinear relationship with O.D. Furthermore,
nonlinearity varies as a function of high voltage. Althoug
the phase shift as a function of a change in the high volt
is significant, it can be characterized by just one simple
ear function that relates phase shift to high voltage over

FIG. 9. Phase shift measured as a function of high voltage using the
MHz PMD with dynode feedback.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



io

Ds
th
e

g

s
y

he
f
te
c
y

of

xi
it
o

-

55
are
at-
an

25

ics
5%
d-
133
23
l at

816
4

re-
e in
z

nal
er-
rror

to
at a
ise
th

de

at
m.
tral
ed
oint
e at
ure
nm
nm.
loss

-
he
s,
nd

th
ser
ical

s a
e

he

d
z

3051Rev. Sci. Instrum., Vol. 69, No. 8, August 1998 Ramanujam et al.
range that is typically used during measurements from b
logic media.

~iv! Interchannel interference of dual wavelength PM
with frequency and time multiplexing: Dual waveleng
PMD with frequency multiplexing: Figure 11 displays th
fast Fourier transform~FFT! of the heterodyne~dynode de-
modulated! signals from the 200 MHz PMD correspondin
to the wavelengths at~a!-~b! 754 nm~the 816 nm laser diode
is turned off! and~c!–~d! 816 nm~the 754 nm laser diode i
turned off!. Figure 11~a! displays the fundamental frequenc
~54 kHz! and corresponding harmonics~which account for
51% of the signal! at 754 nm, measured at the output of t
55 bandpass kHz filter. Figure 11~b! displays the leakage o
this signal through the 25 kHz bandpass filter and indica
that only a very small fraction of the fundamental frequen
is detected. Figure 11~c! displays the fundamental frequenc
~23 kHz! and corresponding harmonics~which account for
53% of the signal! at 816 nm, measured from the output
the 25 kHz bandpass filter. Figure 11~d! displays the leakage
of this signal through the 55 kHz bandpass filter. Appro
mately 20% of the fundamental frequency and 65% of
second harmonic leak through; 50% of the leakage is c
tributed by the second harmonic.

Figures 12~a! and 12~b! display the FFT of the hetero

FIG. 10. Phase shift as a function of amplitude attenuation measure~a!
with dynode feedback and~b! at a fixed high voltage, using the 200 MH
PMD and R928 PMT. The signal to noise ratio ranges from 450 to 100~30
Hz bandwidth! for both measurements.
Downloaded 04 Jun 2002 to 144.92.12.64. Redistribution subject to AI
-

s
y

-
s
n-

dyne signal measured at the output of the 25 kHz and the
kHz bandpass filters, respectively, when both laser diodes
simultaneously on. The laser diodes were appropriately
tenuated such that the signal in the optical detector had
equivalent contribution at both wavelengths. Figure 12~a! in-
dicates that the leakage of the 54 kHz signal through the
kHz bandpass filter is negligible while Fig. 11~b! indicates
that the leakage from the 23 kHz signal and harmon
through the 55 kHz bandpass filter accounts for almost 2
of the 54 kHz signal. Also, the output of the 55 kHz ban
pass filter contains amplitudes at frequencies of 85 and
kHz which correspond to intermodulation products of the
and 54 kHz signals. In summary, the heterodyne signa
754 nm has a significant contribution from~1! the fundamen-
tal frequency and harmonics of the heterodyne signal at
nm and~2! the intermodulation products of the 23 and 5
kHz signals.

The effect of interchannel interference on the measu
ment of the phase shift as a function of path length chang
air (Dw/DL) was evaluated at 754 nm using the 200 MH
PMD ~a high voltage of 740 V was used!. Table IV displays
Dw/DL in air at different signal to noise ratios~30 Hz band-
width! in the absence of~only the 754 nm laser diode is on!
and presence of interchannel interference~754 and 816 nm
laser diodes are on!. The error inDw/DL is within 0.05° at a
signal to noise ratio of 360 and increases to 0.15° at a sig
to noise ratio of 90, in the absence of interchannel interf
ence. In the presence of interchannel interference, the e
in Dw/DL is almost a factor of five higher at a signal
noise ratio of 360 and decreases to a factor of three
signal to noise ratio of 90. Note, that at each signal to no
ratio, the signal output from the optical detector from bo
the 754 and 816 nm laser diodes was equivalent.

The effect of interchannel interference on the amplitu
and phase shift of the 54 kHz signal~754 nm! as a function
of amplitude attenuation of the 23 kHz signal~816 nm! was
evaluated next~a high voltage of 740 V was used!. Figures
13~a! and 13~b! illustrate the amplitude and phase shift
754 nm, respectively, for amplitude attenuation at 816 n
Amplitude attenuation at 816 nm was achieved using neu
density filters while the amplitude at 754 nm was maintain
at a constant value. Note that there is an additional data p
on each graph which indicates the amplitude and phas
754 nm, when the 816 nm laser diode is turned off. Fig
13~a! indicates that an approximate 1.0 O.D. loss at 816
results in an amplitude loss of less than 0.02 O.D. at 754
However, the phase shift at 754 nm due to an amplitude
of approximately 1.0 O.D. at 816 nm@Fig. 13~b!# is more
than 0.9°.

~v! 140 MHz dual wavelength PMD with time multi
plexing: To test the advantage of time multiplexing over t
use of frequency multiplexing in multiwavelength PMD
experiments were performed using the 140 MHz PMD a
APD to characterize~1! the phase shift as a function of pa
length change in air when both the 786 and 830 nm la
diodes are operated serially using an electromechan
switch and~2! the amplitude and phase shift at 786 nm a
function of amplitude attenuation at 830 nm. Note that tim
multiplexing is used to alternate the rf modulation of t
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 11. ~a!–~b! Fast Fourier transform~FFT! of the dynode demodulated signal at a frequency of 54 kHz~corresponding to the 754 nm wavelength las
source; the 816 nm wavelength laser source is turned off! measured from the output of the 55 and 25 kHz bandpass filters, respectively.~c!–~d! FFT of the
dynode demodulated signal at a frequency of 23 kHz~corresponding to the 816 nm wavelength laser source; the 754 nm wavelength laser source is tur!
measured from the output of the 23 and 55 kHz bandpass filters, respectively.
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laser diodes; hence the dc signal from the laser diode
continuously on and does contribute to shot noise.

Table V displaysDw/DL in air at different signal to
noise ratios~10 Hz bandwidth! in the absence of interchann
interference~only the 786 nm laser diode is on! and the
presence of interchannel interference~both the 786 and 830
nm laser diodes are on!. In the absence of interchannel inte
ference, the error inDw/DL is within 0.12° at a signal to
noise ratio of 2120 and increases to 0.42° at a signal to n
ratio of 950. In the presence of interchannel interference,
error inDw/DL is a factor of two higher at a signal to nois
ratio of 2120, and decreases to a factor of one and a half
signal to noise ratio of 950.

Next, the amplitude and phase shift at 786 nm were m
sured as a function of amplitude attenuation at 830 nm us
the 140 MHz PMD and APD. Figures 14~a! and 14~b! illus-
trate the amplitude and phase shift at 786 nm, respectiv
for amplitude attenuation at 830 nm. Figure 14~a! indicates
that the amplitude loss is less than 0.013 O.D. at 786 nm
an amplitude loss of approximately 0.8 O.D. at 830 nm. T
Downloaded 04 Jun 2002 to 144.92.12.64. Redistribution subject to AI
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phase shift at 786 nm is less than60.3° over an amplitude
increase of approximately 0.8 O.D. at 830 nm.

V. DISCUSSION

Application of PMDs for hemoglobin saturation quan
fication poses stringent requirements for accurately mea
ing phase shifts of intensity modulated light propagati
through tissues. A signal to noise ratio characterization of
three PMDs indicates that for the case in which a PMT
used, shot noise imposes an ultimate limit at high volta
typically used for biological measurements. These res
suggest that for the case in which the high gain PMT is us
the signal to noise ratio will increase only as the square r
of the signal input. Since the FDA regulations on the inte
sity of laser light used in typical type I medical devices in t
region of 650–900 nm is 20–100mW,12 the PMDs described
here are operating close to the practical limits.

The phase shift as a function of path length change in
was measured using the three PMDs and compared at a
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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nal to noise ratio comparable to measurements from the f
head of a human volunteer at a source and detector se
tion of 3 cm. A comparison of the 200 and 50.1 MH
heterodyne PMDs to the 140 MHz homodyne unit clea
indicates that heterodyning affords a superior phase meas
ment accuracy which is clearly a function of the signal
noise ratio. A comparison between the three optical detec
used with the 140 MHz PMD indicates that the APD has
lowest sensitivity while the T08 PMT has the highest sen
tivity. However, the R928 PMT demonstrates the small
phase measurement error at a comparable high voltage.

The phase shift due to amplitude attenuation is sign
cant for all three PMDs and corresponding optical detect
Yokoyama et al.17 who have performed phase-amplitud

FIG. 12. Frequency spectrum measured from the output of~a! the 25 kHz
and ~b! the 55 kHz bandpass filters, respectively, with both wavelen
sources simultaneously on. The laser diodes were appropriately atten
such that the ac signal in the optical detector had an equivalent contrib
from both wavelength sources.

TABLE IV. Measurement of phase shift as a function of path length cha
(f/L) in air using the 200 MHz PMD and R928 PMT~high voltage is 740
V! at 754 nm when~a! only the 754 nm laser diode is turned on and~b! both
the 754 and 816 nm laser diodes are turned on, at different signal to n
ratios~measurement bandwidth is 30 Hz!. At each signal to noise ratio, th
ac signal in the PMT from both laser diodes was equivalent.

Signal to
noise ratio

~a! Measured
f/L(°/cm)

Error in
f/L(°/cm)

~b! Measured
f/L(°/cm)

Error in
f/L(°/cm)

360 2.35 0.05 2.17 0.23
180 2.24 0.16 2.17 0.23
90 2.27 0.13 1.95 0.43
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cross-talk tests using the APD attribute intensity depend
phase shifts to the design limitations of the optical detec
In particular, the rise time of the APD which detects sh
width pulse light increases dramatically when the incide
light intensity is decreased to a certain level.20 Since such
rise time changes are intrinsic in both APDs and PMTs~per-
sonal communication from Hamamatsu Photonics!, the de-
tector output phase exhibits an unwanted dependence
variations in the intensity of the incident light when detecti
the modulated optical signal.

If uncorrected, phase shifts due to amplitude attenua

h
ted
onFIG. 13. ~a! Amplitude loss of the 754 nm signal due to a 1.0 O.D. loss

the 816 nm wavelength source;~b! phase shift of the 754 nm signal due t
a 1.0 O.D. amplitude loss of the 816 nm laser source. Measurements
made in a 30 Hz bandwidth.

e

ise

TABLE V. Measurement of phase shift as a function of path length cha
(f/L) in air using the 140 MHz PMD and APD at 786 nm when~a! only the
786 nm laser diode is turned on and~b! both the 786 and 830 nm lase
diodes are turned on, at different signal to noise ratios~measurement band
width is 10 Hz!. At each signal to noise ratio, the signal output from t
APD for both laser diodes was equivalent.

Signal to
noise

~a! ~a! ~b! ~b!

f/L(°/cm)
Error in f/

L(°/cm) f/L(°/cm)
Error in f/

L(°/cm)

2120 1.81 0.12 1.93 0.25
1420 1.90 0.22 1.98 0.30
950 2.10 0.42 2.22 0.62
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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could potentially cause a significant error in the measu
ment of phase shifts in tissue. Software correction of
phase shift due to amplitude attenuation is cumbersome
pecially for the case in which the PMT is used due to the f
that the phase shift is a function of both the photocurrent
gain in the optical detector. Dynode feedback offers a so
tion to the phase-amplitude crosstalk. By maintaining a c
stant amplitude at the output of the PMT, the phase shift
to amplitude attenuation in the optical detector is minimiz
Although there is a phase shift due to a change in the h
voltage~electron multiplication!, this is a reproducible quan
tity which is related linearly to the high voltage and can
easily corrected in software.

Finally, a comparison of the phase errors due to int
channel interference resulting from frequency and time m
tiplexing indicate that with time multiplexing, the phase e
rors are significantly lower. Although the inherent advanta

FIG. 14. ~a! Amplitude loss measured from the 786 nm signal due to a
O.D. loss of the 830 nm wavelength source;~b! phase shift of the 786 nm
signal due to a 1.0 O.D. amplitude loss of the 830 nm laser source. M
surements were made in a 10 Hz bandwidth.
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of frequency multiplexing is that multiwavelength measu
ments can be performed simultaneously enabling the us
this technique in wide band measurements, the results of
study show that there are several issues that need to be
sidered in developing a frequency encoded multiwavelen
PMD. Appropriate offset radio frequencies for modulation
the laser sources at the different wavelengths must be
lected such that intermodulation products are minimized
the rf source has to have a low harmonic content. Both th
issues can render the development of a frequency enco
multiwavelength PMD complex and expensive. Althoug
multiwavelength operation must be implemented serially
the time encoded PMD, it is a feasible alternative due to
fact that optical signals measured from tissue generally h
a low bandwidth~1–10 Hz!. Implementation of time multi-
plexing can be done electronically through the use of
electromechanical switch between the rf source and the m
tiple laser diodes enabling serial modulation of each wa
length source. Another advantage of the time multiplex
PMD is that one transmitter/receiver can be used instea
replicate transmitter/receiver pairs which simplifies the co
plexity and cost of the PMD.
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