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Abstract. We described a low-cost, frequency-domain photon migration
spectroscopy instrument by using in-phase and quadrature demodula-
tion technique in a 140-MHz homodyne system. A time constant of 1 ms
was obtained. A frequency-division multiplexing technique was used for
multiposition or multiwavelength applications, such as for tissue oxim-
etry. By conducting several experiments on tissue/blood models, we
show that the optical properties of tissue can be determined with this
system by either using multiple source-detector separations at accuracy
better than 8% or using single source-detector separation. The accuracy
with the latter method can be improved to be 10% or better by choosing
a proper calibration sample. A frequency-sweep system (30 to 700 MHz)
was also implemented; the phase and amplitude measured on a tissue-
like solution at 780 nm agreed to their theoretical values within 5% and
10% accuracy, respectively. © 1997 Society of Photo-Optical Instrumentation En-
gineers. [S0091-3286(97)03005-5]
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1 Introduction

The determination of the optical properties of biologic
tissue is of primary importance in many fields in medici
for both diagnostics and monitoring. In the near-IR regi
~700 to 900 nm!, the light absorption of typical tissue con
stituents, such as hemoglobin, exceeds that of water,
viding a good spectral window for noninvasive tissue sp
troscopy, oximetry, and imaging. Many techniques ha
been demonstrated in both the time domain and the
quency domain to obtain quantitative optical properti
namely, the absorption coefficient (ma) and the reduced
scattering coefficient1,2 (ms8) . While the time-resolved
spectroscopy instrument has shown better sensitivity,
frequency-domain method can be achieved more econo
cally and is more suitable for real-time monitoring in clin
cal usage. Several frequency-domain systems have bee
veloped in different forms by measuring~1! only phase at
one or two fixed frequencies,1 ~2! both phase and amplitud
at fixed frequencies,2 and ~3! both phase and amplitud
over a broad frequency range.3

Two modulation schemes exist in current frequen
domain spectroscopy instruments. One scheme can be
sified as the heterodyne method, which uses one radio
quency~rf! for the test signal and another rf frequency fo
reference signal. The phase and amplitude information g
erated at the test frequency are converted down to a
frequency by mixing the two rf signals and then detected
1562 Opt. Eng. 36(5) 1562–1569 (May 1997) 0091-3286/97/$10.0
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a low-frequency phase meter and power meter. T
method is basically the same technology as that used in
traditional amplitude modulation~am! radio technology.
Another scheme can be called the single-sideband~SSB!
method, which differs from the heterodyne method by ge
erating a sideband signal as the second rf signal. B
schemes require a bandwidth ranging from a few hund
Hertz to several ten thousands of Hertz, and frequency
bility and synchronization are critical. Moreover, in mult
position or multiwavelength applications, a time or fr
quency multiplex sharing technique can be employed
determine tissue optical properties, namely, absorptionma

and reduced scatteringms8 coefficients.4 To obtain a fre-
quency scan, a network analyzer~Hewlett-Packard Model
8753C! can be used to implement the measurement ov
wide frequency range.3 However, the cost of the analyzer
much higher than the other mentioned techniques.

In this paper, we describe a homodyne system that
ploys an available in-phase and quadrature demodula
circuit used in a novel way to determine the optical pro
erties of tissue. We also use a unique frequency-divis
multiplexing system for dual wavelength detection. In a
dition, a low-cost broadband measurement system is im
mented. Several experiments have been conducted to
the performance of each system, and the consistency
tween the experimental results and theoretical predicti
confirms the significance and feasibility of the system.
0 © 1997 Society of Photo-Optical Instrumentation Engineers
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2 Method

2.1 In-Phase and Quadrature Demodulation
Technique

A standard in-phase and quadrature~I&Q ! demodulator
gives an I&Q signal within its working frequency rangev
and detects both the ac amplitudeA and the phaseu of a
desired sinusoidal signal. Figure 1 shows that the stand
I&Q demodulator consists of a pair of double-balanc
mixers~DBMs! driven from a quadrature reference sourc
a 0-deg power splitter, and a 90-deg power splitter. One
the DBMs ~i.e., the in-phase mixer! functions like a multi-
plier and produces an outputI (t) as

I ~ t !52A sin ~vt1u! sin ~vt !

5A cosu2A cos~2vt1u!, ~1!

and the other mixer~i.e., the quadrature mixer! produces an
outputQ(t) as

Q~ t !52A sin ~vt1u! cos~vt !

5A sin u1A sin ~2vt1u!, ~2!

where A sinu and A cosu are dc signals that carry th
amplitude and phase information of the desired signal,
A sin (2vt1 u) andA cos (2vt1 u) are rf signals, which can
be blocked by using low-pass filters~LPFs!. Therefore, the
phase and amplitude of the desired signal can be de
mined by

u5tan21 SQdc

I dc
D , ~3!

A5~ I dc
2 1Qdc

2 !1/2, ~4!

whereI dc5A cosu andQdc5A sinu are two dc outputs of
the I&Q demodulator. The dc offset of the standardIQ
circuit can be calibrated by measuring the background
nal without the rf input and then subtracting it fromI dc and
Qdc.

Furthermore, since the outputs ofI dc andQdc are inde-
pendent of the input frequencyv, a broadband I&Q de-
modulator can be utilized for frequency-sweep measu
ments. The bandwidth of such an instrument depe

Fig. 1 Schematic diagram of an I&Q demodulator for detecting am-
plitude and phase of a rf signal.
d

-

mainly on that of the demodulator. The outputs of t
broadband instrument can be dc signals containing
phase and amplitude information provided LPFs can re
any frequency above the lowest frequency of the scann
range.

2.2 Frequency-Division Multiplexing System

Two rf signals with two slightly different frequenciesv1

and v2 (v12v25Dv!v1) can be expressed a
y152A1 sin (v1t 1 u1) andy252A2 sin (v2t 1 u2), where
u1 andu2 correspond to the phase shifts for signalsy1 and
y2 , respectively. If a narrow-band I&Q demodulator wor
ing at a center frequency ofv1 is used to detect a supe
posed signal ofy1 andy2 , the output of the demodulator in
the I (t) branch consists of four components as

I ~ t !5@2A1 sin ~v1t1u1!12A2 sin ~v2t1u2!# sin ~v1t !

5A1 cos~u1!2A1 cos~2v1t1u1!

1A2 cos @~v12v2!t1u2#

2A2 cos @~v11v2!t1u2#. ~5!

Similarly, the output in theQ(t) branch is

Q~ t !5@2A1 sin ~v1t1u1!

12A2 sin ~v2t1u2!# cos~v1t !

5A1 sin ~u1!1A1 sin ~2v1t1u1!1A2

3sin @~v12v2!t1u2#1A2 sin @~v11v2!t1u2#.

~6!

By applying proper LPFs to the output of each branchI
andQ! of the demodulator, one can filter out the signals
frequencies of 2v1 , v11v2 , andv12v25Dv and ob-
tain only the dc componentsA1 cos (u1) andA1 sin (u1) for
signaly1 . If another narrow-band I&Q demodulator work
ing at the frequency ofv2 and corresponding LPFs ar
employed, we can also obtain the dc compone
A2 cos (u2) andA2 sin (u2) for signal y2 . The choices of
cut-off frequencies for LPFs depend mainly on the diffe
ential frequency of the two mixed signalsD f5(Dv/2p).

2.3 Optical Instrument

A frequency-division multiplexing system can be used
dual-wavelength optical detection and is schematically
lustrated in Fig. 2. Two low phase noise~2 110 dBc/Hz at

Fig. 2 Block diagram of a frequency-division multiplexing dual-
wavelength optical detection system.
1563Optical Engineering, Vol. 36 No. 5, May 1997
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10 kHz offset! rf signal generators operate at 140.00 a
140.01 MHz (D f 5 10 kHz) and provide the driving signal
for two laser diodes~LDs! ~Sharp LT022 and LT010, o
LT024 and LT015 for higher power!, which work at differ-
ent optical wavelengths~e.g., 780 and 810 nm, or 780 an
830 nm!. The rf signal generators also provide the referen
signals at the corresponding frequencies for two narro
band I&Q demodulators~Mini-circuits, MIQY-140D!, re-
spectively, with a bandwidth of 6 MHz. Typically, the I&Q
demodulators have 0.15-dB amplitude unbalance and
deg phase unbalance. The two amplitude-modulated l
beams are combined and fiber coupled to the tissue mo
The collected optical signal is fiber coupled to an avalan
photodiode~APD! with a diameter of 0.5 mm~Hamamatsu
C5331!. The electronic signal from the APD output~2100
to 260 dBm! is amplified by two low-noise amplifiers
~LNA ! ~Mini-Circuits MAN-1LN! before being split into
the I&Q demodulators.

For each I&Q demodulator, a pair of LPFs with a cuto
frequency of 160 Hz~equivalent to a time constant of 1 m!
and an attenuation rate of 30 dB/decade are built for
outputs of theI andQ branches to provide enough rejectio
for the 10-kHz differential frequency contained in the s
nal. As illustrated in Fig. 2, LD1 at wavelength 784 nm
encoded with 140.00 MHz, and thus the two dc outp
from the LPFs after demodulator I&Q1 will contain th
amplitude and phase information only for the 784-nm s
nal. Similarly, the two dc outputs from I&Q2 after the LPF
give the information only for the 810-nm signal. Then t
total four dc outputs are digitized in sequence by a P
based, 12-bit, analog-to-digital converter~ADC! ~Real-time
Device AD2110! within 80 ms. Therefore, the desiredI dc
andQdc signals for each wavelength can be separated w
out losing response time. And then the phases and am
tudes at two wavelengths can be calculated using Eqs~3!
and ~4!.

In addition, a single-wavelength, broadband system
been set up by switching the fixed-frequency source t
function generator~Rohde & Schwarz SMY 01! as a vari-
able frequency source, the narrow-band APD to a wideb
APD ~Hamamatsu C5658! as the photon detector, and th
narrow-band I&Q demodulator to a broadband I&Q d
modulator. The broadband demodulator has a freque
range of 30 MHz to 1 GHz with 0.5-dB amplitude unba
ance and 3-deg phase unbalance, typically.

2.4 Calibration and Quantification

The initial phase and amplitude due to the instrumen
response need to be calibrated to quantify the meas
ments. While a slope protocol based on multiple sour
detector separations has been demonstrated,2 it is still in-
evitable to perform a calibration if different light sources
detectors are employed. Moreover, using multiple sour
or detectors raises problems, such as prolonged mea
ment time and error caused by channel to channel delay
this study, we employ a calibration procedure to quan
ma and ms8 with single source-detector separation; th
precalibration approach has been used to increase sp
resolution for near infrared imaging of tissue.5 Analytical
expressions of ac amplitude and phase shift as function
ma andms8 at a specific frequency under the infinite boun
1564 Optical Engineering, Vol. 36 No. 5, May 1997
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ary condition have been given by using the diffusi
approximation.2 After converting sin@(1/2) tan21 (v/vma)#
to @(v21v2ma

2)1/22vma#
1/2/(v21v2ma

2)1/4 based on trigo-
nometry, we can express the phase shiftumeasureand ampli-
tudeAmeasureas follows:

umeasure5
r @~v21v2ma

2!1/22vma#
1/2

~2vD !1/2
1u0 , ~7!

and

Ameasure

5
A0 exp$2r @~v21v2ma

2!1/21vma#
1/2/~2vD !1/2%

4pvDr
, ~8!

whereu0 andA0 are the initial phase and amplitude due
the instrumental response,r is the source-detector separ
tion,D51/(3 ms8), v is the modulation frequency, andv is
the speed of light in the medium. Hereu0 andA0 can be
calibrated by measuring a standard model with knownma

andms8 . Then the following measurements for an unknow
object can be quantified by

umeasure2u05
r @~v21v2ma

2!1/22vma#
1/2

~2vD !1/2
, ~9!

and

lnSAmeasure

A0
D1 ln~4pvDr !52

r @~v21v2ma
2!1/21vma#

1/2

~2vD !1/2
.

~10!

We notice that the product of Eqs.~9! and ~10! yields

~umeasure2u0!F ln SAmeasure

A0
D1 ln ~4pvDr !G52

r 2v

2vD
.

~11!

Therefore,D can be determined by iterating the followin
equation

D52
r 2v

2v~umeasure2u0!@ ln~Ameasure/A0!1 ln~4pvDr !#
,

(12)

and thenma can be calculated from either Eq.~7! or Eq.
~8!.

Tissue hemoglobin concentration and saturation can
calculated by solving the following linear equations6:

ma
7805eHb

780@Hb#1eHbO2
780 @HbO2#1mab

780, ~13!

ma
8105eHb

810@Hb#1eHbO2
810 @HbO2#1mab

810, ~14!

for @Hb# and @HbO2#, and then calculating
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@Hbtotal#5@Hb#1@HbO2#, ~15!

saturation5
@HbO2#

@Hbtotal#
, ~16!

whereeHb
780, eHbO2

780 , eHb
810, andeHbO2

810 are the extinction co-

efficients of deoxygenated and oxygenated hemoglobi
780 and 810 nm, respectively,@Hb# and @HbO2# are the
concentrations of deoxygenated and oxygenated hemo
bin, mab

780 and mab
810 are the background absorption coef

cients. Based on Ref. 7, we usedeHb
78050.626,

eHbO2
780 50.405, eHb

81050.453, andeHbO2
810 50.513 in units of

mM21 cm21 and assumedmab
7805mab

810. There exists a con

version factor of ln (10)52.3 between oure values and
those given in Ref. 7. This factor stems from different de
nitions of the extinction coefficiente and the absorption
coefficient ma , which are defined asI /I 05102eCL

5exp(2ln(10)eCL) 5 exp(2 maL), whereI andI 0 are the
detected and incident light intensity of an optical sign
passing through an absorbing medium,C is the absorber
concentration, andL is the optical mean pathlength travele
by light in the medium. We are aware that the wavelen
pair of 780 to 810 nm is not the optimum choice for
sensitivity in determining hemoglobin saturation.1 How-
ever, a theoretical calculation shows that when the sat
tion value decreases from 100 to 0%, the ratio
ma(780)/ma(810) will change from 0.8 to 1.4, whereas th
ratio of ma(754)/ma(810) will change from 0.65 to 1.9
This means that using the 780- to 810-nm wavelength
is about 50% as sensitive as using 754- to 810-nm pa
detect changes in hemoglobin saturation. The advantag
using 780- and 810-nm wavelengths is to expect an eq
but opposite response at these two wavelengths when
level of hemoglobin saturation is changed. This is beca
the differences between the extinction coefficients of
oxygenated and deoxygenated hemoglobin at these
wavelengths are about the same but with reverse sign
each side of the isosbestic point~5800 nm!.

3 Experiments and Results

The accuracy of a frequency-domain instrument in de
mining optical properties can be influenced by not only
precision of the instrument itself but also the physical alg
rithm to extract values ofma andms8 . In this section, we
first use the well-established slope~multiseparation! proto-
col to study the accuracy of the I&Q instrument and th
use the calibration single-separation procedure to com
the accuracy between these two methods. Experimenta
sults on blood oxygenation tests are also given to dem
strate the accuracy of the system in the determination
hemoglobin saturation. Finally, we show a good cons
tency between theoretical predictions and the experime
data measured with our broadband I&Q system at mult
frequencies.

The slope protocol measurement was conducted to c
pare our system with other apparatuses. The setup show
Fig. 2 was used with precision of 0.5 mV in amplitude a
of 0.5 deg in phase. A stepping-motor-controlled mecha
cal holder was utilized to provide different source-detec
t

-

-

f
l
e

o
t

e
-
-
f
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-
n

separations in a moving range of 2 to 6 cm with an inter
of 0.5 cm. Within the linearity of the system, six sourc
detector separations were chosen for the slope calcula
and the choices of the separations depend on both the
tralipid and ink concentrations of the sample solutions. T
optical properties were calculated in the same way as
scribed by Fishkin and Gratton.2 Figures 3~a!, 3~b!, 3~c!,
and 3~d! show the results ofma andms8 for a 40-l Intralipid
solution. In the case of Figs. 3~a! and 3~b!, there was no ink
in the solution, the concentrations of Intralipid for the thr
measurements were 0.48, 0.53, and 0.58% to obtain dif
entms8 values. These two figures show thatms8 values are
linear with the Intralipid concentration for both wave
lengths, andma values remain constant. In the case of Fig
3~c! and 3~d!, the Intralipid concentration was kept 0.6%
while the concentration of ink was varied to obtain diffe
entma values. Thema values in these two graphs are line
with the ink concentration, while thems8 values hold con-
stant. These results are consistent with the theory and th
measured using the time-domain method. The accurac
determiningma values is better than 5% based on Ref.
and the corresponding spectrophotometer measurem
and the accuracy forms8 values is better than 8% in com
parison to other frequency-domain equipment.9 Therefore,
the I&Q demodulation technique with the slope algorith
can be used to quantify the optical properties of tissue w
accuracy better than 8%.

Based on Eqs.~7! and~12!, we also employed the singl
source-detector separation algorithm with a calibration p
cedure to calculatema andms8 . Figures 4~a! and 4~b! show
comparisons ofma and ms8 values, respectively, obtaine
using the slope and single source-detector separation m
ods for the same data as given in Figs. 3~a! and 3~b! at 780
nm. The two dashed traces in Figs. 4~a! and 4~b! are ob-
tained with the calibration algorithm at 3 and 4 cm for tw
individual source-detector separations. The initial 0.48
Intralipid solution was used as the calibration sample. T
maximum deviations between the values obtained with
two methods at 0.54 and 0.58% Intralipid concentratio
are less than 2% for bothma andms8 . In addition, Figs. 4~c!
and 4~d! plot thema andms8 dependency, respectively, of
16-l, Intralipid-ink solution on the ink concentration at 78
nm. The data in these two figures were calculated using
slope and single-separation methods. The solution with
lowest ink concentration was taken as the calibration m
dium. The two individual source-detector separations u
in the single source-detector separation calculations we
and 4.5 cm. It is seen that the deviation due to the t
algorithms becomes larger~up to 25%! as the absorption
difference between the calibration and unknown sample
creases from 0 to 0.12 cm21. This is consistent with theo
retical simulations given for a continuous wave system10

which is a special case of a frequency-domain syst
( f50). The results at 830 nm are very similar to those
780 nm given in Figs. 4~a! to 4~d!. Therefore, we sugges
that the accuracy of the single source-detector separa
method will increase as the difference of optical propert
between the calibration and the unknown medium
creases, particularly, as the absorption properties of the
media become similar. For example, if the absorption
1565Optical Engineering, Vol. 36 No. 5, May 1997
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Fig. 3 Experimental results of ma and ms8 of a 40-l Intralipid solution measured at 784 nm (squares)
and 810 nm (triangles) with the frequency-division multiplexing dual wavelength instrument and cal-
culated with the slope protocol. In (a) and (b), there was no ink in the solution, and the concentration
of Intralipid was varied to obtain different ms8 values. In (c) and (d), the Intralipid concentration was
kept 0.6%, and the concentration of ink was varied to obtain different ma values.
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efficient of a sample varies from 0.04 to 0.1 cm21, which
is a typical range for most of tissues, the accuracy of
I&Q system with the single source-detector separat
method can be improved by choosing thema value of the
calibration sample to be 0.07 cm21.

Experiments on blood oxygenation and deoxygenat
tests were conducted with the frequency-division mu
plexing, dual-wavelength instrument with single sourc
detector separation. The scattering medium consisted
1-l, 0.5% Intralipid solution with yeast added into the s
lution to consume oxygen via respiration. We repeate
added 2 ml of whole rat blood into the solution after ea
deoxygenation cycle. After the addition of blood, 99.9
oxygen gas was supplied to the solution until aPO2

~oxy-
gen pressure! monitor indicates a full-saturation condition
The quantitative values ofma andms8 were obtained base
on Eqs.~7! and ~12!, and the initial solution without any
blood was used as the calibration sample. Hemoglobin c
centration and saturation were calculated after the subt
tion of background absorption, namely, wat
absorption with values9 of mab

(784 nm)5mab
(810 nm)

5 0.023 cm21. Figure 5~a! shows that the hemoglobin con
centration increases linearly with the addition of blood. T
actual hemoglobin concentration can also be calculated
1566 Optical Engineering, Vol. 36 No. 5, May 1997
a

-
-

volume of whole rat blood

total volume of the solution
38 mM, ~17!

assuming that the hemoglobin concentration of wh
blood is 8 mM~Ref. 6!. The deviations of the hemoglobi
concentrations obtained using the experimental data@Fig.
5~a!# from the actual values calculated using Eq.~17! are
less than 5%. Figure 5~b! illustrates that the saturation va
ues swing between 0 and 90% during oxygenating a
deoxygenating processes. The absolute errors of the sa
tion determination in the higher end and lower end a
about 15 and 10%, respectively. Although these err
seem nontrivial, so far no other existing near-IR frequen
domain equipment can give better results than these va
for blood/tissue model tests. Figure 5~c! shows that the re-
duced scattering coefficientsms8 at both 784 and 810 nm
remain relatively constant, with a deviation less than 2
when the blood concentration and thus the absorption of
solution increases during five cycles of the experime
Thus, tissue spectroscopy and oximetry can be achie
using the narrow-band I&Q system with accuracy of 5
for scattering properties and hemoglobin concentrati
and with an absolute error of 10 to 15% for hemoglob



Yang et al.: Low-cost frequency-domain photon migration instrument . . .
Fig. 4 (a) and (b) Experimental results of ma and ms8 of a 40-l, ink-free Intralipid solution calculated
with the slope method (squares) and single source-detector separation method with r53 cm (tri-
angles) and r 5 4 cm (open circles). (c) and (d) Experimental results of ma and ms8 of a 16-l, Intralipid-
ink solution calculated with the slope method (squares) and single source-detector separation method
with r54 cm (triangles) and r54.5 cm (open circles).
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cause of large errors in hemoglobin saturation.

In addition, we employed a frequency-sweep system
described in earlier sections, to conduct a broadband m
surement of optical properties of a 5-l, 0.5% Intralipid s
lution at multiple modulation frequencies. The measu
ments were scanned from 50 to 700 MHz with sour
detector separations varying from 2 to 6 cm. T
wavelength used in this case was 780 nm. The symb
plotted in Figs. 6~a! and 6~b! show the experimental result
of amplitude and phase versus the source-detector se
tion at modulation frequencies of 100, 300, and 500 MH
In addition, the solid lines plotted in both of the figure
were obtained using the diffusion equation for an infin
medium with values of ma50.03 cm21 and
ms854.4 cm21 at the three corresponding frequencies. F
a 0.5% Intralipid solution, this set ofma andms8 values are
expected based on literature8 and the results obtained wit
other frequency-domain instruments.9 The consistencies
between the experimental data and theory at other freq
cies have also been observed~but not shown!. In Fig. 6~a!,
some disagreement between the experimental data and
oretical calculation appears when the separation is sm
e

-

a-

-

e-
r

than 2.5 cm. This inconsistency can be attributed to
photodetector saturation caused by the source and det
being too close and so having too strong light intens
When the system works in its linear region, the experim
tal results are in a good agreement with the theoretical p
dictions at accuracy better than 5% for phase and 10%
amplitude. Therefore, these two figures demonstrate
the broadband I&Q system can provide accurate meas
ments forma andms8 .

4 Discussion and Summary

To be suitable for clinical usage, a medical instrument m
accomplish the performance required, such as accur
stability, and speed, as well as keep the cost of manu
turing, operation, and maintenance as low as possible
this paper, we present an I&Q system that uses the I
demodulation technique to obtain the quantitative meas
ments of optical properties of tissue. As shown in preced
sections, the system can provide better than 8% accu
for ma andms8 determinations with the slope algorithm an
10% accuracy with single source-detector separation
choosing an appropriate calibration sample. In addition,
1567Optical Engineering, Vol. 36 No. 5, May 1997
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stability tests show that the amplitude and phase drift of
system are 0.5 dB and 1 deg, respectively, over 12 h. S
the time constant of the system is 1 ms, the system is
pable of detecting fast signals varying in tens of millise
onds. To have a better SNR, the fast response time
enables us to acquire data within 80 ms/cycle of the f
sequent outputs from the two I&Q demodulators. The
fore, it has a significant potential for real-time monitorin
Furthermore, as a common device used in telecommun
tion, standard I&Q demodulators are readily accessible
affordable. To build a narrow-band frequency-domain
strument, although using a functional generator or synt
sizer with a high-speed ADC may not be considered exp
sive, a narrow-band I&Q system can even reduce the
by a factor of 5 up to 10. Similarly, use of a broadba

Fig. 5 Experimental results measured on blood oxygenation and
deoxygenation tests by using frequency-division multiplexing dual
wavelength instrument and single source-detector separation. We
repeatedly added 2 ml of rat blood into a 1-l, 0.5% Intralipid solution.
A certain amount of oxygen gas was supplied each time and then
was consumed by yeast, which were already in the solution.
1568 Optical Engineering, Vol. 36 No. 5, May 1997
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I&Q frequency-domain system will avoid employing th
expensive network analyzer, and thus bring the cost do
significantly, leading to a high performance-to-price rati

We have also demonstrated a frequency-division mu
plexing technique for multichannel or multiwavelength a
plications. Using this technique, the measurement time
be shortened significantly, and it will be very advantageo
for imaging applications. The errors caused by channel
channel delay in the case of time sharing could also
reduced. In addition, the principle we have described h
can be easily adapted to applications in other fields, suc
in chemical, food, and pharmaceutical industries, by cho
ing appropriate optical wavelengths and modulation f
quencies. In summary, because of the simplicity, low co
and readiness, the frequency-division multiplex techniq
utilizing I&Q demodulators shows a great potential to
commercialized in the fields of medicine and other indu
tries in the near future.
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