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Synthesizers’ phase noise in frequency-domain fluorometry

Beniamino Barbieriand Fabio De Piccoli

LS., Inc., 1823 South Neil Street, Champaign, Fiinois 61820

Enrico Gratton

Laboratory for Fiuorescence Dynamics, Department of Physics, University of llinois at Urbana-Champaign,

1110 West Green Street, Urbana, [llinois 61801

(Received 31 May 1989; accepted for publication 28 June 1989)

The influence on the final phase and amplitude determination of the phase noise of frequency
synthesizers used in frequency-domain fluorometry is analyzed. It is shown that the phase noise
exactly cancels out due to the differential method used for the phase measurement. The only
consequence of the phase noise is the detuning of the cross-correlation frequency with respect to
the center of the filter used to analyze the cross-correlation signal. This detuning can have severe
adverse effects on the phase and modulation values. By using higher values of the cross-
correlation frequency, these effects can be minimized. The performance of different synthesizers
is tested and compared. The results support the general prediction that the noise of the synthesizer
has little infiuence on the phase noise of actual measurements.

INTRODUCTION

Frequency-domain fiuorometry has become a valid alterna-
tive to time-domain fluorometry because of its high sensitiv-
ity, rapid data acquisition, and excellent time resolution. ! In-
vestigations to further improve the performance of
frequency-domain instruments are ongoing. Recently, the
frequency range of these instruments has been increased to
several Gigaheriz, providing time resolution that is compar-
able to streak-camera Kinds of devices.” The cross-correla-
tion method,” introduced by Weber and Spencer, is used in
all state-of-the-art frequency-domain fluorometers. The
original apparatus described by Spencer and Weber operat-
ed at only two frequencies. The development of high-resolu-
tion frequency-domain fluorometers was accomplished by
the introduction of a method to obtain the cross-correlation
over a wide band of frequencies.

The first practical continuous multifrequency cross-
correlation phase and modulation fluorometer (MPF) was
described in 1983.% Although successful improvements>**’
increased the frequency range of the original instrument, the
basic layout has not changed. The crucial element in this de-
sign was the introduction of coupled frequency synthesizers,
which allow selection of the modulation frequency and
cross-correlation frequency over a wide band of freguencies.
Using synthesizers, the generation of frequencies coherent to
the phase of a common crystal can be obtained with great
accuracy from a few Hertz to several Gigahertz. All frequen-
cy-domain fluorometers use this basic configuration. In mul-
tifrequency phase fleorometry, the phase noise of the fre-
quency generators has been the major concern. There are
essentially two classes of synthesizers: direct-synthesis and
phase-locked loop (PLL) synthesizers. In the first class, a
given frequency is obtained by proper filtering of a series of
harmonics directly derived from a commen guartz crystal,
The simplest PLL synthesizer uses a voltage-controiled os-
ciltator (VCQ)}, a divider chain and a phase detector which
compares and matches the output frequency at a VCO divid-
ed by an integer ¥, to the frequency of a quartz crystal divid-
ed by M (Fig. 1). By changing N and M, different frequen-
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cies can be obtained. More sophisticated division schemes
can be used to obtain very high frequency resolution. The
quality of the VCO and the electronic scheme used for the
phase detector are important for the stability of the output
frequency. It has long been suggested that direct-synthesis
frequency synthesizers are essential for a good performance
of the MPF instrument since they can provide optimum
phase-noise performance.” A thorough analysis of how the
phase-noise is processed by the electronics and optics of the
MFPF instrumesnt skows that low-cost, phase-locked loop fre-
quency synthesizers with relatively high-phase noise are
equally efficient.

i. OPERATION OF AN MPF

Theblock diagram of an MPF is shown in Fig. 2. A light
beam, amplitude-modulated by a light modulator (Pockels
cell, acousto-optic modulator, etc. ). or carrying 2 harmonic
content (mode-locked laser, synchrotron radiation, pulsed
sources etc. ), irradiates the sample. The phase shift and the
demodulation of the fluorescence with respect to the incom-
ing light beam are the physical observables used to record
the fluorescence decay and to determine the lifetime of the
excited electronic level of the fluorophore.! The accurate
measurement of these observables is obtained as follows. A
smali percentage of the incoming amplitude modulated light
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FiG. 1. Block diagram of a typical phase-locked loop synthesizer.
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beam is diverted by a beam spiitter (BS) into a light detector
(photomultiplier tube, photovoltaic detector, microchannel
plate, etc.) (LD1). A second light detector (LD2) collects
the sample’s fluorescence. The phase delay, due to the persis-
tence of the excited state, is measured by the difference be-
tween the phase of the sample’s fluorescence and that of the
signal from a scattering solution (glycogen in water, etc.) or
from the fluorescence of a fiuorophore whose lifetime (and
consequently phase delay) is well known under experimen-
tal conditions. Both the phase from the sample’s fluores-
cence and that from the reference solution are measured
with respect to the phase of the signal detected by LD1I. The
frequency synthesizer (FS1) in Fig. 1, in conjunction with a
light modulator, amplitude modulates the incoming light
beam at a frequency w and the frequency synthesizer (FS2)
modulates the gain of the light detector at a frequency
(o + Aw). While @ spans from 100 Hz up to severai GHz,
A has a smaller, fixed value, usually between 25 and 40 Hz,
depending on the particular implementation. This method is

called the “cross-correlation technique”.*
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The main purpose of the cross-correlation technique is
to shift the frequency of light modulation, generally in the
MHz range, to a very low frequency, 25-40 Hz, where mea-
surements of phase and modulation are easy to perform us-
ing accurate digital techniques. A key point is that the two
frequency synthesizers must be phase-locked in order to pro-
vide phase-coherent signals to both the light modulator and
the light detectors. The beating between the signal at fre-
quency o and the signal at frequency (@ + A®) in the light
detectors, provides signals at the sum and difference fre-
quencies, respectively. The low-frequency component of the
signal, Aw, is filtered out and processed by the instrument
electronics to measure the phase shift and the demodulation
of the fluorescence signal. The analysis of the phase and
modulation data to obtain the parameters associated with
the fluorescence decay has been extensively discussed in the
literature.®®

The stability of the cross-correlation frequency at 40 Hz
is essential to the performance of the instrument. In fact, if
the two generators are not phase locked, at 100 MHz a center
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frequency stability of 10 ® will cause the cross-correlation
frequency to shift by about 1 Hz. This shift will have two
major effects: (1) The filter used to isolate the cross-correla-
tion frequency generzlly has a bandwidth of about 0.5 Hz.
Consequently the cross-correlation frequency will shift out
of the filter center causing severe aiteration of the vaiue of
the phase and amplitude of the signal. (2) A shift of the
cross-correiation frequency of 1 Hz over 40 Hz will cause a
shift of about 9° in the phase value due to the change in the
period length.

Generally, phase angles are measured with an accuracy
of + 0.2° and modulation amplitudes with an accuracy of
+ 0.004. This high accuracy provides picosecond time reso-
lution at modulation frequencies on the order of 100 MHz. It
was commonly assumed that in order to get such results, the
phase noise of the synthesizers had to be below 0.2° and the
amplitude noise below 0.004. Over a wide frequency range,
only direct synthesis frequency synthesizers or very expen-
sive phase-locked loop synthesizers can provide phase notse
levels below this limit. When the frequency range of MPF
instruments was extended well above 1 GHz, the search for
adequate synthesizers became more difficult. Above 1 GHz
only commercially available synthesizers costing well over
$20 000 provide a phase noise level below 0.2°. In this article,
we show that the noise of the synthesizer plays a minor role
in determining the accuracy of a phase and modulation
fluorometer.

H. ANALYSIS OF PHASE MEASUREMENT IN AN MPF

Let us assume we want to determine the lifetime of a
flucrophore, using a glycogen solution as a reference. The
phases (¢,) of the optical and electronic signals at different
points in the instrument are reported in Fig. 2 and in Table L.
Phases are measured with respect to the common quartz
crystal. In a typical measurement, we first measure the phase
of the sample at time 7:

Ist measurement: (sample)

(€ + €y + €5 + €py + &) — (€ + €p3 + €,)

=€5— € + € + €. (h

After the sample, we measure the phase of the reference solu-
tion with respect to the phase of the signal detected by LD1,
at the time

Tarir 1. The phase of the signals at different points of an MPF. €,
€, = constant — dependent on the fength of cables connecting the light de-
tectors to the frequency synthesizer F$2. € = constant - dependent on the
light path between the beam splitter and the sample cuvette. €., = by
asumpiion. The fluorescence phase shift is ¢ = €, — €.

A phase with
Phase respect to LD
output LD1 €4 €y FE 0

output LD2 ref €x+ € €& FEix b6
output LD2 samp €5 + &, + €, + €5 + €,

€y HE+E - €
€5 + &) + €. — €
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2nd measurement: (scattering reference)

(Eo+ € +€Ex + €y + &) — (€4 €1y + €)

sz'_ei":'f-z*{‘f;‘. (2)

The phase shift due to the fluorescence is obtained as the
difference between the sample and the reference phase mea-
surements:

¢ =¢€5 —€p. (3)

Since €, is known, relationship (3) allows the measurement
of €; and, hence, the lifetime of the excited electronic level
using well-known expressions, !

It is a property of the optical and electronic layout of the
instrument that during each measurement represented by
Egs. (1) and (2), the phase €,., of the frequency synthesizer
F§ 2, and the phase €, of the signal after the light modulator,
cancel out exactly at every instant of time. The phases €, and
€, are given by the difference in cable length at the two detec-
tors and are rigorously constant. The phase € is also con-
stant since it is due to the different light path between the
beam splitter and the sample. As a consequence, the phase
noise associated with each of the two synthesizers’ signal,
also cancels out. Following the above derivations, the noise
of the synthesizer should not play a role in the determination
of the phase (and modulation) of the sample. However, as
we shall see in the next section, the noise of the frequency
synthesizers can have other important consequences. We
have not shown the effect of the amplitude noise of the syn-
thesizers on the modulation measurement; generally it is
negligible compared to the effect we discuss next. It must be
noted from the relations giving the phase of the signal at dif-
ferent points of the instrument (Table I), that the phase
noise of the frequency synthesizer used for the cross-correia-
tion product at the light detectors is not imporiant, since the
phase jitter is alway egual and opposite on the two channels
and only the difference between the two channels is mea-
sured. The phase noise is important only for the frequency
synthesizer sending the signal to the light modulator. Ulti-
mately, this imposes a constraint on the allowed phase noise
of the frequency synthesizers.

iit. EFFECT OF THE CROSS-CORRELATION PHASE
NOISE DUE TO THE BANDWIDTH OF THE ANALOG
FILTER

In this section, we analyze how the bandwidth of the
filier, which is used to isolate the cross-correlation frequen-
cy, determines the maximum allowed phase noise of the syn-
thesizers. In the absence of sources of noise other than the
frequency synthesizer’s phase noise, the instantaneous value
of the cross-correlation frequency is given by
de,

w, = Ao +
' dt

(4)

Equation (4) imposes constraints on the characteristics
of the synthesizers in: relation to the response function of the
electronic filter used to isolate the cross-correlation frequen-
cy. Usually narrow-bandwidth filters have been used, since
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low-frequency harmonics must be rejected.” For example,
the commercial MPF GREG 200 by 1.8.8. Inc. uses filters
centered at 40 Hz with Q=80 (the bandwidth is 0.5 Hz).
Specifically, these are 6-pole active band-pass filters. The re-
sponse of such a filter is reported in Fig. 3. This figure shows
that, if the cross-correlation frequency moves from the cen-
ter value of the filter, both phase and amplitude values are
strongly affected due to the filter response. In order to find
the maximum allowed phase noise of the synthesizer, we ob-
serve that a change of 0.2 Hz modifies the phase by 10° and
the amplitude by 0.80, as seen in Fig. 3. At a cross-correla-
tion frequency of 40 Hz, a change of 0.2 Hz corresponds to a
phase shift of 1.8°. Consequently, the shift of the cross-corre-
lation frequency, due to the term de,/dr, must be smaller
than the bandwidth of the analog filter. Therefore, it is im-
portant to examine the magnitude of the term de,/d? for dif-
ferent synthesizers.

IV. PHASE NOISE OF SOME COMMERCIAL
SYNTHESIZERS

We have measured the phase noise of some synthesizers
using the method shown in Fig. 4. If the two frequencies at
the R and L input of the mixer are exactly the same, then the
output of the mixer should be a dc voitage proportional to
the phase difference between the two signals. Any difference
in phase as a function of time [the term de,/dt in Eq. (4)]
should appear as a voltage variation at the mixer output.
This variation, which is proportional to sin de,/dt, 1s ana-
lyzed using a low-frequency signat analyzer. It is a property
of frequency synthesizers due to the phase correction of the
phase-locked loop that the average frequency is always with-
in 1/4 of a period with respect to a corresponding harmonic
of the quartz crystal that drives the phase-locked loop. This
implies that there is no average frequency shift, but only
phase noise due to the electronic nature of the phase-locked
foop.

Experimentally, one finds that direct-synthesis frequen-
cy synthesizers are less noisy than phase-locked loop fre-
quency synthesizers. Figure 5 reports the time analysis and
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F16. 3. Response of the electronic filter used on the L8.S. Inc. GREG 200 to
isolate the cross-correlation frequency.
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Fic. 4. Experimental arrangement for the measurement of the phase noise
of different frequency synthesizers.

frequency analysis of the phase noise of different frequency
synthesizers measured at 10 MHz using the method of Fig.
4. A Hewlett Packard, model 8590A, spectrum analyzer was
used for the plots reported in Fig. 5(B). The full scale
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Fi1G. 5(A). Time variation of the phase of different frequency synthesizers.
(c) Model SI-160 (Synthest Corporation); (b) Model 2022C { Marconi
Enstruments, Ltd. }; (a) PTS 500 (Programmed Test Sources, Inc. ). Note
the scale variation for (¢) with respectto (b) and (a). (B). Power spectrum
of the phase noise of different frequency synthesizer at 10 MHz.
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spanned was i kHz around the 10-MHz frequency carrier,
with a 10-Hz frequency window. The direct-synthesis PTS-
500 (Programmed Test Sources, Inc.) synthesizer has the
lowest phase noise. The other frequency svnthesizers exam-
ined were the Marconi, model 2022 (Marconi Instruments,
Etd.) and model SI-160 by Synthest Corporation. All instru-
ments are phase-locked loop frequency synthesizers.

The phase noise level of the Marconi 2022 and the
Synthest SI-160 synthesizers, as shown in Fig. 5, is well
above the 0.2° limit that was assumed to be the maximum
allowed for the good performance of a MPF.

V.EFFECT OF CROSS-CORRELATION FREQUENCY
ON PHASE ERRCR MEASUREMENT

In Table I, we report measurements performed with
the cross-correlation multifrequency phase and modulation
fluoromeier described by Gratton and Limkeman.® The ex-
periment uses 5-s integration and compares a scattering gly-
cogen sample versus another scattering glycogen sample.
The absolute phase difference is close to zero since the two
samples are identical and the standard deviation of 10 phase
and modulation determinations is well below the required
fimit of 4+ 0.2° and + 0.004 for the phase and modulation,
respectively, for all the synthesizers used. These phase mea-
surements have a much lower phase noise with respect to the
phase noise of the synthesizers, in accordance with the deri-
vation of the equations of the previous section. A closer in-
spection of the standard deviation of the phase and modula-
tion measurements reveals that, under the specific
conditions of the measurement, the guality of the synthesiz-
ers used is important, although the results are satisfactory in
ali cases.

The phase noise of the synthesizers is largely indepen-
dent of the cross-correlation frequency. Consequently, the
ratio between the phase noise and the cross-correlation fre-
guency decreases as the cross-correlation frequency is in-
creased. This results in a lesser effect of the phase noise of the
frequency synthesizer with respect to the bandwidth of the
filter used to isolate the cross-correlation frequency in the
measurements performed by a MPF. In order to minimize
the effect due to filter detuning, the ratio of the cross-correla-
tion frequency to the filter bandwidth should be increased.
In Fig. 6, we report the standard deviation of a series of ten
measurements of phase and modulation as a function of the
cross-correlation frequency for the same sample used in the
previous measurement. For this experiment, the filter used

TapLE I1. Measurements performed using a glycogen solution at 10-MHz
modulation frequency using a cross-correlation frequency of 40-Hz. The
synthesizer driving the pockel cell modulator was an HP3525B.
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Fig. 6. Standard deviation as a function of the cross-correlation frequency
for three different synthesizers & = Marconi 2022, @ = PTS 500, and
# = Synthest SI-160.

to isolate the cross-correlation frequency is a digital filter
with a constant Q = ( f/Af) =~200."° From this study, it ap-
pears that the phase noise of the synthesizers becomes less
important at higher cross-correlation frequencies. This 18
due to the fact that the filter used has a constant Q; therefore,
by increasing £, Af alsc increases and the effect of filter de-
tuning is less important.

Vi. DISCUSSION

The conclusion of this study is that low-cost phase-
locked loop synthesizers can be used in frequency-domain
fluorometry without degrading the performance of the in-
strument. However, the value of the cross-correlation fre-
quency must be high enough for the ratio of the phase noise
to the cross-correlation frequency to be smaller than the
bandwidth of the filter used for isolating the cross-correla-
tion frequency. Table III reports minimum acceptable val-
ues for the cross-correlation frequency for different synthe-
sizers. For a system that uses a photomultiplier tube for light
detection, a high-frequency limit for the cross-correlation
frequency is imposed by the current-to-voitage converters
used to analyze the PMT output signal. Generally, it is in-
convenient to use cross-correlation frequencies higher than 1
kHz, due to digital analysis of the phase and modulation sig-
nal. For systems that use a microchannel plate detector, it is
possible to use higher cross-correlation frequencies without
degrading the system’s performance.

TasLe LI Limits imposed by the digital filter used in the experiment.

Synthesizer Phase {in degrees) Modulation Synthesizer Minimum cross-correlation freguency
PTS 500 0.010 +0.012 L0000 + 0.001 PTS 500 ~1Hz

Marconi 2022 — 0.009 + 0.009 £.000 + 0.001 Marconi 2022 =10 Hz

Synthest 8§1-160 + 0.012 4+ 0.055 0.999 -+ 0.002 Synthest SI-160 =100 Hz

3205 Rev. Sci. Instrum., Vol. 60, No. 10, October 1889

Frequency domain fluorometry 3205



ACKNOWLEDGMENTS

The experiments and analyses of the data produced
were performed at the Laboratory for Fluorescence Dynam-
ics (LFD) at the University of Illinois at Urbana-Cham-
paign (UIUC). The LFD is supported jointed by the Divi-
sion of Research Resources of the National Institutes of
Health (RR03155) and UIUC. The authors thank Julie
Butzow for final manuscript preparation and the computer-
generated figures. Brett Feddersen provided Fig. 3 and the
digital filter routine used for the data in Fig. 6.

'E. Gratton, D. M, Jameson, and R. D. Hall, Ann. Rev. Biophys. Bioeng.
13, 105 (1984).

3206 Rev. Sci. Instrum., Vol. 60, Ne. 10, October 1288

’J.R. Lakowicz, G. Laczko, and L. Gryczynski, Rev. Sci. Instrum. 57, 2499
(1986).

*G. Laczko and §. R. Lakowicz, Biophys. . 55, 190a (1989).

“R. 8. Spencer and G. Weber, Ann. New York Acad. Sci. 158, 361 (1969).

*E. Gratton and M. Limkeman, Biophys. J. 44, 315 (1983),

“E. Gratton, D. M. Jameson, N. Rosato, and G. Weber, Rev. Sci. Instrum.
55, 486 (1984).

5. R. Alcala, E. Gratton, and D. M. Jameson, Anal. Instrum. 14, 225
(1985).

3. R. Lakowicz, . Laczko, H. Cherek, E. Gratton, and M. Limkeman,
Biophys. J. 46, 463 {1986).

YE. Gratton, B. Barbieri, and (3. Bionducei, in Excited State Probes in Bio-
chemistry and Biology, edited by L. Masotti and A. G. Szabo (Plenum,
MNew York, 1989).

'""B. A. Feddersen, D. W. Piston, and E. Gratton, Rev. Sci. Instrum. 60,
2929 (1989).

Frequency domain fiuorometry 3206





