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A comparison is made theoretically of the signal-to-noise (S/N) ratio between the usual slow-sweep or the
continuous-wave method and the pulsed Fourier-transform (FT) method in ion-cyclotron-resonance spectros-
copy. Expressions of the maximum §/N ratio, as characterized by experimental parameters, are given in con-

crete form for both methods.

Based on these expressions, it is shown that the FT method has a Fellgett S/N ad-

vantage when the resolution of a measurement is selected so as to be nearly equal to the true linewidth. A
tradeoff between the S/N ratio and the resolution is discussed, and a possible reconciliation is suggested of in-
consistent statements on a relation between the S/N and the resolution in the literature.

A physical system of spectroscopic interest can be
considered to be an example of linear systems when
the amplitude of excitation is small. According to
the theory of linear systems, a spectrum of spectroscopy
corresponds to what is called either a “system function”
or “frequency response’’. There are several methods
to obtain the system function.»»® One of them is
the continuous-wave (CW) method, in which the am-
plitude and phase of a response are measured by
sweeping frequencies of excitation. The name ‘‘fre-
quency response’” arose from this. Another one is
the impulse-excitation method, in which the system
function is obtained through the Fourier transforma-
tion of the response to a unit impulse excitation. The
stochastic excitation method has also been proposed;
in it the system function is evaluated through the
Fourier transformation of the cross-correlation function
of excitation and responce.

Of the many branches of spectroscopy, nuclear mag-
netic resonance (NMR), more specifically high-reso-
lution NMR, which is a part of radio-frequency spec-
troscopy, is one of the most suitable for testing above
ideas. This might be partly due to its spectroscopic
characteristic that whole resonance lines concentrate
within a narrow frequency range compared to the
carrier frequencies, thus making it feasible to excite
and detect a number of resonance lines at once. In
NMR, of course, the CW method was employed first.
Long after that, the impulse excitation method was
applied by Ernst and Anderson, who noted that the
method had an §/N advantage over the usual CW
method.® An S/N gain of about one order was ob-
served within a given experimental time. Spectrom-
eters based on this principle are called “pulsed Fourier-
transform spectrometers’, and, because of their es-
sential high sensitivity, they are now widely adopted
in chemical and biological measurements. Soon after
the advent of the FT method, the stochastic excitation
method was also introduced; with pseudo-noise ex-
citation, a similar S/N gain was obtained.%% Mean-
while, in biological measurements a technique was
required with which any portion of the whole spectrum
could be excited and, at the same time, the S/N was
high. The rapid scan or the correlation method was
such a technique, in which excitation frequencies are
swept fast linearly to time.%? This may be considered
to be another form of excitation for acquiring the
system function.

The three relatively new methods have the common
advantages over the CW method of a short observation
time and, in consequence, a high sensitivity. These
advantages essentially constitute a Fellgett advantage,
which results from the simultaneous excitation and
simultaneous detection of all spectral elements.8) The
Fellgett advantage may be described as follows. In
spectroscopy, the frequency and amplitude of each
frequency component are measured with a certain
accuracy. The accuracy in frequency measurement
defines the resolution. It is evident that it takes
about 1/Af to measure the frequency of a wave
with an accuracy of Af. This is a manifestation
of the uncertainty principle between energy and time.?
Thus, it takes 1/A f to record one element of a spec-
trum with a resolution width of Af. In the CW
method, all the spectral elements are measured one
by one, while in the other three methods they are
obtained all at once. The former is a sequential
method, while the latter three are simultaneous meth-
ods. The number of elements is F/Af, where F is
the whole spectral range of interest. Therefore, for
the sequential method, the time required to record
the whole spectrum is F/(Af)2 The band-width of
noise superimposed on a spectral element is given
by Af. For the simultaneous method, on the other
hand, the measurement time is only 1/Af, which is
shorter by a factor of (F/Af)-! than that for the se-
quential method. The band-width of noise is given
again by Af, though the band-width of the physical
filter actually employed is F. Thus, S/N ratios are
identical for the two methods if the magnitudes of
the signals are assumed to be the same. Since S/N
1s improved as a square root of the measurement
time!®, it is now evident that a Fellgett S/N gain
of (F/Af)Y? is obtained by the use of the simultaneous
method. For radio-frequency spectroscopy, in which
a coherent monochromatic excitation source is easily
available, it is unclear why the sequential method
is inefficient for utilizing signal energy, while it is
evident for the infrared spectroscopy, in which only
a small portion of the signal energy is utilized at one
time by the use of a monochromator, the other big
portion being wasted on the jaws of a slit, as Fellgett
himself noted.

The pulsed-FT and rapid-scan methods have, in
recent years, also been applied to ion cyclotron reso-
nance (ICR), one branch of radio-frequency spec-
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troscopy.112) Besides the Fellgett advantage, the FT
method as applied to ICR has an additional advantage
of high resolution, which results essentially from the
long observing time made possible by the use of ion-
trapping cells.’314) Partly, however, it results from
the characteristic of the FT method that the excitation
period of ion motion is short; theoretically, high res-
olution may also be feasible for the CW method but
experimentally it would be difficult since a very small
amplitude of excitation is required. It was discussed
by Marshall and Comisarow, by the use of analogy
to optical multichannel spectrometers, how FT ICR
has the Fellgett advantage.'® There remains, how-
ever, some features to be clarified. First, in order to
obtain the full Fellgett S/N gain it is necessary that
the magnitude of a free decaying signal be the same
as the signal magnitude for the CW method. This
is not obvious, since the FT method utilizes transient
responses, while the CW method treats steady-state
responses. The second problem concerns noise levels.
In the FT method, the band-width of a physical filter
allowed is F, far broader than the band-width of
the low-pass filter employed in the CW method. This
may lead to an §/N disadvantage. Since a spectrum
is obtained through the Fourier transformation of a
time-domain signal, noise is also subjected to trans-
formation, thus causing a frequency-domain noise.
Third, it was stated by Marshall that there is a trade-
off between the S/N and the resolution in the FT
method.’® More recently, however, a manuscript re-
porting contrary results has appeared.’® In view of
this situations, the present author felt that it was nec-
essary to discuss S/N and resolution for the FT and
the CW methods on a general basis. The ambi-
guities mentioned above will be made clear in this
manuscript by evaluating §/N ratios at several stages
involved in actual experiments.

Theoretical

We shall first describe some experimental condi-
tions. The frequency range of a spectrum of interest
is denoted by F. The resolution width of a meas-
urement has the usual meaning that the width of a
resonance line with a true width narrower than the
resolution width may become widened through the
measurement to the apparent magnitude of the res-
olution width; it is denoted by Af. For the CW
method, it is the reciprocal of the time spent to meas-
ure one frequency channel, and at the same time
it is channel width. By using the scanning time,
T,, it is given thus;

Afow = (F|T,)*2 (1)
For the FT method, on the other hand, it is given
by the reciprocal of the sampling time, T,, of free
decaying (FD) signals:

Afer = 1/T, (2)
In order to obtain true line shapes determined by
physical conditions, the resolution width of a meas-

urement should be much narrower than the width
of a resonance curve, Af,; i.e.

Af < Afl/z (3)
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Fig. 1. (a): Moving ions in an ICR cell whose top
and bottom plates form a capacitor C. The plates
are connected with an outer circuit satisfying a cur-
rent-voltage relation I=4f(V). Magnetic field is along
z-axis, (b): current source equivalent to moving ions
in a capacitor.

For the FT method, this is equivalent to a condition
that the sampling time, T,, should be much longer
than the relaxation time. It should be noted that
a so-called high resolution corresponds to a small
resolution width in the present paper. The total ex-
perimental time is denoted by 7,. We assume ion-
trapping cells,’” since usual FT ICR experiments are
done with such cells. With ion-drift cells, FT' ICR
experiments may be equally feasible, though greater
experimental skill would be required. With a short
burst of ionizing electrons, N numbers of ions are
produced in a cell. If the trapping of ions is perfect,
then only one burst of electrons will be sufficient for
the whole experiment. Actually, however, the loss
of ions from a cell can be significant after some time.
Therefore, in order to enhance the S/N ratio through
ensemble averaging, N ions must be produced afresh
at every cycle after ejecting the ions of the previous
cycle. For the CW and FT experiments, we assume
a common detector which is equivalent to a pure
resistance. It is realized either by the use of a parallel
resonant circuit or by the use of a parallel CR com-
bination when the circuit is essentially resistive, i.e.,
R«1/jwC. For the sake of simplicity, we shall limit
considerations to a situation where only one resonance
line is present in the whole spectrum range of interest.
However, the following considerations may be easily
extended to the case of N resonance lines.
Next, let us evaluate the maximum signal voltage
obtained at a detector circuit. According to the signal
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Fig. 2. (a): Velocity component vertical to cell plates

of an ion just at resonance condition for the initial
condition =0 at t=0 which is subjected to radio-
frequency electric field with constant amplitude, (b):
velocity component vertical to cell plates of an ion
executing free decaying motion under no electric
field after irradiation with a radio-frequency pulse.

theory,18:1%) moving ions are equivalent to a constant-
current-source shunt across a cell whose top and bot-
tom plates form a capacitor. This situation is illus-
trated in Fig. 1. There, the strength of the current
source is:

N
I= gl qsvs/d, €))

where ¢, is the charge; v;, a velocity component vertical
to the plates and d, the distance between the two
plates, and where summation is taken over the N
ions in the cell. The velocity of the ion is given by
the equation of motion for an average ion:

mdo/dt = g(E + vX B) — mev, (5)

where E is, as usual, the electric field; B, the mag-
netic field, and ¢ in the last term, a damping constant
attributable to collisions with neutral atoms and mol-
ecules, which is usually called the reduced collision
frequency.20:2) Equations 4 and 5 form a pair of
basic equations describing ICR phenomena. Equa-
tion 5 can be shown to be equivalent to the equation
of motion for a harmonic oscillator with a friction.
Thus, solutions of the latter problem are useful in
ICR. Let us consider the ion motion under the
condition of CW experiments in which ions are sub-
jected to a radio-frequency electric field with a constant
amplitude. The velocity of the ion at just the reso-
nance for the initial condition, »=0 at t=0, is given
by the form that increases with a time constant, 1/c,
and becomes nearly constant after some multiples
of the time constant. This is shown in Fig. 2(a).
The constant value depends on the amplitude of the
rf electric field and on the collision frequency. The
radius, r, of the ion orbit is limited within d/2 by the
finite dimensions of a cell. Thus, when r=d/2, the
ion velocity given by the v=rw, formula has as its
maximum value dow,2, where w, is the cyclotron
angular frequency. Since all ions subjected to an
rf electric field rotate with the same radii and phases,
Eq. 4 leads to:

Iow = Ngw/2. (6)

As we have assumed a pure resistance, R, for a de-
tector, the maximum voltage is given simply as:
Vcw = quchz. (7)
For FT experiments, on the other hand, ions are
accelerated with a short 7f pulse. The velocity of
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the ions quickly reaches its maximum value, dw,/2,
and thereafter decays exponentially with a time con-
stant, 1/¢, under no external electric field. This free
decaying motion is shown in Fig. 2(b). The maximum
amplitude of the FD signal is again given by:

VFT = quc/2. (8)

It is evident that the maximum signal voltage for
the FT method is the same as that for the CW method.
We shall henceforth use V,, to denote it. It is worth
noting that, for the latter, V', corresponds to the peak
value of a spectrum, while for the former it does not.
For the FT method, the peak value of a spectrum is
obtained after the Fourier transformation of an FD
signal and it is given by the average amplitude of
the FD signal. The FD signal decays exponentially
with the time, as is illustrated in Fig. 2(b), so that
the average amplitude over the sampling time de-
creases as the sampling time increases. We will see
later that this feature leads to a serious tradeoff be-
tween the S/N and the resolution.

We shall next evaluate the maximum S/N ratio
obtained for the CW method. Among various types
of noise, we assume only thermal noise which appears
across a resistor in a detector circuit. This is the
so-called ‘““detector limited-noise case”. Thermal noise
has a white power spectrum, and its rms voltage is:

(022 = (4kTRf)'V2, ®

where f is the band-width in which noise is measured.
This form shows that, in order to get better S/N, the
band-width should be made as narrow as possible
by the use of a filter. However, the minimum width
of a filter employed is determined by the condition
that a measurement is carried out with a certain res-
olution. Considering a measurement by a point-by-
point spectrometer, a predecessor of CW spectrom-
eters, we see that the minimum width of a filter is
equal to the resolution width, Af. Then, the rms
value of the noise voltage becomes (4kTRA )12, 1In
that condition, the signal of amplitude, V,, can pass
through the filter without appreciable decrease.

Hence, the maximum S/N ratio for the CW method
with the resolution width, A f; is now obtained thus:

(SIN)ow = Vm/[(4RTRAS)2. (10)

It is worth noting that S/N increases in proportion
to the square root of the magnitude of resistance,
R, since V in Eq. 10 is actually proportional to R,
as can be seen in Eq. 7. The scanning time for the
experiment is evidently given be:

T, = FJ(Af) (11)

The result of Eq. 10, which has been obtained
rather intuitively, can be obtained in a more rigorous
fashion by the theory of the matched filter. This
approach is the same as Ernst employed in the S/N
analysis of FT NMR.® The matched filter may be
defined to be a filter such as can give the maximum
S| N ratio for a signal pulse superimposed with noise.!)
According to the theory of the matched filter, the
muximum S/N ratio obtained by the use of the filter
is given in the frequency domain as:
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(SIN)? = (1/27f)f [$(w) |/ N(w)do, (12)
where S(w) is the Fourier transform of a time-domain
signal, s(t), and where N(w) is power spectrum of
the noise. For the white noise assumed here, N(w)=
const, which we denote by W. Equation 12 then
reduces to:

(SIN)2 = (1/22W) f_w | S(w) | 2doo. (13)
Using Parceval’s theorem:
(1/27) f_°° [ S(w) | %de = /_w s()%t, (14)

we move to a more convenient time-domain descrip-
tion to obtain:

(SIN)® = (1/W) f_ix(t)%. (15)

Here, the term f s(t)2 dt stands for the total energy

of a signal, s(¢), and W stands for the noise energy
per unit of time and unit angular frequency. Since
we measure signals over the resistance, R, we must

replace Eq. 15 with

sy = amwr) [ vaea (16)

where V,(#) is the signal voltage measured over the
resistance, R. By specifying the functional form of
V,(t), S/N can thus be evaluated. The signal pulse
corresponding to the ICR absorption may be de-
scribed by the Lorentzian form:

Vs(t) = Vme*{(at — we)* + ¢}, (17)
where a is the scanning rate and is equal to 2zF/T,.
The peak value of this signal is V,, and the width
is 2¢c. Although the evaluation of Eq. 16 with this
form is possible, we can employ an alternative form
without introducing much error since we are deriving
general results which depend not on the details of
the line shape, but on the width:

0 for ¢t < (we—c)/a
Vi for (0c—¢)/a =t = (wc+0)/a
0 for (we+e)fa < ¢.
This is a rectangular pulse with the same height and
width as the Lorentzian pulse. The evaluation of
Eq. 16 with this form easily gives:

(SIN)? = Vi 2/4kTR(a/2). (19)
Here, the relation W=4kT has been used. By using
a=2xaF|T, and T,=F[(Af)% Eq. 19 is rewritten to

(S/N) = Vil (4RTRAS")*12, (20)

ASf' = n(Af)e. (21)
Here, Af’ is the effective band-width of noise, which
is determined by the band-width of the matched
filter. As we are considering an experiment with
a resolution of A f, we must put the linewidth equal
to the resolution width, i.e., ¢/r=Af. Then, the band-
width of the matched filter also becomes equal to
the resolution width. Moreover, S/N is again given
by Eq. 10. The band-width of the matched filter
and, in consequence, the effective band-width of noise

Vi(t) = (18)
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have the following simple meanings. Note that the
frequency components of a signal pulse with a certain
duration, At¢, are contained mainly in a band-width
of about 1/At. Therefore, the minimum width of
a filter which let pass through the main frequency
components of the signal and, at the same time, reject
noise is evidently 1/A¢ By applying this result to
the signal pulse with a duration of 2¢c/a considered
above, the width of the filter is found to be n(A f)?¥/c,
which agrees with Eq. 21.

Now let us evaluate the maximum S/N ratio for
the FT method. For this case, the band-width of
a filter applicable to FD signals is not Af, but F.
Actually, the filter is necessary only to guarantee
that FD signals can be sampled at the Nyquist rate.
Since usually F>Af, the /N of one FD transient is
much worth than that of a spectrum of the CW method.
As we have denoted the maximum amplitude of an
FD signal by V,, the S/N for one transient is:

(S/N)irr = Vinl(4KTRF )12, (22)

By requiring the resolution width of a spectrum to
be Af, the measurement time of the FD signals is
set as 1/Af. This is equal to the measurement time
of one frequency channel for the CW method with
the same resolution width. Let us now consider the

Fourier transformation of FD signals and noise. The
FD signal is generally described by:
Vi(t) = Vi cos (wet) exp (—ct). (23)

Assuming a finite sampling time, 7, we may expand
this in a Fourier series:

Vs(t) = 20 {oty cos (wyt) + Bnsin (wnt)}, (24)
where w,=27nn/T, and where n is an integer.??) The
Fourier coefficients «, and B, are given as usual:

= (2/T0) f "V(t) cos (wat)dt, (254)

TO

Bu = (2/T) f Ve(t) sin (wqt)dt. (25b)
By substituting Eq. 23 into these forms, the absorption
component, «,, and the dispersion component, f,,
are obtained. The absorption gives the Lorentzian line
shape of Eq. 17, and its peak amplitude is:

ay(wn = @o) = (Vm/eTo){(1—exp (—¢T)}- (26)
This expression quantitatively describes how the peak
amplitude varies with the sampling time: The am-
plitude decreases as the sampling time increases. The
Fourier coefficients of noise are similarly obtained
by substituting a random variable, V_(¢), into Eq.
25. Then, «, and B, also become random variables;
their dispersions are given by:

0711?': BF = N(fn)/To, (27)
where N(f,) is the power spectrum of the noise. This
result can be directly derived from the definition of
Eq. 25 by assuming that the correlation time of the
noise is shorter than the sampling time, 7,.1 Equa-
tion 27 shows that, through Fourier transformation,
the band-width of the noise is reduced from F to Af
and that the rms value of the noise decreases with
the square root of the reciprocal of the sampling time.
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By combining Egs. 26 and 27, the S/N ratio of a spec-
trum of the FT method is found to be:

(S/N)ipr = (Vi feTo){1 —exp (—cTo) }/(4KTR)Y/2.  (28)

When the resolution of a measurement is nearly equal
to the true width of a resonance line, ie., 1/7T ~c,
this reduces to:

(SIN)iex 22 Vin/ (46T RAS)V2.

This is the same form as Eq. 10 for the CW method.
Therefore, when the resolution width of a measurement
is nearly equal to the true linewidth, time is saved
with the FT method by a factor of Af/F. Through
ensemble averaging of the coherent addition of (F/A f)
samples which are obtained in the time equal to one
scanning time, T, for the CW method, the S/N ratio
can be enhanced by the factor of (F/Af)Y2. 'This is
the Fellgett S/N gain. It should be noted, however,
that the full Fellgett S/N gain can be obtained only
if the condition A f=~c¢[n is satisfied. For usual ex-
periments in which an accurate peak amplitude or
linewidth is neceded, the resolution width should be
selected to be much smaller than the linewidth, i.e.,
Af<c|n. Therefore, the parameter of S/N enhance-
ment is (FAf)Y?/¢c rather than the Fellgett value
(F|Af)Y2.

Finally, let us summarize the relations among the
S/N, the resolution, the scanning time, and the total
experimental time. For the CW method, the S/N
and the resolution width are given in terms of the
total spectral range of interest, F, and the scanning
time, 7:

SIN = Vu/(4kTRAf)V? = Vi T4 /(4kTR)Y/2F/,
Af = (FITs)Y>
When F is constant, these forms indicate that the
S/N increases as the fourth root of the scanning time
and that the so-called resolution appropriately given
by 1/Af also increases in accordance with the square
root of the scanning time. Thus, there is no trade-
off between the S/N and the resolution. The fourth
root law of the §/N seems curious, since it is incon-
sistent with the well-known fact that the accuracy
of a measurement (S/N) increases with the square
root of the measurement time.'® Note, however, that,
for the CW method, the increase in the scanning
time inevitably results in an increase in the resolution.
If an experiment in which the resolution is kept con-
stant is considered, it can be shown that the usual
square-root dependence of the S/N on the total time
holds: by assuming a fixed resolution of A f, the scan-
ning time becomes F/(Af)? and S/N is given by
aTMAF-1/4 where « is a constant and is equal to ¥,/
(4kTR)v2. Consider the total experimental time, T,
which is much longer than 7. In that time, (T,/T)
times of scans are carried out. Through the ensemble
averaging of the scans, the §/N can be enhanced by
a factor of (T,/T,)*%, and the overall S/N ratio be-
comes aT}2T -14F-1/4, By the use of the T,=F/
(Af)? relation, this is rewritten to a convenient form:

(§/N)now = aTM2(Af)Y2F-1/2, (29)

where the subscript n stands for the number of scans
and is equal to 7,/T,. This shows the usual square
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root dependence of S/N ratio on the measurement
time. It is also evident that in a given time, T,
the tradeoff between the S/N and the resolution exists.
This is the usual meaning of the tradeoff. For the
FT method, on the other hand, the S/N and the res-
olution width are geven in terms of only the sampling
time, 7,:

SIN = (V)T oY2) {1 —exp (—cT,)}/(4kTR)2,

Af = T,
These forms show that, as T, increases, the resolution
increases and the S/N decreases. This behavior is
different from that in the case of the CW method,
where both the S/N and the resolution increases with
the scanning time. Consider also an experiment in
this time where the resolution is held constant. In
a given total experimental time, 7,, which is much
longer than T,, (T,/T,) times of FD signals are ob-
tained, so that the S/N can be enhanced by a factor
of (T,/T,)*2. Then, the overall S/N ratio becomes:

(S/N)apr = (VuTM2Af){1—exp (—cTo)}/c(4kTR)' /2, (30)

where the subscript n is again the number of transients
and is equal to T,/T,. This form again indicates
the usual square root dependence of the S/N ratio
on the total time and the tradeoff between the S/N
and the resolution. However, the S/N is proportional
to Af for the FT method, so the tradeoff is more
marked than for the CW method, where the S/N
is proportional to the square root of Af.

Discussion

We have shown in the previous section that the
tradeoff between the S/N and the resolution is marked
for the FT method. Marshall also discussed the trade-
off by considering the FD signals and the noise aver-
aged over the sampling time, though he did not ex-
plicitly treat the Fourier transformation of the noise.1®
He obtained an expression describing the behavior
of the relative S/N ratio vs. the sampling time, which
is essentially the same as Eq. 30 in the present manu-
script. More recently, however, a paper has appeared
which reported that the tradeoff was not observed
and that the S/N and the resolution simultaneously
increased with the FT ICR.1 Note that the simul-
taneous increase in the S/N and the resolution was
obtained by lowering the sample pressure in that
paper. The tradeoff should be referred to the method
of measurements when the physical states of systems,
for example, the sample pressure, are kept constant.
It seems misleading to say that the S/N and the res-
olution simultaneously increase without the tradeoff,
since the tradeoff between the S/N and the resolution
has wide acceptance in physical measurements.

We shall next consider the so-called exponential
filter. The operation of multiplying free-induction de-
cay signals by an exponential function is called either
““the exponential filter” or “the matched filter”.3.23,24)
It seems inappropriate, however, to call such an op-
eration a ‘“filter” at all, since a filter is what carries
out a convolution operation on time-domain signals
to lower noise levels. Convolution in the time domain
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corresponds to multiplication in the frequency domain.
As we have seen in the previous section, through
Fourier transformation the effective band-width of noise
is reduced to a resolution width which is usually very
narrow compared to the original band-width of noise
in the time domain, so that the noise level is reduced.
The so-called exponential filter carries out, on signals
in each domain, the operation opposite to that of
usual filters. It is evident that the convolution opera-
tion on a spectrum in which the noise level has already
been reduced to a resolution width will not effectively
improve the S/N ratio without leading to additional
line-broadening.

Both ICR and NMR belong to radio-frequency
spectroscopy, and there are many similarities between
them. It would be useful to utilize such similarities.
Among several techniques with the Fellgett advantage,
the stochastic excitation method has not yet been
applied to ICR. This method was, however, applied
to NMR by Ernst, and thereby it was noted that it
has a unique feature that the S/N and the resolution
can be separately optimized.? Since the tradeoff
between the S/N and the resolution seems general,
however, it would be necessary to examine this method
closely. The analysis of the S/N and the resolution
in the present paper is general, and it can also be
applied to NMR with a little modification. The
Fellgett advantage can be obtained in various branches
of spectroscopy, since it results essentially from the
simultaneous excitation and simultaneous observation
of all frequency channels.?%
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