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Abstract

Modern NMR spectrometers require receivers to work within their linear ranges to maintain high
fidelity line-shape and peak integration. For better sensitivity, the receiver gain has to be
optimized to detect dilute analytes; however, gain compression needs to be avoided. Here we
explore if and how linear receiver performance can be achieved for a couple of representative gain
settings on a spectrometer. In the case of slight receiver gain compression, not only will the peak
integral be attenuated but a very small line-shape change can also be observed. Hence we can
resort to resonance integration and line-shape analysis for gain compression diagnosis. As such,
NMR signals, regardless of their observed amplitude difference in frequency domain, can be
accurately compared in quantitative analysis.
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The NMR experiment has been traditionally considered linear [1]. As a result, the observed
FID is expected to be proportional to the number of spins (or effective transverse
magnetization at the on-set of the observation). For most NMR active nuclei, the classic
Bloch equations suggest that NMR signal amplitude (resonance integral in frequency
domain) is indifferent to chemical shift or relaxation rate. Even for concentrated samples
that may suffer from radiation damping, the Bloch equations can still retain their forms
without major revisions if the excitation angle is kept small [2]. Hence a universal internal
concentration standard becomes possible, regardless of the particular reference compound
identity or its concentration.

Recently, we suggested the use of the solvent in a NMR sample as the concentration
standard [3]. A protonated solvent offers an excellent primary standard because its
concentration is frequently known or easily calculated. For an example, in a dilute biological
sample, the total proton concentration of solvent water can be invariably treated as 111 M at
room temperature (without consideration of deuterium for spectrometer locking), which can
thus serve as a convenient internal concentration standard for any analyte in that solution.
On the other hand, for a highly deuterated solvent, the residual proton signal can be used as
an alternative reference [4]. Nevertheless, in the latter case, the residual proton concentration
has to be calibrated independently and accurately. Again, a separate solvent, preferably fully
protonated, provides a concentration standard not only for that residual solvent signal but
also for any other secondary or artificial reference in general [5,6].
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While the solvent concentration referencing enjoys many undisputable merits such as
stability, low cost and simplicity in terms of sample preparation and handling, there are
some technical challenges in dealing with a high concentration solvent in NMR.
Presumably, the solvent concentration can be easily thousands or even millions times higher
than that of the analyte, leading to two potential issues: first, radiation damping for the
strong solvent signal frequently causes distortions in the resonance phase and amplitude in
frequency domain [7]; and second, the receiver may not detect the strong solvent signal as
efficiently as the weak analyte.

For the first issue, the excitation pulse for the solvent can be limited to a very small angle so
that the observed resonance integral is strictly proportional to the transverse magnetization
or sine of the excitation angle [2]. On a modern spectrometer, almost any realistic excitation
angle can be readily produced through the fine control of the pulse length and transmitter
power attenuation. Hence the solvent signal, in spite of its source from a concentrated
solvent, can always be generated linearly. Alternatively, the solvent’s 13C satellite peak, if it
exists and is clearly separated from the analyte signals, can be utilized as the concentration
reference [8].

The second issue calls for linear detection by the NMR receiver for the input FIDs (free
induction decay) of different amplitudes. For strong FIDs, the NMR receiver (which can be
treated as a cascade of analog amplifiers) may exhibit gain compression, which is a well
known phenomenon for a typical analog amplifier: when the input exceeds certain level or a
very large gain is attempted, the receiver output is attenuated compared to the expected
based on a truly linear amplification. In extreme cases, the output FID signal is seen as
clipped and the resulting spectrum may appear to have rolling baselines or images [9].

Assuming the receiver is linear for a modern NMR spectrometer, we have suggested the
definition of receiver gain function so that spectra acquired with different receiver gains can
be quantitatively compared [10,11]. However, we still need to provide evidence showing
that indeed the receiver gain function is independent of the input FID size to the accuracy of
2% or better. Here we will demonstrate if and how a linear receiver can be achieved on a
typical commercial spectrometer. We further propose a simple NMR spectroscopic method
that relies on a very small but clearly visible line-shape change to detect the receiver gain
compression as small as a few percent.

EXPERIMENTAL SECTION

1D proton spectra were acquired for water samples on a Bruker Avance 500 MHz NMR
spectrometer equipped with a z-gradient inverse probe. The sweep width was 12 ppm and
acquisition time was 2.7 s. Relaxation delays were set to 10 s so that full magnetization
recovery could be assumed before each scan started.

For simplicity, we chose two receiver gain settings to demonstrate if the receiver gain
compression occurs. The receiver gain was first fixed at 1024 and the proton signal from a 2
Hz doped D,0 sample (containing about 0.1% residual H,O) was observed. The transmitter
power attenuation was 30 dB and the pulse length varied from 4 to 80 ps (nominal 90° pulse
length was 10.8 ps at 0 dB), resulting in the excitation angles from 1.04° to 20.8°. Then the
receiver gain was fixed at 1 and the proton signal from a 5% D,0 in H,O sample was
observed the same way (nominal 90° pulse length was 10.6 ps at 0 dB). For either receiver
gain setting, the highest FID output was less than 1/3 of what can be possibly given by the
receiver (maximum output level).

To find the highest FID output that still does not appear to have any visible receiver gain
compression, we first set the receiver gain to 128 and observe the proton signal from the
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above 5% D,0 sample. The excitation pulse length varied from 4 to 32 ps with transmitter
attenuation set to 48 dB, resulting in excitation angles from 0.14° to 1.1°. The observed
largest FID data-point was about 72% of the maximum output level.

All FIDs were exponentially line-broadened by 0.3 Hz, Fourier transformed, phased and
base-line corrected. The NMR signal amplitude in the frequency domain was treated as the
water resonance integration.

RESULTS AND DISCUSSIONS

In theory, the NMR signal amplitude is proportional to steady-state magnetization and sine
of the excitation angle 6. In practice, we had to confine the current study to small pulse
angles (so that sinf /6 is about 1) so that the probe’s RF inhomogeneity would have minimal
impact. If the receiver is linear, the observed FID signal is expected to be linearly
proportional to the input FID with a fixed receiver gain setting. On the other hand, if the
input signal size or the receiver gain is sufficiently large, gain compression in the receiver
may occur: the observed resonance integral normalized by sin® is likely to decrease as the
excitation angle increases.

In Fig 1, the ratio of NMR signal amplitude and sin® is plotted as solid diamonds for a
spectrometer with a receiver gain parameter of 1024, compared to open squares for a
receiver gain of 1, as a function of the excitation angle. Standard deviations, which were
measured in triplicates, are too small to be shown clearly (within 0.1% for all data points).
For ease of comparison, the NMR signal / sin6 ratio is normalized to 1 for the smallest pulse
excitation angle. Within either series (receiver gain of 1 or 1024), the normalized resonance
integral can be simply treated as a constant, though the input FID varied by about 20 times
in amplitude when the pulse angle was increased from 1° to 20.8° (or from 4 to 80 ps in
pulse length with the same 30 dB transmitter power attenuation). Hence the output NMR
signal amplitude changes proportionally to sinf. As such, the NMR receiver for this
spectrometer is linear to the accuracy of 1% under our operating conditions.

To explore the typical symptoms and consequences for the NMR receiver gain compression,
the receiver gain was fixed at 128 for the 5% D,0 sample and the excitation pulse angle was
increased gradually so that the maximum FID signal reached 11% to 72% of the maximum
output level of the receiver. Fig 2 summarizes the observed resonance, peak integration
normalized by sin6 and the corresponding percentage highest FID output relative to the
maximum level. For the particular receiver in the current study, if the highest output FID is
55% or less than the maximum output, the peak integration from the Fourier-transformed
spectrum is proportional to the corresponding FID input from the sample (manipulated by
sinB) and we conclude that all observed peaks are linearly detected. On the other hand, when
the highest FID output exceeds 65% of the maximum, the NMR signal is under-detected by
the receiver and the peak integration normalized by sin® is significantly less than 1. In the
more severe case of 72% of maximum output, NMR signal is under-detected by almost
20%. Although the rolling baselines is clearly visible to the experienced eyes when the
receiver gain compression is severe, the spectral artifacts are less obvious if the receiver is
just slightly compressed (e.g. 65% maximum output). Concentration determination based on
peak integration, without recognizing gain compression when it occurs, can lead to
significant errors. Hence it is necessary to develop sensitive methods to identify slight
receiver gain compression for accurate quantitations.

Generally the gain compression for an amplifier can be characterized by the 3 order
intercept point (TOI) or 1 dB compression point. However, neither method is fine enough to
meet the high demand of modern high resolution NMR spectroscopy because gain
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compression of several percent can lead to a similar amount of peak under-integration.
While clear spectral artifacts can be observed in cases of severe gain compression [9], we
consider the situation when gain compression is relatively small. For simplicity, we assume
that receiver gain compression impacts only a few initial data points in an exponentially
decaying FID. Thus the net effect of gain compression can be treated as a window function
to an ideal FID: for most “normal” FID data points, the window function takes the values of
1; for data points near time zero that have stronger FID signal, the window function is
slightly less than 1. We will see that not only the resonance integration would be reduced but
also very subtle line-shape change can be observed.

To start with, we consider the observation of water signal from a biological sample that has
a proton spin-spin relaxation time (T,) of 5 ms. A typical set of acquisition parameters can
be assumed as 256 ms for the acquisition time and 8000 Hz for the sweep width. We further
assume that receiver gain compression occurs only for the first 10 FID data points: a scaling
factor of 0.975 is applied to the first point and then linearly increased to 1 for the 11t point
and thereafter. We call this window function A (Fig 3a blue line). Alternatively, a slightly
different window function B can be constructed with a sine function smoothing (Fig 3a red
line).

The hypothetical FID from water, with window function A or B or without, can be Fourier
transformed. The resonance peak height remains about the same regardless of the particular
window function (data not shown). The resonance integration, on the other hand, is reduced
by 2.5%, since the first FID data point is scaled down by 2.5% by either window function.
Hence small receiver gain compression in the above simple form (either window function A
or B) will result in reductions in peak integral. Conversely, if the resonance integral in
frequency domain is less than expected and strong FID is observed, then one should check if
there is some small gain compression.

For a compound that has not been quantitized, the expected NMR signal amplitude is not
established to reveal if the observed is attenuated or not. It would be difficult to draw
conclusions for receiver gain compression based on resonance integral alone. Therefore, it is
helpful to identify non-amplitude spectral features for gain compression diagnosis.

The resonance line-shape is an NMR observable that is generally independent of the
resonance integration in the frequency domain. Instead, it is influenced by the spin-spin
relaxation rate, magnetic and RF homogeneity as well as the window function. For two
acquisitions that differ only in output FID signal amplitude (or receiver gain parameter), the
observed line-shape essentially reflects the apparent difference in window functions. Close
scrutiny of the line-shape could reveal the presence of receiver gain compression. For
accurate quantitations, we wish to diagnose gain compression as small as 2%.

Since most NMR resonance line-shapes are Lorentzian, the full line-width at half maximum
(FWHM) parameter has been conveniently utilized to characterize line-shape change. For a
proton FWHM that ranges from 1 Hz to 50 Hz, one would expect the change is likely to be
very small (<1 Hz) if gain compression is only about 2%. Because the spectral resolution in
most data acquisitions is typically about 1 Hz, such a small change may not be reliably
observed in routine NMR. As such, a cursory survey of the FWHM probably will not reveal
if a small receiver gain compression occurs.

However, the line-width near the base of the resonance signal (2% of the peak height) can be
10 times larger than FWHM. As long as sensitivity is sufficient, it is possible to observe a
significant change in line-with at this level due to gain compression. Fig 3b shows that the
“line-narrowing” effects by window functions in Fig 3a can be potentially observed for a
strong water resonance. Near the 2% level of the maximum peak height, the line-width can
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be reduced by 10 Hz or more due to receiver gain compression. The line-narrowing effects
are expected to be more significant if the gain compression becomes more severe.

Fig 4 demonstrates that such line-shape changes do correlate with experimentally observed
gain compression. In this figure, three representative spectra from Fig 2 are plotted near the
baseline level (only one side of the resonance plotted as the other side would have similar
behavior). The maximal FID data point in each set of data reaches 11%, 55% and 65% of the
maximum output. From Fig 2, it is expected that the receiver is linear for any spectrum up to
the 55% level, as the output is linearly proportional to the input (to an accuracy of 1%), and
the spectral line-shape remains exactly the same (thin black and thick blue lines). As slight
gain compression occurs (leading to about 4% reduction in peak integration, for spectrum #6
in Fig 2) when the FID reaches 65% of the maximum output level, not only the peak is
under-integrated, but also a line-narrowing effect of about 15 Hz near the 2% peak height
can be observed (Fig 4 thick red line). Hence an NMR spectroscopist should be aware of the
possibility of receiver gain compression even well below the maximum FID output. In our
own experience, for a Bruker high resolution spectrometer, it is recommended that the
maximal observed FID should not exceed 50% of the maximum output (absolute reading of
about 200000) allowed by the receiver during any single scan.

Therefore, we can diagnose NMR receiver gain compression through resonance integration
and line-shape-analysis. First, the observed FID can be reduced by a certain amount through
the receiver gain parameter or excitation angle change and the resulting NMR resonance
signal is observed. If there is no gain compression for the stronger FID, then the observed
resonance integration will scale down accordingly, and the line-width at about 2% peak
height or lower remain exactly the same. If there is gain compression, the peak integral for
the stronger FID will appear to be reduced after normalized by the actual receiver gain and /
or excitation angle, and the actual receiver gain can be found through its calibration against
the receiver gain parameter [10]. Second, line-narrowing effects, corresponding to several
percent of the line-width, can be observed in the frequency domain. Near the base of the
resonance (such as 2% of the peak height) where the line-width is significantly larger than
FWHM, such a line-narrowing effect can be easily observed, especially for a strong signal
with sufficient sensitivity. Of course, potential interference due to RF inhomogeneity or
radiation damping should be avoided by applying small excitation angles. While we will
demonstrate elsewhere how to indentify whether the observed resonance under-integration
or line-narrowing is caused by gain compression, RF inhomogeneity or radiation damping
for a strong signal, suffice it to say here that the detrimental effects caused by any of the
above sources should be avoided or carefully controlled in good NMR practice, especially
when the affected signal is used for quantitative analysis.

CONCLUSIONS

We have demonstrated that the NMR receiver should and can perform within its linear range
so that the observed spectrum is not distorted in resonance line-shape or integration. Hence
definition of the receiver gain function is meaningful [10]. Subtle receiver gain compression
can cause resonance under-integration for quantitative analysis. While other spectral
artifacts may not be clearly visible, a subtle line-narrowing effect near the base of a strong
peak can be observed. As such, we can manipulate the FID output signal by variation in the
excitation pulse angle or receiver gain parameter so that we can carefully analyze expected
peak integration and line-shape to identify any potential gain compression.
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Figure 1.

The linearity of the NMR receiver can be verified by calculating NMR resonance integration
normalized by sin® for a Bruker spectrometer with two representative gain settings. Open
squares: receiver gain = 1; solid diamonds: receiver gain = 1024.
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Figure 2.

Linear NMR receiver many not be maintained when the FID output surpasses 55% of the
maximum receiver output for a Bruker spectrometer. The numbers above and under the
resonance peak represents the NMR peak integration normalized by sinf and the highest
FID signal level as a percentage of maximum output allowed by the receiver. Though rolling
baselines are clearly visible when FID output reaches 72% of the maximum, they are less
apparent when the receiver is just slightly compressed (at the 65% level).
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Figure 3.

The effect of receiver gain compression is equivalent of that of a window function. a) two
window functions are used for simulating the impact of subtle gain compression: window
function A (blue line) or B (blue line) reduces the first 10 FID data by up to 2.5% by a linear
or sinusoidal function. b) While neither window function causes large resonance line-shape
distortions for a strong signal (T, =5 ms due to radiation damping), close examination near
the base of the resonance peak reveals that a “line-narrowing” effect can be observed (black
line: no window function; blue line: window function A; red line: window function B).
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Figure 4.

The subtle line-shape change due to slight receiver gain compression can be observed for
spectra in Figure 2 that were acquired at different receiver output levels. Due to the spectral
symmetry, only one side of the peak is shown with an extended baseline. The inset indicates
that at the 2% peak height, the thin black line (11% of max output) is almost
indistinguishable from the blue line (55%), while the red line (65%) shows about 15Hz line-

width narrowing.
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