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In this work we propose an approach to reduce the digitization noise for a given dynamic range, i.e., the
number of bits, of an analog to digital converter used in an NMR receiver. In this approach, the receiver
gain is dynamically increased so that the free induction decay is recorded in such an emphasized way that
the decaying signal is digitized using as many number of bits as possible, and at the stage of data process-
ing, the original signal profile is restored by applying the apodization that compensates the effect of the
preemphasis. This approach, which we call APodization after Receiver gain InCrement during Ongoing
sequence with Time (APRICOT), is performed in a solid-state system containing a pair of 13C spins, one
of which is fully isotopically labeled and the other is naturally abundant. It is demonstrated that the
exceedingly smaller peak buried in the digitization noise in the conventional approach can be revealed
by employing APRICOT.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

An analog to digital converter (ADC) is a device used to sample
signals in the form of binary numbers suitable for data storage and
processing on a computer. The error arising in the process of con-
verting continuous analog signals to discrete binary numbers is
known as the digitization noise. In the spectrum form, it causes
the digitization sidebands spreading over the spectrum [1]. When
an NMR spectrum of interest contains a single peak or peaks of
comparable intensities, the effect of the digitization sidebands
can be made negligibly small by amplifying the signal before digi-
tization with an appropriate gain, because the digitization noise
decreases as increasing the dynamic range of the signal, i.e., the
number of bits used to represent the signal. Thus, the receiver gain
is desirable to be large enough, but not to exceed the level causing
ADC input overflow.

The digitization noise becomes appreciable when the spectrum
consists of a set of peaks, one of whose intensity is exceedingly
smaller than the others. In such a case, the digitization sidebands
can conceal the smaller peak, because the receiver gain has to be
set suitable to the largest intensity. One straightforward solution
to this problem is to introduce a state-of-the-art NMR spectrome-
ter equipped with the ADC with larger number of bits. In this work,
we present an alternative approach to reduce the digitization noise
for a given dynamic range of the ADC. By dynamically increment-
ing the receiver gain during acquisition of a free induction decay
(FID) followed by application of apodization to the digitized signal
ll rights reserved.
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to compensate the different receiver gain for each data point, we
show that the smaller peak buried in the digitization noise can
be revealed. We call this strategy as APodization after Receiver gain
InCrement during Ongoing sequence with Time (APRICOT). The
idea of dynamic receiver gain has been examined in magnetic res-
onance imaging (MRI), where the dynamic range is demanding
[2–4]. Due to restrictions of the hardware of the existing spectrom-
eter and the control software, these works resorted to several sep-
arate measurements with various receiver gains followed by data
reconstruction. Here we demonstrate real time modulation of the
receiver gain using a home built NMR spectrometer, with a
description of the electric circuit for the receiver gain modulator.

The present work may also remind the readers of previous ef-
forts regarding to data sampling for improving the quality of
NMR spectra. They include nonuniform data sampling [5–8], trian-
gular sampling [9], random sampling [10], matched accumulation,
i.e., data sampling at a fixed rate but different amounts of signal
averaging [11], and so on. The present work is distinct from these
previous works, in the sense that the former improves the dynamic
range of one-dimensional spectra, while the latter concern sensi-
tivity and/or spectral resolution of multidimensional experiments.
The other ways for improving the dynamic range include phase
scrambling [12], dithering [13], and oversampling [14]. They are
compatible with APRICOT, and simultaneous usage potentially
leads to the synergistic effect.
2. A simple example

As an example describing the idea of APRICOT, let us consider a
signal S(t) given by
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Fig. 1a–c show digital representations of S(t) for D = 2p �200 Hz
with dynamic ranges of 4, 8, and 12 bit. Fourier transformation of
S(t) results in a spectrum with a Gaussian line shape with a width
D, accompanied with the digitization sidebands. The sideband
intensities decrease with increasing the dynamic range, as depicted
in Fig. 1e–g. At a glance, the spectra with the dynamic ranges of 8
bit and 12 bit (Fig. 1f and g) appear to be identical with each other;
the digitization sidebands are hidden in the thickness of the line.
However, the magnified view of the baseline reveals that the effect
of the digitization sidebands is smaller for the higher dynamic
range.

Let us now suppose that the signal S(t) is preemphasized so that
the recorded data is constant over acquisition, and the data is then
apodized using single precision calculation to restore the original
signal profile (Fig. 1d). The spectrum obtained in this way has
much less digitization sidebands, as shown in Fig. 1h. The idea of
APRICOT takes advantage of the fact that the number of bits used
to process a number in a computer, typically 32 for single precision
or 64 for double precision, is much larger than that of the conven-
tional ADC, which is no more than 22 even for the latest commer-
cial NMR spectrometer.

In practical APRICOT experiments, the profile of the FID of inter-
est determines the way that the receiver gain is dynamically
manipulated, and the apodization function is applied accordingly
to compensate the effect of preemphasis. The requirement for prior
knowledge about the decaying signal profile would not cost much,
considering that the conventional measurement also needs an esti-
mation of the maximum signal intensity to set the optimal receiver
gain.

3. Experimental

For demonstration of APRICOT, we used an open-resource, field-
programmable gate-array (FPGA) based NMR spectrometer, also
called an OPENCORE NMR spectrometer [15,16]. A schematic dia-
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Fig. 1. A Gaussian decay function given in Eq. (1) for D = 2p �200 Hz represented
with dynamic ranges of: (a) 4 bit, (b) 8 bit, and (c) 12 bit. The solid line in (d) was
obtained by applying Gaussian apodization with a width of 2p�200 Hz to a constant
function shown in the broken line using single precision calculation. (e–h) are their
respective Fourier-transformed spectra. The magnified views of the spectral
baseline are shown in blue lines. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
gram of the modified part of the spectrometer for this purpose is
depicted in Fig. 2. The NMR signal was firstly amplified by a low
noise amplifier to an appropriate level, then fed to one of two input
ports of an analog RF multiplier AD834 (Analog Devices). The other
input port received the gain control signal generated by a high
speed 10 bit digital to analog converter (DAC) AD9740 (Analog De-
vices). The receiver gain was programmed with a pulse program-
mer of the spectrometer. Both the DAC and the pulse
programmer operated at a clock frequency of 100 MHz. In this
assembly, the receiver gain can be set in 210 = 1024 steps and the
time resolution is enough for the present purpose. The gain-mod-
ulated signal was digitized with an ADC AD9245BCPZ80 (Analog
Devices) with a dynamic range of 14 bit and a sampling rate of
80 MHz. Prior to the NMR experiments, we performed a loopback
test by transmitting an RF pulse with a constant amplitude and
phase to the receiver. We verified the linearity of the signal ampli-
tude with the receiver gain, and found no appreciable phase
distortion.

Some NMR receivers, including the one used in the present
study, employ a single high-speed ADC to record the FID in the
form of an intermediate radiofrequency signal, and then demodu-
late the signal into the rotating frame representation by means of
digital signal processing. On the other hand, many other NMR
receivers sample the FID as a pair of demodulated audio signal
components, namely, in-phase and quadrature components or of-
ten called real and imaginary components, using two separate
ADCs. For the latter case, a pair of gain control circuits would be
necessary for the individual ADCs.

In this work, 13C CPMAS experiments were performed in a poly-
crystalline sample of 2-13C-labeled glycine in a magnetic field of
9.4 T using a Chemagnetics 3.2 mm T3 MAS probe. In this sample,
the number of 13C spins for the natural abundance carboxyl carbon
is expected to be two orders of magnitude smaller than that for the
13C-labeled methylene site. For demonstrating the high contrast in
the signal amplitude, the CP contact time was set to 0.5 ms, which
is optimal for the methylene carbon but not for the carboxyl car-
bon. The signal intensity for the former was estimated to be larger
than that for the latter by ca. 300 times.
4. Results and discussions

Fig. 3a shows the in-phase and quadrature components of a 13C
CPMAS FID obtained with a constant gain in polycrystalline 2-13C-
labeled glycine (15 mg). Here, the signal was digitized and then
demodulated by a digital module built inside the FPGA according
to a procedure described in Ref. [16]. These signal components
were sampled every 10 ls for 20.48 ms, and those for the first
10 ms are plotted in the figure. Neither digital filtration nor signal
accumulation was performed. Thus, the amplitude of the displayed
signal reflects the input level of the signal at the ADC. Even though
the dynamic range of the ADC was 14 bit, the receiver gain was set
so that the maximum ADC input level at the beginning of the FID
was around 13 bit for caution’s sake to make sure that ADC over-
flow did not occur.

In the present case, the single-scan FID was relatively strong
compared to the thermal noise level enough to show its decaying
profile, thus allowing us to increase the receiver gain during acqui-
sition without causing ADC overflow. Using the hardware de-
scribed above, we performed the experiment in the same way
except for the receiver gain, which was set at the same level at
the beginning of the FID, and dynamically increased every 10 ls.
Here, the receiver gain for the kth data point was set to an integer
nearest to 100 � expð2:2� 10�3kÞðk ¼ 1;2;3 � � �Þ, and total 950 steps
were used until it was set stationary at the acquisition time of
9.5 ms. The dynamic receiver gain and the corresponding apodiza-
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Fig. 2. A block diagram for the hardware used to implement APRICOT. LNA denotes a low noise amplifier.
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Fig. 3. (a) In-phase (red line) and quadrature (green line) components of digitally
demodulated 13C FID obtained by CPMAS in polycrystalline 2-13C-labeled glycine.
Data was recorded with a constant receiver gain. (b) Dynamically varying receiver
gain used in this work (purple line) and the corresponding apodization function
(blue line). (c) A 13C FID obtained in the same way as in (a) except for the varying
receiver gain according to the function plotted in (b). This preemphasized signal
was then processed by a digital low-pass filter with a cutoff frequency of 50 kHz,
and accumulated over 40 scans with a sampling interval of 10 ls and acquisition
length of 2048 to obtain the data in (d). It was finally apodized to restore the
original profile of the signal shown in (e). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. 13C spectra in a polycrystalline sample of 2-13C-labeled glycine obtained (a)
in the conventional approach, and (b) with APRICOT. (b) was obtained by Fourier-
transforming the data in Fig. 3e. The purple lines are the 100-fold magnified view of
the spectra. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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tion function are plotted in Fig. 3b, and the preemphasized signal
obtained in this way is shown in Fig. 3c. This signal was then pro-
cessed with a digital low-pass filter, and accumulated over 40
times. The resultant signal, plotted in Fig. 3d, was finally apodized
to compensate the preemphasized profile to obtain the signal
shown in Fig. 3e. For comparison, we also accumulated the conven-
tional constant receiver-gain signals over 40 times.

The 13C spectra obtained in the conventional way and with
APRICOT are shown in Fig. 4a and b. For the methylene 13C peak
at �40 ppm, the resonance lines appear to be identical for both
cases. On the other hand, the magnified view shows that the base-
line noise level was considerably reduced in the case of APRICOT,
revealing the minor, natural abundance carboxyl 13C peak at
�180 ppm.

Also, the peak intensity of the carboxyl carbon was found to be
larger in the spectrum with APRICOT. In the present case, the time
domain signal corresponding to the minor peak was estimated to
be digitized using at most 5 bits. Even smaller number of bits
was used to represent the relevant signal as it decays. When the
digitization error is prominent like this, the peak of the signal
spreads over the spectrum by adding a stimulus that is uncorre-
lated with the signal. This phenomenon is called dithering, and is
discussed in Ref. [13]. Here the unavoidable analog noise served
as the stimulus, dithering the signal away from the position it
should take if it had not been for any digitization error. On the
other hand, the APRICOT approach could record this relatively
weak signal with less digitization error, gathering the dithered
sidebands into the resonance line. The same improvement would
be expected by increasing the overall receiver gain. However, with
a limited number of the ADC bits, this would only be possible when
the large methylene 13C signal is absent.

Further quantitative discussion would require, in addition to
the theory on the digitization error discussed in the references,
analyses of the factors that affect the signal-to-noise ratio. They in-
clude the amount of the sample, static field strength, temperature,
the probe Q factor, the sample filling factor, the noise figure of the
preamplifier, the number of signal accumulations, the resonance
linewidth, and so on. They correlate in a somewhat complicated
way to determine the sensitivity. For this reason, quantification
of how much improvement is expected with APRICOT is a challeng-
ing subject, which is to be tackled in our forthcoming works.

In summary, we demonstrated that the digitization error can be
reduced by recording the signal in such a preemphasized way that
the ADC uses as many available bits as possible throughout an
acquisition, and by applying apodization afterwards on a computer
to reproduce the original signal profile. The effect of this operation
is to realize more accurate digital signal representation than that in
the conventional case with the constant receiver gain. Even though
the thermal noise cannot be eliminated neither by this strategy nor
by any other tricks performed on the receiver, the effect of the re-
duced digitization noise can be beneficial in the presence of the
peaks with a large difference in their intensities. Thus, the APRICOT
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approach presented here can find interests of not only NMR mea-
surements using the ADC with a relatively low dynamic range,
but also of demanding experiments, such as NMR metabolism
studies and MRI.

Acknowledgment

This work has been supported by the CREST and SENTAN pro-
grams of Japan Science and Technology Agency.

References

[1] J. Keeler, Understanding NMR Spectroscopy, second ed., Wiley, 2010.
[2] K. Kose, K. Endoh, T. Inouye, IEEE AES Mag. 5 (1990) 27.
[3] M.A. Elliott, E.K. Insko, R.L. Greenman, J.S. Leigh, J. Magn. Reson. 130 (1998)

300.
[4] C.H. Oh, Y.C. Ryu, J.H. Hyun, S.H. Bae, S.T. Chung, H.W. Park, Y.G. Kim, Concepts
Magn. Reson. 36A (2010) 243.

[5] J.C.J. Barna, E.D. Laue, J. Magn. Reson. 75 (1987) 384.
[6] D. Rovnyak, C. Filip, B. Itin, A.S. Stern, G. Wagner, R.G. Griffin, J.C. Hoch, J. Magn.

Reson. 161 (2003) 43.
[7] M.W. Maciejewski, H.Z. Qui, I. Rujan, M. Mobli, J.C. Hoch, J. Magn. Reson. 199

(2009) 88.
[8] M.R. Gryk, J. Vyas, M.W. Maciejewski, Prog. Nucl. Magn. Reson. Spectros. 56

(2010) 329.
[9] K. Aggarwal, M.A. Delsuc, Magn. Reson. Chem. 35 (1997) 593.

[10] J.C. Hoch, M.W. Maciejewski, B. Filipovic, J. Magn. Reson. 193 (2008) 317.
[11] A. Kumar, S.C. Brown, M.E. Donlan, B.U. Meier, P.W. Jeffs, J. Magn. Reson. 95

(1991) 1.
[12] A.A. Maudsley, J. Magn. Reson. 76 (1988) 287.
[13] M. Villa, F. Tian, P. Cofrancesco, J. Halámek, M. Kasal, Rev. Sci. Instrum. 67

(1996) 2123.
[14] D. Moskau, Concepts Magn. Reson. 15 (2002) 164.
[15] K. Takeda, Rev. Sci. Instrum. 78 (2007) 033103.
[16] K. Takeda, J. Magn. Reson. 192 (2008) 218.


	Noise reduction by dynamic signal preemphasis
	Introduction
	A simple example
	Experimental
	Results and discussions
	Acknowledgment
	References


