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d Embrapa Instrumentação, Rua XV de Novembro 1452, São Carlos, SP, 13560-970, Brazil   

A R T I C L E  I N F O   

Keywords: 
SSFP 
Low and high field NMR 
SNR enhancement 
Benchtop NMR 

A B S T R A C T   

The receptivity of NMR spectroscopy is low when compared to other techniques. Historically, increasing the 
strength of the static magnetic field has been the major approach to increase NMR sensitivity. In recent years 
several polarization transfer protocols have been used to enhance the signal-to-noise ratio (SNR), although they 
require special accessories and/or sample preparation. In this paper, we consider both the challenges and op
portunities of steady-state free precession (SSFP) pulse sequences as a simple and efficient alternative to enhance 
SNR, in standard high-resolution and benchtop low-resolution NMR spectrometers. The maximum gain in these 
sequences is obtained with the shortest time between the pulses (Tp). However, when Tp<T2, the SSFP signal 
contains FID and echo components which lead to phase, intensity, and truncation artifacts on spectra obtained by 
Fast Fourier transform (FT). Several phase alternation SSFP sequences were used to cancel the echo component 
and minimize these problems in the FT spectra. Krylov base diagonalization method (KBDM) was used to 
eliminate the phase and truncation problems in spectra acquired by SSFP pulse sequences and can be a viable 
alternative to FT. The experiments were performed in high and low resolution (bench top) NMR spectrometers 
and significant enhancements in SNR of low receptivity nuclei such as 13C and 15N could be achieved. The SSFP 
sequences were also shown to enhance SNR in nuclei with high receptivity such as 19F and 31P, in very dilute 
samples, as is common in environmental and biological samples.   

Introduction 

The NMR signal-to-noise ratio (SNR) is very low when compared to 
other higher frequency spectroscopies (i.e. microwave, infrared, visible, 
etc.). This low SNR is due to the very small difference between the 
populations of nuclear spin energy levels, which are only observed in 
presence of a magnetic field (Zeeman effect) [1]. The spin population in 
each energy level is dependent on the magnetic field strength (B0) and 
the intensity of NMR signals increases with B0

3/2. The NMR spectral 
resolution (i.e. the signal separation) also depends on B0 as the chemical 
shift increases linearly with it and the spectral line width depends on the 
B0 inhomogeneity (ΔB0), in the sample volume. Therefore, the devel
opment of magnets with very high B0, with minimal ΔB0, is a constant 
challenge for NMR spectroscopy. Magnets with the highest B0 and with 
minimal ΔB0 are normally obtained with superconducting magnets [2]. 

The coils have to be maintained at very low temperature (i.e. in liquid 
helium) and therefore they are very expensive and the highest field 
magnets available (for example 1.2 GHz) have a prohibitive purchase 
value for most laboratories, associated with the maintaining costs makes 
them inaccessible for most academic and industrial labs [3]. 

Therefore, compact or benchtop NMR spectrometers, based on low 
field permanent magnets (B0 < 3T) with minimal maintenance costs 
have emerged over the last decade [3,4]. These new instruments are 
rapidly gaining importance in academia and industry as they are 
low-cost, cryogenic-free systems, able to obtain spectra with enough 
resolution for a broad range of applications including structural deter
mination, quantitative analysis, quality control, reaction, flow, and 
process monitoring among others. However, one of the limitations of 
benchtop instruments, in comparison to high field systems, is the much 
lower signal-to-noise ratio (SNR). 
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Therefore, several approaches have been proposed to enhance SNR 
in NMR, not only for low-field but also for high-field instruments, 
especially for nuclei with low receptivity (i.e. low natural abundance 
and/or low gyromagnetic constant) and long longitudinal relaxation 
time (T1), such as 13C or 15N [5]. Limits of detection (LOD) or limit of 
quantification (LOQ) can also be an issue for high-field instruments 
using even high receptivity nuclei such as 1H, 19F, and 31P, for very 
diluted samples, normally found in natural product extractions, envi
ronmental samples, and biological fluids [6–9]. 

The most common way to increase SNR, and consequently lower the 
LOD and LOQ in the NMR is to average many (n) Free Induction Decays 
(FID) signals. However, enhancement in SNR is proportional to 

̅̅̅
n

√

(where n= number of scans), and a two-fold increase in SNR requires 
four times the measurement time. Other more sophisticated technolo
gies have been used to enhance SNR in low or high field NMR spec
troscopy. They are based on polarization transfer protocols such as 
dynamic nuclear polarization (DNP), optical pumping, parahydrogen- 
induced polarization, indirect detection in 2D experiments etc [5,10, 
11]. However, in almost all these methods it is necessary to use special 
accessories, special sample preparation, even both. Also, some of the 
approaches are selective in their enhancements (i.e. not all nuclei are 
observed), while in other cases, the need to add radicals can reduce 
spectral resolution and produce artifacts. 

On the other hand, a solution that has been widely used to enhance 
SNR (or permit faster acquisition) in magnetic resonance imaging (MRI) 
[12,13] and time domain NMR (TD-NMR) relaxometry is the use of the 
Steady State Free Precession pulse sequences (SSFP) [14,15]. However, 
these sequences are rarely used in solution-state NMR spectroscopy [16] 
and were only recently applied in solid-state NMR [17]. Therefore, 
challenges and opportunities of SSFP sequences to enhance SNR (or for 
fast NMR measurements), in solution, will be presented. 

Steady state free precession pulse sequences 

Bradford et al. (1951) observed a continuous NMR steady state signal 
when a sample was excited with equally spaced pulses with a repetition 
time (Tp) equal to or shorter than the transverse relaxation time T2 [18]. 
H.Y. Carr in 1958 [19], also demonstrated that when a spin system is 
subject to a series of radiofrequency pulses, with the same phase, flip 
angle, and Tp < T1, T2 it reaches a special steady-state regime, which he 
named Steady State Free Precession (SSFP). The spin system reaches the 
SSFP regime, independent of the initial condition, with an exponential 
time constant T*, that depends on T1 and T2 and the flip angle θ ac
cording to Eq. 1,[20–22]. 

T∗ =
2T1T2

T1(1 − cosθ) + T2(1 + cosθ)
(1) 

The amplitude of the magnetization in the SSFP regime (Mss) is 
described by Eq. 2, it is a function of the flip and precession angles and 
relaxation times [20–27]. 

Mss
M0

=
|sinθ|

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 − 2cosΦ

√

(1 + cosθ)(1 − cosθ) + 2(1 − cosθ)T1/T2
(2)  

where, Φ = ΩTp is the precession angle and Ω is the frequency offset, Tp 
is the time between pulses, M0 is the magnetization at thermal equilib
rium, and T1 and T2 are the relaxation times. The solutions to these 
equations can be found elsewhere [28]. 

When Tp ≤ T2 the SSFP signal is composed of an FID signal after each 
pulse and by a reversed-FID signal (echo component), that is formed by 
spin echoes and stimulated echoes of all the previous pulses [17,22,24]. 
Fig. 1 shows the SSFP signal for acquisitions times (Aq) T2*<Aq<T2, 
composed by an FID and echo components without strong overlap. The 
SSFP signal in this figure uses an acquisition time (Aq)~Tp and a recycle 
delay, D1<<Aq [26]. T2* is the effective transverse relaxation time that 
depends on T2 and ΔB0. 

When Tp < T2*<T2 the FID and echo overlap, allowing constructive 
or destructive interactions that yield signals with maximum and mini
mum amplitude, respectively [19]. Under very short pulse intervals 
(Tp=0.3 ms) thousands of SSFP signals can be summed per second [15] 
making the SSFP one of the best NMR pulse sequences to provide spectra 
with the highest SNR/time ratio [17]. The special SSFP regime (Tp <

T2*) is known as Continuous Wave Free Precession (CWFP) because the 
magnitude of the NMR signal does not decay to zero if the pulse exci
tations are maintained. 

The CWFP pulse sequences with very short Tp have been widely used 
in time domain NMR (TD-NMR), where spectral resolution is not 
required. They have been used to enhance SNR [15,29], to measure 
liquid flow [14], in quantitative online measurements [30], fast poly
merization reactions [31], and fast thermal diffusion measurements 
[32]. The CWFP sequences have also been used to measure T1 and T2 in a 
fast and single experiment [31]. It also can be used to obtain the full T1 
curve in a single shot experiment [20], that have been used as the direct 
dimension in 2D T1-T2 and T1-D experiments [25,33,34]. Furthermore, 
CWFP sequences have been used in high resolution NMR, as a method to 
suppress strong solvent signals before the signal acquisition [35]. 
However, these CWFP sequences have not been used in imaging (MRI) 
and NMR spectroscopy because they do not have spatial or frequency 
resolution. Therefore, the applications in MRI or NMR spectroscopy 
must be performed using conventional SSFP sequences, without strong 
overlap of the FID/echo components. 

Rapid spectral acquisition using phase alternation SSFP sequences 

When Ernst and Anderson introduced the pulsed and Fourier trans
form NMR spectroscopy in 1966, they derived the Bloch equations to 
calculate the pulsed NMR signals, including the signals in the SSFP 
regime [23]. They demonstrated that the amplitude of FID and echo 
signals, in the SSFP regime, can be calculated as a function of Tp, T1, T2, θ 
and Φ angles. They demonstrated that the NMR signal must be acquired 
with Tp>3T2, to have minimal echo intensity and consequently minimal 
spectral anomalies. They also demonstrated that for maximum SNR 
enhancement is necessary to optimize Tp and θ, which provides an SNR 
increase with the reduction of Tp. 

In 1971 Freeman and Hill [36] and Schwenk [27] proposed pro
cedures to minimize the phase and amplitude anomalies in 
high-resolution NMR spectra obtained in the SSFP regime (Tp≤T2). 
These anomalies are due to the echo component in SSFP signals. Free
man/Hill method, named Scrambled Steady-State was based on a vari
ation of the Tp, that suppress the echo component due to oscillation in 
the echoes phase. This procedure is efficient only when the signals are 
far from the resonance frequency, as normally used in early NMR re
ceivers, without quadrature detection. With quadrature detection, the 

Fig. 1. SSFP signal showing the FID and echo components for T2*<Aq<T2, 
where Tp is the pulse interval, Aq is the acquisition time and D1 is the recycle 
delay (D1<<Aq). Normally, D1 is the minimum recycle delay allowed by the 
NMR instruments. 
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echo signals at or close to resonance frequency cannot be suppressed 
with this procedure [37]. The Schwenk procedure was based on the use 
of four-resonance frequency and was named Quadriga Fourier trans
form. To the best of our knowledge, these SSFP procedures were never 
implemented in high-resolution routine NMR analysis. 

More recently we have proposed the use of magnitude spectra and 
the use of Traf (Trafficante’s [38]) apodization function to remove phase 
and truncation anomalies in 13C spectra [37]. We also used parametric 
methods like Filter Digitalization Method (FDM) or Krylov Base Diago
nalization Method (KBDM) to obtain SSFP spectra without the phase and 
truncation anomalies, observed in spectra obtained using Fourier 
transform (fast Fourier transform algorithm) [16,39]. However, no 
post-acquisition processing method can solve the amplitude problem 
because the intensity of the peak signals in SSFP spectra can be reduced 
or suppressed by the destructive interference between FID and echo 
signals. Therefore, this effect of peak amplitude suppression must be 
eliminated during the time domain NMR signal acquisition. 

In magnetic resonance imaging (MRI) the amplitude anomaly has 
been minimized by the acquisition of SSFP pulse sequences with and 
without pulse phase alternations that suppress the echo component. 
These procedures have been successfully implemented in MRI to elimi
nate banding artifacts caused by the echo component [12,13]. These 
SSFP methods have achieved high efficiency, in terms of SNR and 
reducing measuring time [40] in functional FMRI [41]. Rudakov et al. 
[42,43] also used SSFP sequences with phase alternation of the pulses to 
improve the SNR in 14N Nuclear Quadrupole Resonance (NQR). 
Recently the Frydman group used the SSFP sequences with phase 
alternation to enhance SNR in solid-state NMR of quadrupolar nuclei 
[17]. 

These procedures, used in NQR, MRI, or solid-state NMR, reduce the 

effect of the echo component in SSFP signals and requires the acquisition 
of at least two experiments. One SSFP sequence uses a train of pulses 
with constant phase and another SSFP sequence with the phase of the 
pulses alternated by π. The addition of these two signals gives an SSFP 
signal with minimal echo component and consequently minimal 
amplitude anomalies. 

In the last decade, the Colnago group started to use similar phase 
alternation protocols to mitigate phase and amplitude anomalies in 
high-resolution solution NMR [22]. In this work, we demonstrated the 
uses of constant phase increment SSFPdx and non-constant phase increment 
SSFPdxdt to minimize amplitude, phase, and truncation anomalies in 
SSFP spectra, and provide a rapid acquisition or high SNR, not only for 
benchtop NMR, but also for high-resolution spectrometers. 

SSFP pulse sequences with phase increment: SSFPdx and SSFPdxdt 

Eq. 2 shows the dependence of the amplitude of the magnetization 
(Mss) in the SSFP regime for conventional SSFP sequence, composed of 
equidistant pulses, and constant phase, as a function of θ, Φ, Tp and the 
relaxation times T1 and T2. 

For time intervals T2*<Tp << T1, T2, the FID and echo overlap in the 
SSFP sequence with constant phase (Fig. 2A). This figure shows a 180o 

phase difference between FID and echo components. The overlap be
tween FID/echo components results in an excitation profile in the fre
quency domain, with constructive or destructive interferences, with null 
signals in multiple positions (Φ = 2nπ) and maximum signals for 
Φ = (2n+1)π (Fig. 2B). The periodic null amplitudes occur at 1/Tp Hz, 
as shown in Fig. 2B. Using Tp = 0.1 s the null points are spaced by 10 Hz 
in the frequency domain. 

Fig. 2C shows the SSFP signal obtained by the SSFP sequence with 

Fig. 2. SSFP signals acquired using Tp = 0.1 s, for a sample of 20 μl of H2O in 500 μl of D2O. The left column shows the signal obtained with SSFP with constant phase 
(A), the signal acquired with SSFP with phase alternation of π and the sum of signals A and C (E) that suppress the echo component. The right column shows the 
excitation profiles of the SSFP sequences B, D, and F for the respective experiments in the left column. 
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the pulses and receiver phases alternating by π. The SSFP signal with 
phase alternation also shows an overlap between FID/echo components. 
However, the FID and echo signals have the same phase. The SSFP 
excitation profiles for pulses with phase alternation of π (Fig. 2D) show 
the maximum amplitude for Φ = 2nπ and minimum amplitude for Φ =
(2n + 1)π. The periodic null amplitudes, in the frequency domain, also 
occur at 1/Tp Hz. However, the nulls are in the maximum amplitude of 
the signals obtained with the SSFP sequence with constant phase. 

When the SSFP signals of the two experiments (Fig. 2A and 2C) are 
summed, the echo component is suppressed, because of the phase dif
ference of 180o in the echoes signals, resulting in an SSFP signal with 
only the FID component (Fig. 2E). This figure also shows that the last 
data points of the signals are closer to zero than the last data points of 
signals A and C. This data points closer to zero in Fig. 2E also results in 
the minimization of the truncation problem from the Fourier trans
formed spectrum. 

This suppression can also be seen by adding the two excitation 
profiles of Figs. 2B and 2D, resulting in an excitation profile without null 
amplitudes (Fig. 2F). However, the sum of only two experiments with 
and without phase alternation, the excitation profile still shows some 
amplitude modulation [12]. 

The reduction of this amplitude modulation along the frequency 
offset can be done by reducing the phase angle increment in the SSFP 
sequences. When a constant increment, Δφ, is applied from excitation to 
excitation φ(n) = φ0 + (n − 1)Δφ, and the receiver phase following the 
same scheme, the excitation profile is shifted by 

Δf =
Δφ

2πTp
(2)  

along the frequency axis. 
Fig. 3 shows the simulated (A to D) and experimental (E to H) 

excitation profiles for a water sample using SSFP with and without phase 
increments. Figs. 3A and 3E show the SSFP profiles without phase 

increment with typical maximum and minimum values. Fig. 3B shows 
the profile of the SSFP signals (SSFPd2) without and with π phase 
increment. The experimental profile using only two SSFP sequences 
(Fig. 3F) shows a small amplitude modulation, that is also observed in 
MRI experiments in similar conditions [12]. Figs. 3C and 3G and 3D and 
3H, show the excitation profiles for 4 (SSFPd4) and 8 (SSFPd8) experi
ments with {0, π/2, π and 3π/2} and {0, π/4, π/2, 3π/4, π, 5π/4, 3π/2 
and 7π/4} phase increments, respectively. The sum of these signals with 
4 or 8 phase increments shows a uniform excitation profile for a wide 
range of frequency offsets, without any amplitude modulation. This is 
equivalent to the elimination of the destructive or constructive inter
action between FID and echo signals. Smaller phase increments can also 
be used to improve the excitation profile. 

Another way to suppress the echo component and eliminate the null 
amplitude in the SSFP profile is to use sequences with non-constant phase 
increment, called SSFPdxdt [22]. In these sequences, the phases are 
incremented by 

φ(n) = φ0 + A(n − 1)2 (3)  

where n corresponds to an integer number (n = 1,2,3, ...) that represents 
each applied pulse of the sequence and A is a constant value and defines 
how fast the phases are incremented quadratically. Quadratic phase 
increments using A = π/512, π/256, π/128, π/64, π/32, π/16, π/8, and 
π/4 and π/2 have been implemented and the resulting phase table for 
TopSpin Bruker are showed in the Supplementary Material. Figure S1 
shows that using A from π/2 to π/64 results in low amplitude at the 
excitation profile and best SSFP amplitude are obtained using A = π/256 
and π/512. These pulse sequences show similar results to SSFPdx se
quences in the samples studied, with the advantage that it can be per
formed in one block acquisition. Scripts for all SSFP pulse sequences 
developed for Bruker’s TopSpin can be found at the Supplementary 
Material. 

The SSFP excitation profiles and signal amplitude also depend on flip 

Fig. 3. Simulated and experimental excitation profile of conventional SSFP pulse sequence with and without phase alternation for water signal at several frequency 
offsets for a sample composed of 20 μl of H2O in 500 μl of D2O. A) without phase increment. B) with {0 and π} phase increment (SSFPd2), C) {0, π/2, π and 3π/2} 
(SSFPd4) and D) {0, π/4, π/2, 3π/4, π, 5π/4, 3π/2 and 7π/4} (SSFPd8) phase increments. The null regions of the excitation profile are canceled using multiple 
acquisition SSFP blocks, for instance, SSFPd2, SSFPd4, and SSFPd8. 
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angle θ and T1/T2 ratio as described by Eq. (2). Fig. 4 resumes the 
behavior of Eq. (2), in function of flip and precession angles (Φ) and in 
function of T1/T2 ratio. 

Materials and methods 

D2O (99.9% D), ACN-d3(99.9% D), DMSO-d6 (99.8% D, brucine, 
glucose, sucrose, aniline, and triethylamine were purchased from Sigma- 
Aldrich and used as it. The concentration of each sample is described in 
the figure captions. 

High-resolution SSFP experiments at 14.1 T 

The high-resolution NMR experiments were performed on a high- 
field Bruker AVANCE III 600 spectrometer, operating at 14.1 T, 
observing 1H, 13C, and 15N at 600, 150, and 60 MHz, respectively. 
Conventional 13C{1H} spectra were acquired using standard pulse 
zgpg30 sequences from the Bruker library, with Aq= 0.9 s and recycle 
delay (D1) of 2 s. The conventional 15N experiments were performed 
with the default zg pulse sequence with Aq= 2 s and D1= 2s. 

The pulses and phase alternations of SSFPdx sequences for TopSpin 
(Bruker) are performed sequentially (supplementary material 1). The 
SSFPdx signals are obtained sequentially, starting with the sequence 
without phase alternation (SSFP) (left) followed by an SSFP sequence 
with phase alternation by π, SSFPx-x (right). Fig. 5 illustrates the 
simulated signals obtained SSFPd2 pulse sequence for two peaks. The 
SSFP signals at the top and bottom were simulated for a sample with two 
signals. The left side of the top signal shows the minimum signal, for the 
peak at resonance (SSFP) and a maximum signal for the SSFPx-x se
quences. The left side of the bottom signal shows the maximum signal, 
for the peak at resonance (SSFP) and a minimum signal for the SSFPx-x 
sequences. The signal obtained by the SSFPd2 sequence is the sum of 
SSFP and SSFPx-x signals, Fig. 5. 

In the sequences programmed using TopSpin, the dummy scans (DS) 
and the number of scans (NS) parameters are not used and must be set to 
1 and were replaced by L0 and L1, respectively. 

The sequence starts executing L0 dummy scans, to reach the steady- 
state of the first phase increment, then execute L1 scans to acquire the 
SSFP signals. Subsequently, the sequence starts executing L0 dummy 

scans and L1 scans to acquire the SSFPx-x signals. SSFPd4 and SSFPd8 
pulses sequence are based on the same protocol by adding 4 or 8 SSFP 
signals, sequentially. 

The SSFP sequences without phase increment were simply the 
default zgpg30 pulse sequences with short Tp values and D1 = 0.01s. 
The SSFP sequences with multiple block acquisition using constant 
phase increment composed by the sum of SSFP signals with phase 
increment composed by 2 (SSFPd2), 4 (SSFPd4), and 8 (SSFPd8) blocks: 
i) SSFPd2 is the sum of SSFP experiments with 0 and π phase increments; 
ii) SSFPd4 is the sum of SSFP experiments with 0, π/2, π and 3π/2 phase 
increments, and iii) SSFPd8 is the 0, π/4, π/2, 3π/4, π, 5π/4, 3π/2 and 
7π/4 phase increments. We also used SSFP sequences with a quadratic 
phase increment (SSFPdxdt), that was implemented using A = π/256 
and A = π/512, Eq. (3). 

All 13C SSFP spectra were proton decoupled with the power-gated 
decoupling (waltz-16). The D1 with and without decoupling were 10 
and 0.1ms, respectively. The 1H and 15N SSFP acquisition mimic the 13C 
parameters described. The number of scans (NS) and flip angle θ are 

Fig. 4. Simulations of Eq. (2) of the Mss in function of different values of T1/T2 ratio, flip angle θ, and precession angle Φ = ΩTp, using Tp = 0.1 s. The optimum Mss 
intensity for flip angle θ can be calculated for each situation. 

Fig. 5. Illustration of sequentially SSFP acquisitions for the programmed 
SSFPd2 pulse sequence (SSFP and SSFPx-x components), where L0 is the dummy 
of scans and L1 is the number of scans of each block. 

T.B. Moraes et al.                                                                                                                                                                                                                               



Journal of Magnetic Resonance Open 14–15 (2023) 100090

6

described in the caption of each figure. The temperature of all experi
ments was 25◦C. The codes for the pulse sequences implemented to the 
TopSpin Bruker spectrometers: SSFPd2, SSFPd4, SSFPd8, and SSFPdxdt, 
for 13C NMR are in the Supplementary Material. 

All spectra acquired by conventional and SSFP pulse sequences were 
processed by applying an exponential Lorentzian multiplication with a 
line broadening factor of 1.0 Hz to the FID, followed by Fourier trans
form (fast Fourier transform algorithm) using a zero-filling factor of 2. 

Benchtop SSFP experiments at 1.88 T 

Benchtop NMR experiments were performed on a Bruker benchtop 
Fourier 80 NMR spectrometer, operating at 1.88 T, observing 1H and 13C 
at 80 and 20 MHz, respectively. The spectrometer is equipped with a 5- 
mm dual channel (1H and 13C) probe with external lock and actively 
shielded gradient field. All spectra were acquired at room temperature. 

Approximately 35 mg of glucose was dissolved in 0.75 μL D2O. The 
solution was transferred into 5.0 mm NMR tubes for NMR analysis. 

13C{1H} NMR spectra were acquired using standard pulse sequences 
from the Bruker library, (i.e 30◦ excitation pulses at 5.6 μs), spectral 
width (SW) of 240 ppm, recycle delay (D1) of 0.48 s and acquisition time 
Aq= 0.89 s. The time domain (TD) and NMR signal (FID) were acquired 
with 8736 datapoints and the sum of 12288 transients, respectively. 

13C{1H} NMR SSFPd4 signals were acquired with 30◦ excitation 
pulses of 5.6 μs, 4096 transients, SW= 240 ppm, D1= 0.01s, and ranging 
the Aq of 0.1, 0.2, and 0.49 s. All spectra acquired by conventional and 
SSFP pulse sequences were processed by applying an exponential Lor
entzian multiplication with a line broadening factor of 1.0 Hz to the FID, 
followed by Fourier transform using a zero-filling factor of 2. 

KBDM processing 
Krylov basis diagonalization method (KBDM), a parametric method, 

was used to improve the SSFP spectra resolution, SNR, and to remove the 
truncation artifacts of conventional Fourier Transform methods. KBDM 
is a numerical procedure to fit time domain signals as a sum of expo
nentially damped sinusoids, using Eq. 4. 

c(tn) =
∑K− 1

k=0
dkeinτωk (4)  

where c(tn) are the data points of the FID, with τ the sampling time 
interval, tn = nτ, with n = 0, 1, …, N-1. The complex amplitudes are dk =

|dk|eiθk , and the complex frequencies ωk = 2πfk + iγk, where θk are the 
phases and γk the damping constants. The goal of the method is to 
determine a “line list” of K components of {|dk|, fk,θk, γk} that describes 
all peaks of the spectrum. This line list can eventually be edited to 
eliminate spurious or unphysical entries, leading to a spectrum more 
consistent with the input data. 

All KBDM processing are based on the same approach of references 
[16,39,44], using 10k data points for the spectrum. The KBDM algo
rithm was implemented in C-language in the Code Builder of 
OriginPro-8.5 (OriginLab Corporation) but, to speed-up the numerical 
calculations, the necessary mathematical library was separated, opti
mized, and compiled in professional C or Fortran compilers, generating 
Dynamic-Link Libraries (DLLs) to be linked with the main program. 

Results and discussion 

SSFP experiments in High-Resolution NMR at 14.1 T 

Carbon-13 applications 
As suggested by Ernest and Anderson, the pulse interval (Tp) must be 

at least 3T2 to have minimal echo intensity and consequently minimal 
spectral anomalies. The pulsed NMR experiments are performed with a 
Tp that is basically the sum of acquisition time (Aq) and recycle delay 
(D1). For quantitative measurements, common in 1H NMR, the 

experiments must be performed with Tp≥ 5T1, to assure that at least 
99.33% of the magnetization has returned back to the thermal equilib
rium. For nuclei with low receptivity, low gyromagnetic ratio, and low 
natural abundance, like 13C, normally the NMR spectra are not quanti
tative (the areas of the signal in the frequency domain are not propor
tional to the concentration) and Tp is normally much shorter than 5T1, to 
obtain the maximum SNR. 

The conventional 13C NMR pulse sequence proposed by Braun et al. 
[45] uses a Tp = 1.38 s, composed of Aq and D1 of 0.9 and 0.48 s, 
respectively. We have demonstrated that with this Tp, this sequence is in 
the SSFP regime as an FID and spin echo signals are observed when 
Aq~Tp [37]. The default zg30 pulse sequence for the acquisition of 13C 
NMR spectra in a 14.1 T instrument uses a Tp = 2.9 s, composed of Aq 
and D1 of 0.9 and 2s, respectively. The default zg30 pulse sequence for 
the 1.88 T benchtop instrument uses a Tp = 1.24 s, composed of Aq and 
D1 of 0.84 and 0.2s, respectively. 

Considering the T2 of 13C signals for most small molecules, at room 
temperature, are at least 1s, the default sequence for 14.1 T instruments 
meets a Tp ≥ 3s, to minimize the echo component. However, the Aq, D1, 
and Tp used in sequences proposed by Braun et al. [45] or in the default 
13C sequences for the benchtop 1.88 T spectrometer are in the SSFP 
regime. The phase and amplitude anomalies are not observed in the 
Fourier transformed spectra, using both 13C pulse sequences with 
Tp~T2, because the echo component does not occur during Aq, but 
during the recycle delay (D1) time. Another reason is that in the 13C 
NMR experiment, the end of FID signals has low SNR which is minimized 
by the multiplication of FID by an exponential apodization function that 
reduces noise and resolution and consequently the echo interference in 
the Fourier transform spectrum. 

Therefore, it is possible to improve the SNR in the 13C spectra (or 
other low receptivity nuclei) further by reducing the Tp to a much 
shorter value, using the minimum recycle delay value and a much 
shorter Aq. However, when the SSFP spectrum is obtained without phase 
alternation and with short Tp~Aq = 0.1s it shows anomalies, as in the 
13C spectra of DMSO-d6 sample that is a septet (Fig. 6A). The septet is 
distorted in FT spectra (black line) and contains the typical oscillation 
caused by the truncated FID. Whereas the spectra processed with KBDM 
(Fig. 6A, red line) does not show the oscillation problem caused by 
truncated FID, although it shows the amplitude distortion (red line) that 

Fig. 6. 13C{1H} NMR spectra of DMSO-d6 showing the typical septet due to 13C- 
D spin-spin couplings. The spectra in A were acquired with the SSFP sequence 
without phase alternation and in B with the SSFPd2 sequence. The Black and 
red lines are the spectra processed with Fourier Transform and KBDM, 
respectively. 

T.B. Moraes et al.                                                                                                                                                                                                                               



Journal of Magnetic Resonance Open 14–15 (2023) 100090

7

was caused by the destructive FID/echo interaction. 
However, the amplitude anomalies, related to the FID and echo 

interference cannot always be removed using these parametric methods. 
Therefore, these FID/echo interferences must be mitigated using pulses 
sequences that suppress the echo component in the time domain SSFP 
signal (Fig. 6B). 

Fig. 6B shows that phase and amplitude anomalies in the septet of 
13C NMR spectrum of DMSO-d6 sample that has been minimized using 
the phase alternation pulse sequences (SSFPd2). These sequences sup
press the echo component, resulting in a septet without phase and 
amplitude anomalies and with minimum truncation problem in FT 
spectrum (black line). As expected, the spectrum processed with KBDM 
also shows a perfect septet (red line) and no oscillation due to the 
truncated FID. 

Fig. 7 shows an expansion of the 13C NMR spectra of brucine spectra 
[16] from 80 to 105 ppm, obtained with the SSFPd4 sequence and 
processed with FT and KBDM. The FT spectrum shows some phase and 
truncation anomalies that are not observed in the KBDM spectrum. 
However, the KBDM can introduce some “spurious” signals that may be 
a problem for its use in structure determination [16]. 

Fig. 8 shows a comparison of the 13C NMR spectra of sucrose ac
quired in D2O obtained with: A) the standard zgpg30 pulse sequence, 
with Aq = 0.9 s, D1=2s, 8192 scans, in a total experimental time 
acquisition of 6h and 46min. Figures B to E show the different SSFP 
spectra acquired in only 14 min using 8192 scans, with Aq = 0.1s, D1 =
10 ms, and flip angle, θ=90◦. 

Fig. 8B to E shows the FT spectra acquired with SSFP pulse sequence 
without phase alternation (B) with two blocks, SSFPd2 (C), with four 
blocks, SSFPd4 (D), and with eight blocks, SSFPd8 (E). This allowed to 
more twenty-fold reduction in the acquisition time when compared with 
conventional zgpg30 pulse sequence (A). Some signals, pointed by the 
red arrows, acquired with the SSFP sequence without phase alternation 
(B) are much weaker than the other, indicating a destructive interfer
ence of the echo component and phase anomalies. 

As expected, these intensity anomalies are reduced using two blocks 
in the SSFP pulse sequence and minimized by using four and eight 
blocks. The oscillations observed in all SSFP pulse sequences are due to 
the FID truncation problem, which can be minimized, using for example 
Traf [37,38] or trapezoidal apodization functions. They also can be 
completely suppressed in the spectrum by processing with KBDM or 
another parametric method [16,39]. 

It is well known that the integral, in the frequency-domain (i.e., the 
NMR spectra), or the amplitude, in the time-domain, of 13C NMR signals 
are not quantitative. This is because the experiments are normally per
formed without enough time allowing the thermal equilibrium to be 
reestablished, even when using very small flip angles (e.g., 10o). Similar 
problems arise by using SSFP pulse sequences, even with phase alter
nations, because the signal area (frequency-domain) or amplitude (in 
time-domain) are conditional, not by T1 but by the T1/T2 ratio (Fig. 4B). 
When T1 >> T2, Eq. (2) and Fig. 4B shows that the amplitude of the 
signals acquired with SSFP pulse sequence using 90◦ excitation pulses is 
very weak, and in extreme cases, the signals even not observed in the 
spectrum. Fig. 9 shows the effect of a very large T1/T2 ratio for a 13C 
NMR spectra of ethylbenzene in CDCl3. The chloroform triplet signal at 
77 ppm has T1 = 52 s and T2 around of 1 s, and it is quite strong in the 
spectrum acquired with the conventional zgpg30 pulse sequence 
(Fig. 9A). However, while the spectra were acquired with the SSFPdxdt 
(π/256) and SSFPd8 pulse sequences using 90◦ excitation pulses 
(Figs. 9B and 9C respectively), the CDCl3 signal is very low, reflecting 
the large T1/T2 ratio. To enhance signal intensities of those nuclides with 
larger T1/T2 ratios, the SSFP spectra can be acquired using optimized 
low flip angles (Fig. 4B). Fig. 9D to F show the intensity of the CDCl3 
signals using SSFPd2 sequences with θ = 30◦, 10◦, and 5◦. Therefore, 
similar to conventional pulses sequences, amplitude (time-domain) or 
signal area (frequency-domain) anomalies in 13C spectra can be mini
mized using low flip angles. 

Nitrogen-15 applications 
The same idea was used for the acquisition of 15N NMR spectra in 

natural abundance. Fig. 10 shows the 15N NMR spectra of a mixture of 
aniline, triethylamine, and deuterated acetonitrile. All the spectra show 
three signals, around of -350, -340, and -150 ppm which were assigned 
to triethylamine, aniline, and acetonitrile, respectively. The spectrum 
acquired with the conventional zg30 sequence (Fig. 10A), demanded 3h 
and 30 min acquiring while the spectrum acquired with SSFPdxdt 
(π/256), Fig. 10B, demanded total time of 30 min. The spectrum ob
tained with SSFPd4 sequences (not shown) has similar SNR to SSFPdxdt 
one (Fig. 10B). Both sequences also show similar SNR to the spectrum 
acquired with standard sequence (Fig. 10A), but in a much shorter time 
(30 min). These results demonstrate again, the great enhancement in 
SNR or seven-fold reduction in experimental time achieved when 
compared with conventional pulse sequences. 

Fig. 7. Expanded 13C{1H} NMR spectra of brucine (i.e. 80 to 105 ppm), ac
quired with SSFPd4 pulse sequence. Black and red lines are the spectra pro
cessed with Fourier Transform and KBDM, respectively. 

Fig. 8. 13C{1H} NMR spectra of sucrose (D2O, 14.1 T), obtained with: A) 
standard zgpg30 pulse sequence, B) SSFP without phase increment, C) SSFPdx 
with 2 blocks acquisition (SSFPd2), D) SSFPdx with four block acquisition 
(SSFPd4) and E) SSFPdx with eight block acquisition (SSFPd8). A took 6h and 
46 min and B-E took only 14 mins. 
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Fig. 11 shows the 15N NMR spectra of formamide, without 1H 
decoupling, using SSFPd4 sequence with Aq = 400 ms processed with FT 
(A) and KBDM method (B). These results show again, the potential of 
KBDM to obtain a cleaner SSFP spectrum, without the truncation 
problem. 

Phase alternation in the SSFP sequences applied on benchtop NMR 
spectrometer 

As the high and low field Bruker NMR instruments use the same pulse 
sequences as well as the operation software, the SSFP pulse sequence 
acquisition parameters are identical, being only necessary to adjust the 
resonance frequency for each instrument. 

The enhancement in SNR in the spectra acquired with SSFP pulse 
sequences, in low-resolution was demonstrated using a solution of 
glucose. Fig. 12A shows the 13C{1H} NMR spectra acquired with con
ventional zgpg30 pulse sequence in 4 h, using Aq=0.9, D1=0.48, and 

12288 transients [45]. Figs. 12B to D show the spectra acquired with 
SSFPd4 pulse sequence in 2h, 54 min, and 27 min, using acquisition time 
of 0.09 s, 0.19 s, and 0.49 s, respectively, D1=0.01s, and 4096 tran
sients. The left and right columns are the spectra processed with FT and 
KBDM, respectively. 

The spectrum acquired with Aq=0.5 s (B) shows much higher SNR in 
the FT spectrum than the spectrum acquired with zg30 pulse sequences. 
Furthermore, the spectrum in B also shows similar resolution for the two 
peaks at approximately 60 and 78 ppm, that those obtained with zg30 
sequence, in much longer time. For shorter Aq, the experiments can be 
performed in much lower experimental time (C and D), however the 
resolution obtained using FT and KBDM processing are reduced, due to 
the short Aq. 

Conclusion 

Challenges and opportunities of SSFP pulse sequences for acquisition 

Fig. 9. 13C{1H} NMR spectra of ethylbenzene (CDCl3, 14.1 T) acquired with conventional and SSFP pulse sequences. A) Spectrum acquired with the conventional 
zgpg30 pulse sequence. B and C the spectra were acquired with SSFPdxdt (π/256) and SSFPd8 respectively, both using θ = 90◦, Aq = 0.2 s, and 256 scans. The spectra 
from D to F were obtained with the SSFPdxdt (π/256) sequences with the same parameters of figures B and C, however with θ = 30◦, 10◦, and 5◦, respectively. 

Fig. 10. Natural abundance 15N{1H} spectra of a mixture of 200 μl Aniline, 200 
μl of Triethylamine, and 200 μl deuterated acetonitrile. A) Spectrum obtained 
with the default zg30 sequence acquired in 3h and 30 min and B) spectrum 
obtained with SSFPdxdt pulse sequence, with π/256, in 30 min. 

Fig. 11. 15N NMR spectra of a formamide in natural abundance sample (DMSO- 
d6, 14.1 T) acquired with SSFPd2 sequence using Tp = 400 ms and processed 
with FT (black line) and KBDM (red line). 
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of NMR spectra in solution samples were presented, as a simple and 
efficient alternative to enhance SNR, in both high-field and bench-top 
NMR spectrometers. The gain by using SSFP pulse sequences in acqui
sition time, in minimum experimental time, is maximum using the 
shortest time between the pulses, however when Tp<T2, the constant 
phase SSFP pulse sequence presents strong phase and amplitude 
anomalies. In this report, we proposed the use of constant phase incre
ment and a non-constant (or quadratic) phase increment in SSFP pulse 
sequences to remove the distortions of phase and amplitude observed in 
conventional SSFP pulse sequence. In addition, the use of KBDM to 
process NMR spectra, allows to remove sidebands and truncation 
problems presented in the Fourier Transform spectrum. NMR spectra 
acquired at low-field (benchtop 1.88 T) and high-field (14.1 T) for 1H, 
13C, and 15N nuclei demonstrate the efficiency of these phase alternation 
in SSFP pulse sequence to remove the phase and amplitude distortions 
observed in signals obtained by SSFP. The SSFP sequences can also be a 
viable tool to enhance SNR for those high receptivity nuclei such as 19F 
and 31P, in very dilute samples, a common scenario in environmental 
and biological applications. 
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