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Novel nonlinear methods for high resolution spectral analysis of time domain sig-
nals, namely, the Filter Diagonalization Method (FDM) and Regularized Resolvent
Transform (RRT), have been developed and applied to the signal processing prob-
lems in Nuclear Magnetic Resonance (NMR) experiments. Several important break-
throughs that significantly improve the efficiency and stability of FDM and RRT are
discussed. They include the multi-scale Fourier-type basis, regularization of multi-
dimensional FDM, and a doubling scheme for Constant-Time NMR signals. Applied
to several 2D and 3D protein NMR experiments, substantial resolution enhancement
has been demonstrated. Several qualitative and semi-quantitative ways of studying
the reliability and sensitivity of FDM and RRT are discussed. Various issues that are

specific to NMR spectral analysis are also addressed.
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Chapter 1

Introduction to Spectral Analysis

1.1 Definition and Significance

Spectral analysis is the process of obtaining spectral information, such as charac-
teristic frequencies, amplitudes and phases, from one or more time-varying signals.
Spectral analysis plays an important role in many fields of science and engineering.
Time domain signals are often acquired in modern experiments, including Nuclear
Magnetic Resonance (NMR), Ion Cyclotron Resonance (ICR) and others. Time sig-
nals also occur in numerical simulations of dynamic systems, such as in unimolecular
reactions [1], dissociation of vibrationally excited van der Waals complexes [2], and
many other chemical processes [3]. Spectral analysis is the key to revealing the infor-
mation encoded in these signals. The goal of spectral analysis is to extract maximum
information from the available time domain data, or, to minimize the required ex-
perimental or computational time for extracting the same amount of information.

The conventional Fourier Transform (FT) [4] has played an essential role in spectral



analysis and was crucial to the development of many modern spectroscopies includ-
ing NMR, optical and mass spectrometry [5]. FT is a linear transformation that is
stable, reliable and fast if implemented as the Fast Fourier Transform (FFT) [6, 7].
In addition, FT does not make any assumptions about the functional form of the
signal and can be applied to processing any type of signal. Accordingly, FT is a very
powerful method and has been widely used for spectral analysis in many fields.

However, F'T also has some well-known limitations. The FT resolution is limited
by the FT time-frequency uncertainty principle. Also, truncation of the signal leads
to sinc-like oscillative artifacts in the baseline of the FT spectrum. Another limitation
of FT is that additional information about the signal, if exists, cannot be efficiently
incorporated and utilized. Furthermore, multi-dimensional FT is simply a series of
1D FT applied to each dimension independently. Thus, FT is essentially a 1D method
for spectral analysis and cannot utilize the important information that evolution in
all dimensions are actually correlated. Therefore, spectral analysis remains an active
research area [8]. A lot of effort has been devoted to developing various alternative
methods to FT spectral analysis, seeking to make use of some a priori knowledge and
to extract information more efficiently from the time signals.

The purpose of this chapter is to introduce the existing methods for spectral anal-
ysis, with mainly the application of NMR spectroscopy in mind. We will first discuss
the basic properties and major limitations of the conventional F'T spectral analysis
in Section 1.2, then briefly review some existing alternative methods in Section 1.3.

Finally, some conclusions and remarks are given in Section 1.4.



1.2 Fourier Transform Spectral Analysis

A physical process can be either described by a time domain function, ¢(t), where
t is the time variable in seconds, or a frequency domain function, I(w), where w is the
angular frequency in radians per second. To be general, we consider both functions
to be complex. These two functions form a “Fourier pair” as they are connected by

the Fourier transform equations:

I(w) = /°° c(t) et dt,

—0o0

c(t) = 1/00 I(w)e ™ dw. (1.1)

27 )0
I(w) is also called a spectrum, or a spectral representation of the time signal. The
transformation from ¢(t) to I(w) is often called the (forward) Fourier transform, and
its inverse is often called the inverse Fourier transform.

From Eq. 1.1, it is obvious that Fourier transformation is a linear operation. There
is no information gained or lost by transforming from one representation to the other:
the two functions contain exactly the same information but in different formats. The
important difference is that features that are delocalized in one function become
localized in the other. Interestingly, this becomes very important when it comes to
interpreting the information encoded in these functions. In a typical time signal,
contributions from different constituents, or resonances, are highly delocalized and
strongly interfere with each other, making direct interpretation of the signal very
difficult. For example, Figure 1.1 plots two simple time signals: one with single
resonance, trace (a), and the other one with two resonances of equal intensities and
decay rates, trace (b). When there is only a single resonance, it is possible to estimate

3
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Figure 1.1: Two simple time signals and corresponding Fourier transform spectra
(only real parts of the complex functions are shown). While contributions from dif-
ferent components are delocalized and interfere with each other in the time domain,
they are highly localized and separated according to the characteristic frequencies in
the frequency domain.

the frequency by counting the zero-crossing and the linewidth from the decay rate.
When there are two components with equal intensity present, it is possible to use the
“beating”, a consequence of interference, to estimate the separation of two frequencies.
But it becomes difficult to tell much about the characteristics simply by looking at the
time signal, other than some vague judegements, such as that one or more components
are narrow if the signal decays slowly. When more than two components with different
intensities and decaying rates are present, it becomes impossible to interpret the

time domain signals directly. On the contrary, features are highly localized and



separated according to the characteristic frequencies in the frequency domain, making
the interpretation of them much easier.

Now it is clear that spectral analysis, the process of obtaining a spectral rep-
resentation from the time domain signal, is a key step in making the information
interpretable, even though such a transformation does not magically increase the
information content by any means. FT is a natural choice for performing such a
transformation. However, as it will become clear later, it is not the only way, nor the
optimal one, for obtaining the spectrum in many cases. One of the main focuses of
this dissertation is to exploit alternative methods for extracting more (interpretable)
information from the available data set, when the signal satisfies certain known con-

straints.

1.2.1 Fourier Transform of Discrete Signals

In the most common situations, the time signal c(t) is sampled (i.e., its value is
recorded) on an equidistant time grid, ¢, = nt = 0,7,..., (N — 1)7, resulting in a
discrete signal ¢(n) = ¢(n7). The interval 7 is also called sampling rate, or dwell time
in NMR terminology. The fact that the signal is discrete instead of continuous has

profound implications on its Fourier transform.

Sampling Theorem and Aliasing

For any sampling rate 7, there is a special frequency w,,, called the Nyquist critical
frequency, given as,

(1.2)

&
o
Il
Rl

ot



The Nyquist critical frequency is important for two reasons. The first one is known
as the sampling theorem: “If a continuous function c(t), sampled at an interval T,
happens to be bandwidth limited to frequencies in magnitude smaller than w,, i.e., if
I(w) = 0 for all |w| > w,, the the function c¢(t) is completely determined by its samples

c(n).” [9]. The explicit formula for ¢(t), given in terms of ¢(n), is,

explwe(t — nT)]

cty=r Z c(n)

n=—oo

(1.3)

(t —nr)
Therefore, even though generally speaking, the information content of a discrete signal
is infinitely smaller than that of a continuous signal, entire information content of the
bandwidth limited signal can be recorded in a discrete signal, sampled at at rate
771 > 2w Fairly often, this is the case. For example, NMR signals are always
filtered and amplified in a finite frequency range before being sampled.

Another consequence of discrete sampling is a phenomenon called aliasing for sig-
nals that are not bandwidth limited to less than the Nyquist critical frequency: any
frequency component outside of the Nyquist frequency range, (—w.,w.), is aliased (or
falsely translated) into that range. In another word, frequencies that differ by mul-
tiples of 2w, are completely indistinguishable due to the discrete sampling. Aliasing
causes ambiguity in determining the true frequencies and should be avoided in most
circumstances. In some special cases, aliasing can be used on purpose to reduce the

spectral range and thus increase the digital resolution of the FT spectrum [10, 11].



Discrete Fourier Transform

Given a finite discrete time signal c¢(n), available fromn =0,1,..., N — 1, we can

estimate its Fourier transform on the same numbers of discrete frequency points,

umsz@:/m< wwﬁ~7§: GenT (1.4)

where wy, = 27k/N7,k = —N/2,...,N/2. The summation of Eq. 1.4 is called the

Discrete Fourier Transform (DFT) of the N data points ¢(n). The inverse discrete

Fourier transform to recover ¢(n) from (k) is:

1N
)= X 1) (1.5)

DFT is a linear transform of the time domain data, and is thus stable and reli-
able. However, direct calculation of DFT is an order N? process. A more efficient
implementation is called the Fast Fourier Transform (FFT) [6, 7], which requires
only O(N In N) operations. FFT requires N to be a power of two'. For data sets of

arbitrary sizes, the Fastest Fourier Transform in the West (FFTW) [12] can be used.

Resolution and Sensitivity

The two most important measurements of the quality of a spectrum are resolution
and sensitivity. Resolution refers to the ability to distinguish components of the signal
that are close in frequency. It can be intrinsically determined by the signal itself, or,
in turn, by the underlying physical system and experimental techniques used to probe

and detect the signal. It is also often affected by the numerical method used to obtain

!There are also FFT algorithms for data sets of length N that are not a power of two. But they
still require N being divisible by some other prime numbers [9].



the spectral representation. The obtainable resolution of a spectral analysis method
can be roughly measured by the Full-Width-at-Half-Height (FWHH) of the resulting
lineshape of an arbitrarily narrow line. The DFT resolution for a finite signal is

limited by the so called F'T time-frequency uncertainty principle,

1

Thus, the resolution of DFT converges linearly with respect to the signal length. This
is one of the limitations of DF'T. We will discuss its consequences in more details in
Section 1.2.4.

Sensitivity refers to the ability to distinguish signal from noise. A commonly
used measurement for sensitivity is the Signal-to-Noise Ratio (SNR) of the spectrum.
SNR can be defined as the ratio between the height of the highest signal peak to
the standard deviation of the noise. As pointed out by Hoch and Stern [8], while
SNR is often used to quantify the sensitivity, they are not the same. When nonlinear
methods like maximum entropy reconstruction or others are used to compute the
spectrum, SNR is not a good measurement of the sensitivity any more. In these
cases, sensitivity should be accessed explicitly, rather than inferred from the SNR of

the resulting spectrum.

1.2.2 Data Manipulation

Direct Fourier transform of the time signal is often unsatisfactory, mainly due
to many potential imperfections of the data. It is routine practice to “pre-process”

the data set before it is Fourier transformed. In this section, we will discuss several



common data manipulations, especially in NMR data processing.

Zero- and First-Order Phase Correction

In order to understand the concept of phase corrections, we need to first dis-
cuss two different lineshapes in NMR. Nuclear magnetic resonances in liquids can be
modeled as damped harmonic oscillators. Let’s consider a signal that has a single

component with frequency wy and decay constant vo > 0. It can be written as,

s(t) = exp[—iwot — Yot] = exp|—i(wy — iv0)t], (1.7)

fort > 0;s(t) = 0 for t < 0. Such a signal is also called a damped sinusoid. Its Fourier

transform is then,

I(w) = /Ow S(1) explit) dt = io) o
_ o fiWzw) A(w) +iD(w), (1.8)

(W=wo)+7%  (w—wo)*+73

where A(w) and D(w) are called absorption and dispersion Lorentzian lineshapes,
illustrated in Figure 1.2. For large frequency offsets, the absorption Lorentzian line-
shape decays as 1/(w — wp)?, while the decay of dispersion Lorentzian lineshape is
proportional to 1/(w — wg). Accordingly, absorptive Lorentzian lineshape is more
localized and thus preferred for high-resolution NMR. In addition, the zero crossing
at the center of the dispersive Lorentzian lineshape is also unfavorable.

Experimental signals are not always as perfect as Eq. 1.7. The signal might not
have zero phase at ¢t = 0 and it might not even start at ¢ = 0. A more general model

for the signal is,

s(t) = expli(po + wo to)] exp[—i(wo — i70)t], (1.9)
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Re[1(w)] Im[1(w)]

Figure 1.2: Real and imaginary part of the Fourier transform of a damped sinu-
soid with zero phase at t = 0: (a) absorption Lorentzian lineshape; (b) dispersion
Lorentzian linshape.

where ¢y is called the zero-order phase, and wy ty the first-order phase. The first-order
phase is due to the delay tg and also called the linear phase as it has linear dependence
on the frequency. According to the linear property of FT, the Fourier transform of
s(t) is given as,

I(w) = expli(do + wo to)] [Aw) + iD(w)] . (1.10)

Note that the real part of I(w) automatically yields absorption lineshapes only when
both zero- and first-order phase are zero, or more precisely, ¢+ wgty = 0. Otherwise,
the real part of the complex spectrum will contain unfavorable dispersion lineshapes,
requiring the zero- and first-order phase corrections. The first-order phase correction
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is also called linear phase correction. The zero-order phase can be reliably removed
simply by multiplying I(w) by exp(—i¢y). However, the first-order phase can only be
approximately corrected in F'T. The reason is that exact first-order phase correction
requires knowledge of the frequencies of all components, which is not available in
FT spectral analysis. In practice, we simply multiply I(w) by exp(—iw ty) to remove
the first order phase. Such a point-by-point correction will be exact only at the
center of each resonance. A large linear phase correction leads to severe phase roll
in the baseline. Such an example is given in Figure 3.1, trace (¢). The linear phase
occurs very often in NMR due to many experimental limitations including limited
transmitter response time, stabilization delay after field gradient pulses and others.
One of the main goals of developing alternative methods to FT is actually to find a

more consistent way of correcting the linear phase.

Zero-Filling

The digital resolution of the DFT spectrum is given as éw = 1/N7 and thus
limited by the number of data points in the time domain. We can append a sequence
of zeros to the available data set to arbitrarily increase the total number of data
points and thus improve the digital resolution of the resulting DFT spectrum. Such
a process is called zero filling. Zero-filling is equivalent to some interpolation in the
frequency domain. At the frequency points they have in common (n/N7), the DET
spectra of the zero-filled and original data will agree.

NMR signals obeys the causality principle as ¢(t) = 0 for all ¢ < 0. As a conse-

quence, the real and imaginary parts of the complex F'T spectrum have a deterministic
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relationship according to the Kramers-Kronig relations [13, 14]. However, as noted by
Bartholdi and Ernst, the Kramers-Kronig relations do not hold for discretely sampled
NMR signal unless the signal is extended by a factor of two by zero-filling, because
the periodicity of DF'T makes the real and imaginary parts independent [15]. It was
proved that real improvement in the information content was obtained by zero-filling
the signal by a factor of two. Further zero-filling results in only cosmetic interpola-
tion between data points in the frequency domain and no additional information is

obtained.

Apodization

Apodization is the process of modifying the original data by multiplying it with a

apodization function before zero-filling and Fourier transform:

d(n) = c(n)w(n).

w(n) is also called windowing function or filter function. The original DFT can be
treated as a DFT with a rectangular windowing function, w(n) = 1. The purpose of
apodization is to improve the quality of certain aspect of the spectrum or to obtain
a desired lineshape. For example, a matched filter, an apodization function that
matches the envelope of the signal, is often used to enhance the sensitivity of the
resulting spectrum [16], with the side effect of broadening the lines. Or, an increasing
exponential apodization function can be used to improve the resolution, but on the
price of reducing the sensitivity. For truncated signal, it is often necessary to use

some apodization to reduce the amplitude of the signal smoothly to zero in order
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to suppress the truncation artifacts?, which also inevitably broadens the lines. In
practice, one has to compromise among resolution, sensitivity, lineshape, amount of
truncation artifacts in finding an “optimal” apodization function. A comprehensive
overview of various commonly used apodization functions in NMR can be found in

Hoch and Stern’s seminar book on NMR data processing [8].

1.2.3 Multi-Dimensional DFT

It is the ability to perform multidimensional NMR experiments that makes NMR
such a powerful method as it is today. By introducing additional dimensions, we are
able to disperse the potentially heavily overlapping features in the one-dimensional
(1D) spectrum into the addition dimensions and thus have a much better separation.
We are also able to obtain important information about the chemical and/or dynamic
correlations between resonances. It is fair to say that without multidimensional NMR
experiments, many of the applications that fueled the explosive growth of NMR in
the last two decades would not be possible [8].

A D-dimensional complex signal, sampled discretely on a D-dimensional time grid,

can be written as,

C(ﬁ)EC(anl,...,nDTD), nl:O,l,...,Nl—l,

where 7; is the sampling rate along [-th dimension. In NMR, the last time variable
tp = npTp is the acquisition time dimension by convention. The other time dimen-

sions are called indirect dimensions, because they can only be incremented indirectly

2See Section 1.2.4 for more details on truncation artifacts.
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as varying delays during the experiment. Figure 1.3 shows a general scheme [11]
for recording a two-dimensional NMR signal. There are two time dimension, t; and
to. Only the acquisition time ¢, is the real time. t¢; is an indirect time dimension,
implemented as a varying delay. For each value of t; = nymq,ny = 0,1,..., Ny — 1,
the whole experiment is repeated and a 1D signal, ¢(nim,t2), is recorded. After a

total of N7 1D experiments, a 2D signal results. It is important to notice that the

Preparation | evolution (t1) miXxing acquisition (t2)

Figure 1.3: General scheme for 2D NMR spectroscopy. It includes four segments:
preparation of the states, evolution in the indirect dimension (¢;), mixing period, and
acquisition time (Z3). In the mixing period, a correlation is established between the
two time dimensions. Only ¢, is the real time.
acquisition time dimension is the only inexpensive dimension, sampled in real time at
a rate of one data point per ms. Each increment in the indirect dimension requires
repeating the 1D experiment over and is thus time consuming. By analogy, for a 3D
experiment, each increment in the second indirect dimension requires repeating the
whole 2D experiment over, and so on. The total experimental time of a D-dimensional
NMR experiment is thus proportional to the total number of increments in the in-
direct dimensions , N; X Ny X ... X Np_;. This is the reason why multidimensional
NMR signals are typically truncated in the indirect dimensions.

Surprisingly, despite all of its importance, processing of multidimensional time

signals by FT requires few new concepts beyond those involved in the 1D F'T spectral

analysis. The complex D-dimensional DF'T, defined as,
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D Ni-1 Np-1 .
I(wy,...,wp) :HTl Z Z eMeT [ eMPUDTD o(nyTy, ..., npTp), (1.11)
=1

n1=0 np=0
where wj is a N;-point frequency grid specified as wy, = 27k /Ny, k= —N,;/2,..., N;/2,

can be simply treated as a series of 1D DFT, applied to each dimension successively:
FT FT FT
c(t1, ..., tp) m c(ty, ..., Op) WD ---- EED> I(®1, ..., ©D)

All the data manipulation such as phase correction, zero-filling and apodization can

be applied to each dimension independently.

Absorption Mode DFT Spectrum Using Multiple Data Sets

One of the few complications of multidimensional DFT is that the absorption
mode lineshape cannot be obtained simply by taking the real part of the appropriately
phased D-dimensional complex DFT spectrum. For the sake of simplicity, let’s only
consider the 2D case. Following Eq. 1.8, the 2D complex DFT spectrum computed

from a single 2D complex signal can be written as,

I(wl, CUQ) = (Al + ZDl)(AQ + ZDQ)

= (A1A2 — D1D2) + Z(A1D2 + D1A2) (]_]_2)

with convenient notations A; = A(w;), D, = D(w;), | = 1,2. Therefore, the real
part of the 2D complex spectrum is a supposition of the double-absorptive, A;A,,
and double-dispersive, DDy, 2D Lorentzian lineshapes. The resulting lineshape is
phase-twisted and extremely undesirable in high-resolution NMR spectroscopy, as the
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dispersive contributions tail off very slowly and degrade the resolution significantly.
Figure 1.4 compares the (a) double-absorption, (b) double-dispersion, and (c) phase-
twisted 2D Lorentzian lineshapes.

In order to obtain the desired double-absorption lineshape, F'T requires two in-
dependent 2D complex data sets, acquired from the same experiment. In NMR, the
evolution in the indirect dimension, t;, can modulate either the amplitude or the
phase of the signal recorded during t53. In the former case, two amplitude modulated
signals, cosine and sine modulated signals, are acquired, which, in the case of a single

resonance, can be written as,
Sc(tl, tg) = COS(u)lotl) exp(—vlotl) eXp[—’i(CUgo - i’)@o)tz] y (113)
Sc(tl, tg) = Sil’l(u)lot1> eXp(—”)/l(]tl) exp[—i(wgg - ’i’}/go)tg] . (114)
In the later case, N- and P-type phase modulated signals are acquired,
Sn(ti,t2) = exp(—iwiots — Yiot1) exp[—i(wao — i720)t2] , (1.15)
Sp(tl, tg) = exp(iwlotl — 710t1) eXp[—i(WQQ — 'é’ygo)tg] . (116)

Note that the signs of the frequency in ¢; are opposite for N- and P-signals. These
two data formats can be converted into each other simply by linear combinations.

For example,

Sc(ti,t2) = [Sp(ti,t2) + Sn(t1,t2)]/2, (1.17)

Ss(ti,t2) = [Sp(t1,t2) — Sn(t1,12)]/2i. (1.18)

Using linear combination of the DFT of both of the 2D data sets from the same

3In derivation of Eq. 1.12, a purely phase modulated signal was actually assumed.

16



Figure 1.4: Comparison of (a) double-absorption, (b) double-dispersion, and (c)
phase-twisted 2D Lorentzian lineshapes, for a 2D Lorentzian line at frequency
(w1, ws2) = (0,0) Hz with linewidth being 1 Hz in both dimensions.
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experiment, double absorption lineshape can be constructed. Here, a procedure for
obtaining an absorption mode spectrum from two amplitude modulated data sets,
assuming that both data sets are correctly phased, is outlined:

(i). Apply DFT in the ¢t dimension for both data sets:

Sc(tl, u)g) = COS(wlotl) GXp(—’)/lotl)(AQ + ’LDQ) y (119)

Ss(tl, (UQ) = sin(wlotl) eXp(—’}/lotl)(Ag + ZDQ) . (120)
(ii). Construct an intermediate signal according to:
Sncw(tla u)g) = Re[Sc(tl, WQ)] - iRe[Ss(tl, wg)] = A2 exp[—i(wlo - i’ylo)tl] . (121)

(iii). Apply DFT to the intermediate signal in the ¢; dimension. The real part of the

result gives the desired absorption mode 2D spectrum:

A(wl, u)g) = Re[[(wl, WQ)] = RG[AQ(Al + ZDl)] = A1A2 . (122)

First Point Correction

Another complication of multidimensional FT is also related to the problem of
obtaining an absorption mode spectrum. The approximation of DFT to the FT
integral given in Eq. 1.4 has a systematic error: the first point should be weighted
by 1/2 before being transformed. While this only causes a constant vertical offset
in 1D DFT, the amount of such an offset will vary for each row in the indirect
dimension, causing so called t;-ridges in the 2D FT spectrum. These ridges deteriorate
the resolution of an absorption mode spectrum significantly and should be removed,
simply by incorporating the first point corrections into the multi-dimensional DFT
summation,
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Ni—1 Np—1

Hwi,...,wp) = [[n D ... > emen . enownm (1.23)

=1 n1=0 np=0

1—M)...(1——5”D’0

x (1= 2

)e(niTy,...,mpTp) .

1.2.4 Limitations of FT

The Fourier transform is fast and numerically stable, and can produce frequency-
domain spectra in a convenient representation. It is the method of choice for spectral
analysis in many applications including NMR. Nonetheless, F'T also has some well

known limitations, leaving plenty of room for improvement.

Truncation Artifacts and FT Uncertainty Principle

One of the most severe limitations of FT spectral analysis occurs when the signal
is truncated before it fully decays to zero, or, more realistically, below noise level.
The effect of truncation can be modeled as a step function, r(t) = 1 for t < T}y, and
r(t) = 0 for t > Thax. The acquired signal ¢(t) can be then represented as the product
of the signal (extending to t = o0), s(t), and the step function r(t): c(t) = s(t)r(t).

According to the convolution theorem, the resulting finite FT spectrum is given by,
I(w) = / s(t)r(t)dt = S(w) * sine(Tma) | (1.24)

where the sinc function is defined as sinc(z) = sin(x)/z. Convolution of the sinc
function has two direct consequences on the finite time F'T spectrum: first, it produces
severe oscillating truncation artifacts in the baseline. The artifacts are often called
sinc-wiggles or Gibbs oscillations. Second, it broadens all the peaks to be at least
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Figure 1.5: Effects of truncation on the FT spectrum: (1) sinc-wiggles in the baseline;
(2) all lines are broadened to a minimum width of dw ~ 1/T},.,. Note that the doublet
of (b) is now unresolved due to the truncation of the signal.

the width of center envelope of the sinc function, which is roughly the inverse of the
signal length. The latter is often called the F'T time-frequency uncertainty principle.
Figure 1.5 illustrates these two truncation effects using the same time signals used in
Figure 1.1, but truncated to 1/8 of the original sizes.

The sinc-wiggles are very unfavorable in high-resolution NMR as they obscure the
weak peaks around a strong peak. Apodization can be used to suppress the truncation
artifacts, which will further broaden the lines. Note that the resolution of finite FT,
determined by the F'T uncertainty principle, improves only linearly with respect to the

signal length. While it does not look too bad in 1D, this slow convergence property
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becomes a severe limitation of multi-dimensional F'T spectral analysis.

1D Spectral Analysis

Multidimensional Fourier transform is simply a series of 1D FT, applied to each
dimension sequentially. The FT uncertainty principle applies to each dimension in-
dependently. Accordingly, in order to obtain high resolution in all dimensions of the
FT spectrum, one has to acquire a signal that is long in all dimensions. However,
as we discussed in the beginning of Section 1.2.3, the indirect dimensions of a multi-
dimensional NMR experiment are expensive and thus always truncated, or severely
truncated in the case of three- and four-dimensional experiments, leading to poor
FT resolution in the corresponding spectral dimensions. This is one of the major
limitations of multidimensional FT-NMR.

The major limitation of 1D spectral analysis is that correlations among multiple
dimensions are not explicitly exploited. The fact that evolutions in all dimensions are
correlated is completely ignored in FT spectral analysis. A true multi-dimensional
method for spectral analysis, which can efficiently use this information, can have

substantial advantages over any 1D methods including FT.

Modelless Spectral Analysis

FT does not make any assumptions about the signal. On one hand, this is a big
advantage as F'T can be used to analyze any type of signal. On the other hand, this
can be a big disadvantage when the signal does satisfy certain models. For example,

an NMR signal in liquids can be well modeled by a sum of finite number of damped
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sinusoids. Unfortunately, this useful information can not utilized and thus totally

wasted in the FT spectral analysis.

1.3 Alternative Methods for Spectral Analysis

Due the limitations of FT discussed in previous section, extensive efforts have
been made to develop alternative methods. One common goal of all these methods
is to produce resolution beyond the F'T uncertainty principle, especially in the case
of truncated signals. We thus call these methods high-resolution methods for spectral
analysis. In this section, we will first discuss the basis principle of high resolution
spectral analysis and then briefly review major high-resolutions methods that have

been applied to NMR spectral analysis.

1.3.1 Principle of High-Resolution Spectral Analysis

A high-resolution method for spectral analysis is a method that can obtain a spec-
tral resolution beyond FT time-frequency uncertainty principle. In order to obtain
high-resolution, additional information must be used.

Let’s consider a simple example where we know that the signal contains a single

Lorentzian line and thus satisfies following model:
c(t) = dg exp(—iwpt) , (1.25)

where the complex amplitude dy = |dp| exp(i¢yy) and complex frequency wg = 27 fy —

17 are two unknown parameters. Note that we extend the notation wy be complex so
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that both the line position and linewidth can be represented by a single parameter.
The magnitude of the complex amplitude, |dy|, gives the peak integral, and ¢, defines
the phase of the peak. As shown in Figure 1.1 (a) and 1.5 (a), FT is not able to use
this information and cannot provide a fully converged spectrum? unless the signal
fully decays (Figure 1.1 (a)). Alternatively, armed with the model of Eq. 1.25, we
know that only two unknowns, dy and wy, need to be found. In turn, it requires only
two data points, so that we can set up the two equations, from which both parameters

can be solved accurately:

c(0) = dy do = ¢(0)
=
c(1) = do exp(—iwyT) wo =ilnc(7)/c(0)] /T
By analogy, for the slightly more complicated case of two Lorentzian lines (Figure 1.1
(b) and 1.5 (b)), as few as four complex data points are required to solve for four
unknowns: two pairs of complex amplitudes and complex frequencies, providing a
fully converged spectrum.

We just demonstrated that it was possible to obtain resolution beyond the FT un-
certainty principle by using some additional information that was not utilized in FT.
However, in practice, how we model the signal, how the model is used to reformulate
the problem, and how the problem is solved numerically are all very important limit-
ing factors. Experimental signals like NMR signals are often both large and complex,
and contain an unknown number of peaks. In addition, experimental signals do not

satisfy the model perfectly due to the noise and other imperfections. As a result, one

can easily end up solving a large, ill-conditioned linear or nonlinear problem, which

4A fully converged spectrum should show a peak at the right position with the true linewidth.
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is computationally expensive and numerically unstable. In the rest of this section,
we will briefly review existing high-resolution methods, with the main focus being on
their main advantages and remaining difficulties.

The existing high-resolution methods can be grouped into two main categories:
parametric methods and nonparametric methods, based on whether a parametric
representation, a list of complex characteristic frequencies and amplitudes, is involved.
FT is a nonparametric method, as the spectral representation is directly obtained

without computing an intermediate parametric representation of the signal.

1.3.2 Parametric Methods

Practical methods for estimating the spectral parameters can be traced all the
way back to 1795, when Baron de Prony published his method for fitting the data
to a sum of complex sinusoids [17]. The idea of using linear algebra for identifying
the parameters of multi-exponential decay of a time signal is still used in more recent
parametric methods including Linear Prediction (LP) [18, 19, 20, 8], the matrix pencil
method [21, 22, 23], and the Filter Diagonalization Method (FDM) [24, 25]. The first
two methods will be described below, and FDM will be introduced later in Chapter 2.
Other parametric methods rely on nonlinear optimization of complex score functions,
based on either probability theories such as in Bayesian and maximum likelihood
techniques [26, 27, 28, 29|, or simple minimum variation principle like in Least Squares

(LSQ) fitting in the frequency domain [30] and the time domain [31].
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All these methods model the NMR signal as a sum of Lorentzian lines:

c(n) = ; dy e~ 1 g(n) = ; dyul + £(n), (1.26)

where dj and wy are complex amplitudes and complex frequencies, and £(n) is noise.
The line list {wg, dy} is called a parametric representation of the signal ¢(n). Each
pair of (wg,dy) represents a peak, or, a pole. This model has been proved to be a
good model for most NMR signals in liquids. It is the additional information that
all these methods utilize, in one way or another. However, how this model is used to
reformulate the problem and the numerical approach used to solve for the unknown
spectral parameters vary from one method to another, and determine the efficiency

and stability of each method.

Linear Prediction

Linear prediction is one of the most popular high-resolution alternatives for NMR
spectral analysis. Even though linear prediction is typically only use to extrapolate
the signal, LP is intrinsically a parametric method. It is based on the concept of

autoregressive modeling (AR) [17, 16]:
K
cn) =Y arc(n—k) +en), n=K,...,N—1, (1.27)
k=1

where the coefficients a are called LP coefficients, K is the prediction order, and
€(n) is the prediction error. It can be proved that the AR model is equivalent to
the Lorentzian model of Eq. 1.26 with K damped sinusoids. Once the prediction

coefficients are determined, the spectral representation can be directly computed, or
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more commonly, the AR expression is used to extrapolate the signal, typically, by a
factor of 2, then the FT of the extended signal is computed.

There exist several LP algorithms for finding the prediction coefficients including
LP-SVD [32], LP-QRD [33] and LP-TLS [34]. Detailed descriptions can also be found
in Refs. [8] and [20]. The basic idea is to find a set of coeflicients @, that minimizes

the prediction error by solving a linear least squares problem,

co(K—=1) ¢(K—-2) --- c(0) ay c(K) e(K)
¢(K) o¢K-1) --- c(1) as c(K+1) e(K+1)
= +
_c(N—Q) ¢(N-=3) --- c(N—K—l)__aK_ _C(N—l)_ _e(N—l)_

or in a compact form,

Hx=b+e. (1.28)

The complex frequencies wy, of all poles can be then computed by rooting the

characteristic polynomial, defined as,
K
Plu) =Y apu®", (1.29)
k=1

where the roots uj, = exp(—iwy7). The complex amplitudes dj are determined by

solving another linear least squares problem based on Eq. 1.26:

11 1 d, c(0) £(0)
U1 U9 s UK d2 C(l) 5(1)
= + . (1.30)
uy 7t wd up dx c¢(N —1) E(N —1)
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Egs. 1.29 and 1.30 might seem necessary only when LP is used as a parametric
estimator, while for LP extrapolation, only Eq. 1.28 needs to be solved. This is
not true. Some roots of the characteristic polynomial P(u) might fall outside of
the unit circle on the complex plane, i.e., |ug| > 1, which correspond to increasing
exponentials. In this case, direct use of the prediction coefficients to extrapolate the
signal is unstable and can result in numerical overflow. In practice, all the roots of
P(u) are first found, then some procedures have to be used to eliminate unwanted
roots. For example, those u, lying outside of the unit circle are either discarded or
replaced by their images reflected about the circle: ug — [u;']*. Finally, a new set of
prediction coefficients are computed by reconstructing the characteristic polynomial

using the “corrected” roots:

P'(u) = (u—u1)(u—wug)...(u—ug). (1.31)

The main advantage of LP is that the highly nonlinear problem of fitting the sig-
nal to the summation of damped sinusoids is solved by a linear fitting of the signal to
the AR model, and thus avoids the notoriously finicky nonlinear fitting procedures.
However, there are also several severe limitations:

(). Filter order is a complete part of the AR model, and finding its correct value is
a crucial issue. Even though extensive efforts have been made in developing methods
for order selection [35, 36, 37, 38], no universal solution exits [20].

(ii). LP attempts to fit the whole 1D signal in one shot. The size of the least
squares problem is determined by the signal size and the filter order. Thus LP can

be prohibitively expensive for very large data sets. In addition, rooting high degree
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polynomial requires significantly higher algorithm complexity necessary to avoid nu-
merical instability, round-off errors and overflow.

(iii) When parametric LP is used, it requires a second least squares calculation for
computing the complex amplitudes. Any errors in the rooting step might be ampli-
fied, making the parametric LP very unreliable.

(iv) In principle, it is possible to use LP for complete analysis of multidimensional
data sets. However, it is not in common practice due to the expensive computational
cost and numerical instabilities. Instead, hybrid LP and FT spectral analysis is typi-
cally used. For example, in 2D, LP is used to extrapolate each ¢; trace independently
after FT is applied to the t; dimension. Such a hybrid method is essentially a 1D
method and does not have the advantages of true multidimensional data processing.
(v) Even though the prediction coefficients are optimized by various tricks, the noisy
tail part of the signal is always used for extrapolation. Thus the extrapolation is

doomed to be noisy and unreliable.

The Matrix Pencil Method

The matrix pencil method was developed independently by Hua and Sarkar [21, 22]
and by Kailath and coworkers [39]. Instead of rooting a polynomial to obtain the
complex frequencies, they are computed directly from the data matrices by solving a
generalized eigenvalue problem. Its formulation exploits of the property of the matriz
pencil constructed from the underlying exponentially damped sinusoids (Eq. 1.26).
The matrix pencil refers to linear combinations of two matrices defined on a common

domain (i.e., same linear space). For example, given two matrices L and R, the set
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of all matrices of form L — AR is said to be a matrix pencil.
Given a discrete time signal ¢(n) with N data points that satisfies Eq. 1.26, and

ignoring the noise term &(n), the (N — L) x L data matrices Xy and X;, which are

defined as:
_C(L—l—l—l) cL-=2+1) --- c(l) _
oL+1) coL—=1+1) --- c(1+1)
X, = , (1.32)
¢(N—=241) ¢(N—=3+1) -+ ¢«(N—L—-1+1)

[ =0,1, with L being the pencil parameter, can can be decomposed as [21],

Xo=2;BZp, X\ =72Z,BZ7Zp, (1.33)
where
1 1 1 ub™t b2 1
Uy Us e Ug T R |
Z; = , Lg = . (1.34)
uN-L-L V-1 N-L-1 R |

and B = diag{by, by, ..., bx}, Z = diag{uy,us,...,ux}. f K <L < N — K, each of

{ur : k=1,2,..., K} is the rank reducing number of the matrix pencil X; — uXg:

X1 — uXO = ZLB ZR . (135)

0 0 S UK — U
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Therefore, by definition, {uy} are the K nonzero generalized eigenvalues of the matrix
pair (Xy, Xp),

Xiqr = upXoq;, (1.36)

where qy, is the eigenvector associated with the eigenvalue u;. Note that Eq. 1.36 can
be solved by first multiplying both sides by a pseudo-inverse of Xg, X{, and then
using standard eigenvalue solvers to find the K nonzero eigenvalues of L X L matrix
product XgX;:

XX qr = upqs. - (1.37)

Finally, the complex amplitudes dj can be computed by solving the linear least squares
problem of Eq. 1.30. Note that spurious poles with |ux| > 1 can lead to numerical
instabilities in solving Eq. 1.30, and should be eliminated in similar ways to those
employed in linear prediction.

While sharing the advantages of being a linear algebraic method with LP, the
matrix pencil method has several advantages over LP. First, the pencil parameter L
will affect the results, in a similar way that LP is affected by the prediction order.
However, the performance of matrix pencil method is less sensitive to the choice of
L [21]. It was empirically found that the optimal value for L ranged from L = N/3
for noisy signals to L = N/2 for signals with high SNR. Second, in the matrix pencil
method, all the poles are computed directly from the data matrices in one step,
while LP requires first solving a linear least squares problem and then rooting the
resulting polynomial. Accordingly, the matrix pencil method is more efficient and

more accurate. It was also found that the matrix pencil method was less sensitive to
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noise than the polynomial method [21, 23].

Nevertheless, the matrix pencil method still has some severe limitations, most of
which are shared by linear prediction. They are listed below:
(i). Estimating the pencil parameter L is still a problem, even though the results are
less sensitive to its value than in linear prediction.
(ii). The matrix pencil method still attempts to fit the whole signal in a single shot.
Thus for large data sets, it is computationally very expensive and has problems with
numerical instabilities, round-off error and overflow.
(iii). The amplitudes dj are computed by solving a separate linear least squares prob-
lem. Errors that are introduced in the diagonalization step might lead to disastrous
results in dj,, making its application to analyzing NMR signals problematic®.
(iv). There are significant difficulties in generalizing the matrix pencil method to pro-
cessing multidimensional signals. Specifically, for example, in 2D, there are problems

in identifying the frequency pairs [22].

The Nonlinear Least Squares Analysis

Several least squares analysis of the DF'T NMR spectra have appeared in the liter-
ature (see ref. [30] and references therein). Some of them are based on fitting the DF'T
spectrum to the theoretical lineshape, Eq. 1.8, obtained from evaluating the infinite
time FT integral. However, as pointed out by Abildgaard and coworkers [40, 30],
there are several severe discrepancies between the DFT spectrum and the theoreti-

cal spectrum, which in many cases hamper these analyses. Instead, a more realistic

5The matrix pencil method was initially introduced to process acoustic and radar imaging signals,
where only the complex frequencies were of general interest.
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lineshape that corresponds to finite DFT of damped sinusoids should be used:

IMw) =+ go ()T =75 d ! ;_“;Z;Z (1.38)

where u = exp(—iwT). The object of least squares fitting in the frequency domain is
to minimize the variance between the estimated spectrum of Eq. 1.38 and the actual
DFT. Note that no zero-filling or apodization should be used in obtaining the actual
DFT spectrum. Least squares analysis can be also directly carried out in the time
domain by simply minimizing following loss function [31],

K 2

) = (K fwpdy k= 1,2, K}) = Z_ e(n) =S dpe ™| | (1.30)

It was claimed that the complete least squares analysis was the optimum spectral
estimator and maximum spectral information could be extracted [40]. While the
validity of such a statement is still under debate, there are other serious drawbacks
of the LSQ estimator. Firstly, LSQ is a nonlinear optimization method. Both an
accurate estimate of the number of pole and a good set of initial values for the spectral
parameters are required and essential for convergence. In the case of complicated
spectra with heavily overlapped features, such a requirement can not be fulfilled.
In addition, LSQ also attempts to fit the whole spectrum together in a single shot
and is thus computationally very expensive for large data sets. Finally, in principle,
LSQ can be applied to analyze multidimensional signals. However, due to the large
size and high complexity of multidimensional spectra, general application of LSQ to

multidimensional spectral analysis is totally infeasible.
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Bayesian and Maximum Likelihood Methods

Bayesian analysis is a powerful statistical technique for estimating the degree to
which a hypothesis is confirmed by experimental data. It was introduced to NMR
spectral analysis in 1990 by Bretthorst [26, 27, 28] and Sibisi [41]. It has also been
applied to processing multidimensional NMR signals [29]. Only the basic principles
are described here. The details are quite complicated and can be found in the original
references or Hoch and Stern’s book on NMR data processing [8].

In essence, it is based on probability theory: given the data D and a particular

model M, according to Bayes’s rule, we have,

P(D)P(M|D) = P(D, M) = P(M)P(D|M) (1.40)

where P(D) and P(M) are the individual probabilities, P(D|M) and P(M|D) are
the conditional probabilities, and P(D, M) is the joint probability®. Accordingly, we

can calculate the conditional probability of the model for a given data set as

P(DIM)P(M)
P(D)

P(M|D) = ~ P(D|M)P(M). (1.41)

P(M]|D) is also called the posterior of the model; P(D|M) is also called the likelihood
of the data (i.e., for a given model M, how likely the experimental data would be
obtained); and P(M) is also called the prior of the model (i.e., empirical or theoretical
estimation of the probability of the model M being true). P(D) is independent of
the model, and thus can be dropped out. The prior is only part the human a prior:

knowledge can bias the results. It can be set to a flat function (such as a infinitely

6The conditional probability P(A|B) is the probability of A being true given that B is true. The
joint probability P(A, B) is the probability of both A and B being true.
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broad Gaussian function) so that no model is preferred. In this case, P(M) term can
be also dropped in the analysis.

Assuming that 1D NMR signals can be modeled as a sum of damped sinusoids”
of Eq. 1.26, the parameters of the model are then the number of peaks, K, and 2K

complex frequencies and complex amplitudes, {wy, dx}. Thus,

P(M|D) ~ P(D|M)P(M) = P(D|K, {wp,dy : k= 1,2,...,K})P(M). (1.42)

The calculation of the likelihood P(D|M) can be quite complicated. Details can
found in the original references. In order to find the best (most likely) model, i.e,
the number of poles and corresponding spectral parameters, for a given experimental
data, one needs to maximize the posterior, or equivalently, the likelihood in the case
of a flat prior function, by solving a high-dimensional optimization problem.

Despite the neat probability theory behind them, Bayesian and maximum like-
lihood techniques are hampered by the resulting nonlinear optimization problem.
Similar to LSQ method, finding a reasonable solution requires good initial set of
values for all the parameters, which is not available for complex signals. In addi-
tion, constructing a good likelihood funtion, P(D|M), is essential and can be tricky.
Finally, even though, in principle, these techniques can be applied to analyze any di-
mensional signals, the fast growing computational cost and resulting high dimensional

optimization problem make them practically infeasible.

"This assumption is equivalent to use a prior function P(M) = 1 for all Lorentzian models and
P(M) = 0 for others.
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1.3.3 Nonparametric Methods

The parametric approaches for high-resolution spectral analysis suffer from a com-
mon drawback: it is essential for the time signal to sufficiently satisfy the model em-
ployed. In the contrary, nonparametric methods like FT do not make any assumption
about the signal’s functional form, and are thus insensitive to the noise and lineshape
distortions of the signal. While there exist other nonparametric methods [42, 43, 44],
the most popular one in NMR spectroscopy is Maximum Entropy Reconstruction

(MaxEnt).

Maximum Entropy Reconstruction

The maximum entropy reconstruction for NMR spectral analysis was first intro-
duced by Sibisi in 1983 [45]. It can provide high resolution spectral estimation from
truncated data sets, and can evem be used to analyze signals that are nonuniformly
sampled. MaxEnt has generated considerable interest, and also some controversy on
the claims of simultaneous noise suppression and resolution enhancement. The de-
tails of the method have been described extensively [46, 47, 19, 8]. Here we merely
summarize the principles.

MaxEnt reconstructs the frequency domain spectrum, f(w), directly by solving
an optimization problem similar to those in nonlinear least squares methods, with an
additional constraint of maximizing some entropy function, S(f). It is claimed that
the minimum variance principle along (such as Eq. 1.39) does not provide enough

information on the possible spectral reconstructions to be of much use. There exists
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an infinite number of spectral reconstructions that satisfy the statistic constraint,

N-1

X(E) < X Em)|* = Co,

n=0
where £(n) is the noise in the data, and y*(f) is defined as,
N-1

(f) = Y [iDFT(f)], — ¢(n)

n=0

2

: (1.43)

where iDFT(f) is the “mock” time signal computed by inverse DFT of the spectrum
f(w). If we are to improve over DFT, we have to include some additional criterion for
choosing an optimal reconstruction, such as the maximum entropy principle. What
maximum entropy principle implies is that a reasonable reconstruction should not
add any new information beyond what is contained in the experimental data [46, 8].

The entropy the spectrum f can be expressed in a general form,

S(f) = — z__j R(f.), (1.44)

where R(f,) is the negative of the contribution of each spectral point to the overall
entropy. The functional form of R(f,) resembles |f,|log(f,). Their actual forms can
be very complicated [47, 19, 8], but irrelevant to the present discussions.

The constrained optimization problem can be converted to an unconstrained one

of maximizing the following objective function,
Q(f) = S(f) — Ax*(f), (1.45)

where A is a Lagrange multiplier that determines the relative weight of the entropy
and Y2-statistic constraint. The maximization problem of Eq. 1.45 does not have an
analytical solution and has to be solved numerically. Many algorithms have been
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proposed [48, 8]. They typically rely on iteratively improving a trial guess of the
spectrum and simultaneously adjusting certain parameters such as A to arrive at a
final solution.

There are certain attractions to MaxEnt. First, it does not make any assumption
about the signal to be recovered, while being flexible enough to incorporate some prior
information into reconstruction when such kind of knowledge is available. Second, a
good initial spectrum is not required for convergence, nor an accurate estimation of
the number of poles present in the signal. Third, it can be proved that there exists
a unique, global solution. Fourth, data sets that are not uniformly sampled can be
used, providing considerable flexibility to balance among sensitivity, resolution and
experimental time. However, the claim that MaxEnt can produce simultaneous noise
suppression and resolution enhancement [46] was proved to be largely unsubstantiated
due to the confusions between the sensitivity and SNR of the spectrum and between
the resolution enhancement and linewidth reduction [49, §].

Nevertheless, there are also some severe limitations of MaxEnt:

(i). The efficiency and accuracy of MaxEnt hinge on the techniques used to solve the
high dimensional optimization problem. While theoretically a unique solution exists,
in practice, it relies on adjusting parameters such as the noise power Cy, and there is
little guarantee that such a solution could be actually found.

(il). MaxEnt is computationally very expensive, attempting to reconstruct the whole
signal in a single shot. Similar to all the previously described high-resolution meth-
ods, it is infeasible to use MaxEnt to analyze very large data sets.

(iii). As a result of its expensive computational cost, MaxEnt is typically only applied
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in a trace-by-trace fashion for reconstruction of multidimensional spectra, losing the
advantages of true multi-dimensional spectral analysis.

(iv). Nonlinearity is intrinsic to MaxEnt, making it hard to use MaxEnt for quan-
titative purpose. Some techniques such as in situ calibration [48] were proposed to
overcome this limitation but only with limited efficiency.

(v). Even though additional information can be incorporated in MaxEnt, it is not used
in the optimal way. For example, when the signal sufficiently satisfies the Lorentzian
model, more aggressive methods like LP or the matrix pencil method can use this

information more efficiently and provide larger resolution enhancements.

1.3.4 Subspace Methods

Another common limitation of all the high-resolution alternatives we just dis-
cussed is the expensive computational cost. They all attempt to analyze the whole
signal in a single shot, i.e., in the full space, and can be prohibitively expensive and
very unstable for large data sets. In this section, we will discuss an example of sub-
space methods, LP-Zoom, that can avoid this limitation. Even though due to other
remaining difficulties, it is not actually successful enough for general spectral analysis
in NMR, the idea of converting a large problem into small problems in the subspace is
very interesting and one of the key reasons for the success of the filter diagonalization

method.
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LP-Zoom

LP-Zoom [50] is based on LP theory but revised to analyze the local spectral
structures in contrast the global structure, and thus avoid the demands for large
computational time and memory of ordinary LP methods. The idea is as simple as

applying the z-transform to both sides of the AR model of Eq. 1.27,

90(z) = Z_: argr(2) (1.46)
where
gr(z) = 2/0(71 — k)", (1.47)

with z = exp(iwT), and K’ is a new prediction order. The essence of LP-Zoom is
that Eq. 1.46 allows the selective evaluation in a certain (small) frequency range of
interest. Because the zoomed area might contain only a few peaks, even if the whole
spectrum is very complicated, the required prediction order, K’, is much smaller than
that of conventional LP. Selectively analyzing areas that contain peaks rather than
fitting the whole spectrum can significantly reduce the computational time and can
also yield a more accurate result.

However, other major difficulties of LP remain unsolved: 1). one still needs
to estimate the order of prediction filter, which is further complicated by the local
spectral analysis as an “effective rank” could be even more difficult to define. 2). the
amplitudes are still computed by solving another least square problem after all the
roots are solved. The errors in the rooting step could be disastrous for the second
step and are problematic to correct. 3). True multidimensional extensions still have
severe difficulties.
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1.4 Summary and Remarks

Spectral analysis is an important step in extracting the spectral information from
the time signal. The conventional Fourier transform spectral analysis is a linear
method that is stable, reliable and fast if implemented as fast Fourier transform.
However, F'T also has some well known limitations such as the FT time-frequency
uncertainty principle and sinc-like truncation artifacts. Moreover, F'T is essentially a
one-dimensional spectral analysis method that is not able to use the important infor-
mation that evolution in all dimensions is correlated. Finally, additional information
about the signal, if exists, can not be efficiently incorporated in FT.

Extensive efforts have been made to develop high-resolution alternatives to the
FT spectral analysis. By utilizing some additional information about the signal, it is
possible to obtain resolutions beyond the FT uncertainty principle. However, due to
the large size and high complexity of NMR signals, none of these methods have been
completely successful. They all suffer from one or more of the following limitations:

(i). Rely on adjusting parameters to obtain satisfactory results.

(ii). Computationally very expensive and numerically unstable.

(iii). Rely on nonlinear optimization of some complex score functions with hun-
dreds of degrees of freedom.

(iv). Significant difficulties or limitations in their multidimensional extensions.

The Filter Diagonalization Method (FDM) is a high-resolution method that was
introduced to NMR spectral analysis only very recently. It seems to be free of all the

difficulties mentioned above, and shows the promise to be a final working method.
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In the next two chapters, we will describe the theory of FDM and its application to
NMR spectral analysis in details. Here, a preview of FDM is provided:

(i). FDM is a parametric method based on the Lorentzian model of Eq. 1.26.

(ii). FDM solves the highly nonlinear fitting problem by converting it into pure
linear algebraic problems of diagonalizing some small data matrices in the frequency
subspace. It is thus intrinsically both computationally efficient and numerically sta-
ble.

(iii). In FDM, both the complex frequencies and complex amplitudes are obtained
simultaneously from the same eigenvalue problem.

(iv). Multi-dimensional extensions of FDM exist and have been successfully ap-
plied to analyze realistic NMR experimental signals. The whole multidimensional
data set is used by FDM to characterize the intrinsically multidimensional features.

Astonishing resolution enhancements have been demonstrated.
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Chapter 2

Theory of the Filter

Diagonalization Method

2.1 Historical Overview

The filter diagonalization was first introduced by Neuhauser in 1990 to extract
eigenvalues and eigenstates of a potentially large system in any energy range of in-
terest [51]. In essence, a Fourier filter is applied to remove the correlation between
distant eigenstates, then, by diagonalizing the Hamiltonian matrix in the subspace,
the eigenstates in a small energy range can be computed very accurately. There are
two advantages of filter diagonalization: first, by filtering, the size of the Hamilto-
nian matrix is reduced; second, by diagonalization, it is possible to obtain accuracy
beyond the Heisenberg uncertainty principle, §E ~ h/t, where t is the length of the
time propagation. One of the most successful early applications of filter diagonal-

ization was the accurate calculation of quantum scattering resonance of the HO,
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radical [52], which is still very difficult to be reproduced by other methods. An
important breakthrough was made in 1995 by Wall and Neuhauser [24], where the
generation of a quantum time correlation function and its spectral analysis were split
into two independent steps. It was discovered that as long as the time correlation
function was available, the Hamiltonian matrix could be computed and diagonalized
to provide the eigenstates. In this new formulation, FDM became suitable for spec-
tral analysis of a general time signal, simply by ignoring the signal generation step.
However, this perspective remained only an interesting observation until its efficiency
was significantly improved by Mandelshtam and Taylor [25, 53]. The new version,
named the Filter Diagonalization Method (FDM), used a rectangular filter that was
computationally more efficient, and was reformulated for the conventional problem of
analyzing discrete time signals defined on an equidistant time grid. It was shown to
be an optimal method for fitting the signal to the summation of Lorentzian lines in
several points of view including convergence, computational efficiency and numerical
stability. FDM was then extensively exploited and applied to many problems in both
theoretical and experimental physics and chemistry, where the harmonic inversion
was essential [54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64]. In particular, FDM started
to be applied to processing Nuclear Magnetic Resonance (NMR) signals [65, 66, 67],
which turned out to be one of the most interesting applications of FDM.

From the spectral analysis point of view, 1D NMR does not really have limitations
as very long signals are typically available and therefore converged FT spectra! can

be obtained. However, multi-dimensional NMR signals are often truncated in the in-

LA converged spectrum should show peaks at right frequencies with true linewidths.

43



direct dimensions due to many practical limitations, leading to poor FT resolution in
corresponding frequency dimensions. Therefore there is plenty of room for resolution
enhancement. Interestingly, the true power of FDM actually lies in its multidimen-
sional extensions. FDM is a true multidimensional method that is able to process the
whole multi-dimensional data set to characterize the intrinsically multi-dimensional
features. The obtainable resolution in all dimensions is determined together by the
total information content of the signal, instead of by the signal sizes along individual
dimensions. In another word, it is possible for FDM to use the information encoded in
the long dimensions to enhance resolution in the short dimensions. Early implemen-
tations of multi-dimensional FDM [68, 69, 70] require simultaneous diagonalization
of multiple data matrices, which is very difficult, if not impossible, for noisy signals
with degenerate resonances. A major breakthrough was made by Mandelshtam and
coworkers [71], when a Green’s function approach was introduced to compute mul-
tidimensional spectral estimations directly using the eigenvalues and eigenvectors of
solving several independent 1D generalized eigenvalue problems. The difficult prob-
lem of finding a unique set of eigenvectors to diagonalize multiple data matrices is
thus avoided. However, applied to noisy experimental signals, the spectra computed
from a single FDM calculation are often be contaminated by many artifacts including
spurious poles and distortions of genuine features, which are very sensitive to any
change in the input data and FDM processing parameters. The source of the arti-
facts was not fully understood at first, but the sensitivity was exploited by various
averaging methods to suppress the artifacts [72, 71, 73]. An obvious drawback of
these averaging methods was that they were very time consuming and the conver-
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gence was slow. It was later realized that the averaging was actually an inefficient way
of regularization for removing the ill-conditioning of FDM. More efficient methods of
regularization were exploited, among which FDM2K [74], proposed in year 2000 and
thus named FDM2K to honor the new millennium, was particular efficient and ef-
fective. With regularization implemented, stable high-resolution spectral estimations
can be computed using single FDM calculations, provided that the signal sufficiently
satisfies the Lorentzian model and is sufficiently long. FDM2K has since been ap-
plied to several Constant-Time (CT) NMR experiments [75, 76] and demonstrated
significant resolution enhancements. There are some special properties associated
with processing CT-NMR signals, which makes them particularly suitable for FDM
data processing. Very short constant-time periods can be used without sacrificing the
resolution, leading to better sensitivities, especially for fast relaxing proteins.

It was also realized that various spectral representations could be directly com-
puted without diagonalizing the data matrices [77, 78]. The new expression was
named Regularized Resolvent Transform (RRT). RRT corresponds a direct, nonlin-
ear transformation of time domain signal into frequency domain spectrum. It is a
very efficient method with appealing transparency and simplicity. RRT is also quite
flexible and can be used to construct many non-F'T types of spectral estimations.

In the rest of the chapter, the theory of 1D FDM will be first described in Sec-
tion 2.2, then extended to a multi-dimensional case in Section 2.3. Various ways to
regularize FDM will be discussed in Section 2.4, followed by detailed descriptions of
RRT in Section 2.5. Several ways for checking the validity of FDM/RRT results will

be discussed in Section 2.6. Finally, some conclusions are given in Section 2.7.
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2.2 One-Dimensional FDM

In this section, we first review the theory of 1D FDM with emphasis on its two most
important properties: solving the nonlinear fitting problem by pure linear algebra and
local spectral analysis by using a Fourier-type basis. FDM is able to fit both large and
complicated signals to the summation of Lorentzian lines in an efficient and stable
way. In the case of of noisy data, the original FDM algorithm might yield a line list
that contains unphysical poles with both large amplitude and negative linewidth. By
using a more sophisticated Multi-Scale Fourier basis [79], this kind of poles can be

eliminated and a line list more consistent with the decaying signal can be obtained.

2.2.1 Nonlinear Fitting by Linear Algebra

The basic object of 1D FDM is to fit a given complex time signal ¢(n) = c(t,),
defined on an equidistant time grid, ¢, = n7,n = 0,1,2,..., N — 1, to the sum of

exponentially damped sinusoids (i.e., Lorentzian lines),

K K
C(’ﬂ) — Z ‘dk|€i€€—in27r7—fke—n7—*yk — Z dke—inﬂuk 7 (21)
=1

k=1

with a total of 2K unknowns: the K complex amplitudes dy, = |dy|e? and K complex
frequencies wy, = 27 f, — iyx. The real part of complex frequency, 27 fy, gives the line
position and negative of the imaginary part, v, gives the line width. The absolute
value of complex amplitude, |di|, corresponds to the integral of the peak and the
phase angle, 6, defines the phase of the peak. The line list {wy,dy} corresponds to
a parametric representation of the time signal, ¢(n), of which each pair of (wy, dy)
defines a peak, or, a pole.
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Although the fitting problem of Eq. 2.1 is highly nonlinear, its solutions can be
obtained by pure linear algebra. In FDM, we assume that the complex time signal,
c(n), is associated with a time autocorrelation function of a dissipative dynamical
quantum system that is described by an effective non-Hermitian Hamiltonian operator

Q and some initial state ®, [24],
c(n) = (Bo|®y) = (o[ | . (2.2)

Here a complex symmetric inner product? is used, (alb) = (bla) without complex
conjugation. We use the round brackets to distinguish it from the Hermitian inner

product, < alb >=< bla >*. Qisa complex symmetric operator,
{(WHQle)} = {(¥|Q}H{[®)} = (v[Q]2) . (2.3)
Assuming that Q is diagonalizable, it can be written in its spectral representation,
Q= zk:wkm)(m : (2.4)

where wy, are the eigenvalues and Ty, the corresponding eigenvectors. {Y;} are or-

thonormal with respect to the complex symmetric inner product, i.e.,

(Tr|Trr) = O - (2.5)
Inserting Eq. 2.4 into Eq. 2.2, we can recover the HIP equation of Eq. 2.1 with,

di/" = (Tel®o) - (2:6)

Therefore the harmonic inversion problem of Eq. 2.1 becomes equivalent to the linear

algebraic problem of diagonalizing the “Hamiltonian” Q. Or equivalently, we can

2See Appendix at the end of this chapter for a brief overview of non-Hermitian quantum mechanics
for describing dissipative systems.

47



diagonalize the evolution operator U = et

U|Tk) = u| Y1) | (2.7)

—ika

with eigenvalues u;, = e . From the eigenvalues of U, we can determine {wi}, line
positions and widths, and from the eigenvectors, {dy}, line integrals and phases.
Even though neither U nor @, is explicitly available, their matrix representation
in an appropriately chosen basis set can be computed purely from the time signal
¢(n). The basis can be chosen in many different ways. The total number of basis
functions is determined by the size of the available signal. For a signal of N complex
points, the maximum basis size is N/2: each Lorentzian line requires two complex

parameters to specify it, so that at most M = N/2 lines can be uniquely fitted to a

signal of length V.

Krylov Basis

The simplest basis would correspond to a set of Krylov vectors [®,,),n =0,1,..., M—
1, with M = N/2, generated by propagating the initial state, |®¢), using the effective

evolution operator U ,
|®,,) = U"|®g) = exp(—inTQ)|®y). (2.8)
The matrix elements of U in this basis are trivial to obtain as
U = (®nlU|®m) = (DU UT™Dg) = (@] @pimys) = c(n+m+1) . (2.9)
Since the Krylov basis is not orthonormal, the overlap matrix

UO = (0,]®,) = (Po|Ppyn) = c(n +m), (2.10)
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must also be computed. Here convenient notations UMand U© are adopted to rep-
resent the evolution matrix and the overlap matrix. Note that both matrices are
symmetric, which is a direct result of the complex symmetric inner product formal-
ism. The fitting problem of Eq. 2.1 is then cast into a complex Generalized Eigenvalue
Problem (GEP),

UYB, =4, UYB, . (2.11)
Note that the eigenvectors By are normalized with respect U as,
BfUYB, = 6. (2.12)

The complex frequencies and complex amplitudes are then,

W = ;ln(uk)
dv? = Z_O[Bk]ncm), (2.13)

where Eq. 2.13 follows from Eq. 2.6 by substituting

M-1

Tk) = > Bul, [®n) - (2.14)

n=0

Note that the maximum basis size M = N/2 is always used. There are several
advantages to this. First, we can thus avoid the problem of estimating the number
of resonances present in the signal, which is problematic for most realistic signals.
Second, all the available data are used to construct the evolution matrix and overlap
matrix. Therefore, the resulting data matrices contain all the information that we
can use. The rest of the problem becomes a pure mathematical problem of solving

the generalized eigenvalue problem. When the true number of resonances is less than
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M, the matrices become singular, or near singular in the case of noisy data. In these
cases, eigenvalue solvers that are capable of handling ill-conditioned matrices should
be used, such as QZ [80] and GUPTRI [81, 82|. Numerical experiments showed that
the U matrices in 1D were actually well-behaviour enough so that stable solutions
of GEP could be readily obtained by most standard eigenvalue solvers such as those
from the LAPACK [83] library.

Armed with Eq. 2.9, Eq. 2.10 and Eq. 2.11, we have a simple method for solving
the nonlinear fitting problem of Eq. 2.1 by pure linear algebra of solving a general-
ized eigenvalue problem. The latter is a very well studied problem and an unique
solution is always guaranteed. Unfortunately, while the problem is certainly easy to
set up, it could be very difficult to solve in practice. The size of the data matrices
is determined by the signal size. For large signals, solving the generalized eigenvalue
problem becomes very demanding on the computational power as well as the com-
puter memory for storage. Large matrices might also lead to numerical problems
such as round-off error and overflow. In addition, if the signal happens to contain far
less than M = N/2 peaks (K < M), then the basis becomes over-complete and the
matrices are ill-conditioned. As a result, formulated in this way, we end up solving a
large and ill-conditioned linear system, of which stable solutions are very difficult, if
not impossible, to obtain numerically. This is also one of the main drawbacks of all
full space method such as LP and the matrix pencil method we discussed in Chapter
1. In conclusion, the simple formalism with the Krylov basis has severe limitations
and cannot be applied on a regular basis to signals of size more than, say, a few

thousand data points.
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2.2.2 Local Spectral Analysis: Fourier-Type Basis

The primitive Krylov basis leads to large and ill-conditioned linear systems for
realistic experimental signals, and therefore is not a practical choice. There is a way
to avoid diagonalizing the huge matrices in single step. By applying a special unitary
transformation to the data matrices U and U, the diagonalization can be carried
out in multiple steps. In other words, instead of trying to analyze the whole spectrum
at one time, we can divide it into small spectral windows and analyze them separately.
This local spectral analysis is the second important property of FDM.

Any linear combinations of the primitive Krylov basis functions can also serve as
a basis. Among them, a good choice is a Fourier transform of the Krylov basis, of
which a particularly simple and efficient variant is the rectangular window Fourier

basis [53], defined as 3:
M—1

0;) = e"TD,) (2.15)

n=0

with {¢,} being a set of equidistant values taken inside a small frequency window
of interest. For this choice the transformation from the Krylov basis {®,} , n =
0,1,2,...,M — 1, to the Fourier basis {V,} , j = 1,2,..., M, is unitary. More im-
portantly, due to the Fourier transform, each basis function |¥;) is localized in the
frequency domain, i.e., it is a linear combination of only those eigenfunctions |1})
of  for which wy, ~ ;. This implies that we can consider a small subset of, say,

Kyin < M values ¢; in the frequency region |[Wiin, Wmax] Where the eigenfunctions

30ther window functions can also be used in constructing the Fourier basis. However, they are
mathematically equivalent to the case of no window function, and practically lead to little numerical
difference. See Appendix III for more details.
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Figure 2.1: An example of FDM single window calculations. Using a small set of
Fourier-Type basis functions inside the specified frequency range, the resulting data
matrices contain mostly the spectral information of the local spectral window. The
signal is a 1D NMR signal of human progesterone with N=2000 points and spectral
width of 4 ppm.

can be sufficiently represented by,

)= X [Bi 12y (2.16)

W~
Note that a tilde (~) is added to notation B because |YT}) is now expanded in a
Fourier-type basis. It will also be added to notation U, the matrix representation of
U operator in the Fourier basis.

Eq. 2.16 means that the operator U can be diagonalized in the Fourier subspace
that corresponds to some pre-specified frequency window to yield the eigenvalues and
eigenvectors, and subsequently, the spectral parameters for that window. Figure 2.1

illustrates such a window calculation. Note that the extraction of the complex fre-
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quencies wy to a high precision only requires that the local completeness condition,

Mt

o > p(wk) (2.17)

plp;) =

be satisfied for the densities of the grid points p(¢;) and that of the eigenfrequencies
p(wg). In other words, the number Ky, of the basis vectors ®; should be larger than
the number of the eigenvalues in the small interval [wipin, Wmax|. Moreover, the local
spectral analysis to certain extent is insensitive to the spectral properties outside
the chosen small spectral domain. Therefore, FDM has a local convergence property.
Even when the signal is so short that some crowded regions can not be fully resolved,
accurate results can still be obtained for spectral regions that are less crowded. This
property will be demonstrated with more examples when we discuss 2D FDM ant its
applications.

The idea of local spectral analysis was not first invented in FDM. The idea of
making high-resolution spectral analysis local, called “beamspacing” [84] in digital
signal processing literature, has been known for a long time and widely exploited
in various algorithms such as MUSIC and ESPRIT [3]. In NMR data processing
literature, there is also a variant of the beamspace idea that is called LP-ZOOM [50].
LP-Zoom is a modified linear prediction algorithm which uses z-transform to zoom
in on a small spectral region in the frequency domain and thus reduces the size of
the problem. In principle, it shares the many advantages of local spectral analysis
with 1D FDM. However, other difficulties of LP, such as estimating the prediction
order and accurate computation of the amplitudes (see Section 1.3.4 for more details),

remains unaddressed.
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The matrix elements of the evolution operator in the Fourier basis can also be

evaluated purely in terms of the time signal ¢(n):

v

~(p) .
o], = (
M
= > > inTes i TP ((I)n‘U(p)‘q)n’)
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Mo

—
—

n=0 n/=0
M-1M-1 ,

— "I e ¢(n + 0! + p) (2.18)
n=0 n’/=0
M-1M-1 , o,

= el )Tes gin't(05—23) oy 4/ + p) (2.19)
n=0 n/=0

The double sum in Eq. 2.18 can be simplified to a single sum by first changing the

variables from (n,n’) to (I =n+n',n’), Eq. 2.19, and breaking it into two terms,

then analytically evaluating the summations over n/, which gives,

M—1
[U(p)] B ; { Z e c(n + p)
/ 1 — (e —¢5) =
M—1
TPy =) Z eiNT¢j/C(n+p)
n=0
2(M—1)
+ e tM=D7(ey—¢;) Z einTeojzc(n+p)
n=M
. ‘ 2(M-1) ‘
— eMrleyme) N enTeic(n 4 p) b (2.20)

n=M

Note that the final result Eq. 2.20 is symmetric with respect to the interchange of
indices j and j’ as it should be. We can rewrite Eq. 2.20 in a compact form that can

be easily generalized to the multi-dimensional cases,

= S>> (2.21)
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where S defines symmetrization operator over the indices j and j":

S Giy = Giy + 9y - (2.22)

In principle, Eq. 2.21 is correct for all choices of ¢ and ¢, except for the singularity
arising at ¢; = ;. To obtain a numerically practical expression for this singular

case, we evaluate the ¢; — ¢ limit, which leads to,

~() 2(M_1) .
[O07] =7 (M M 0 el ) (22
n=0

17

Notably and quite importantly, the resulting matrices fJ(p) have a sinc-like struc-
ture with generally large diagonal and decaying off-diagonal terms. The latter become
much smaller than the former once M|p; — ;| > 27. It is this structure that justi-
fies the possibility to perform the eigenvalue calculation in a small K, x Ky, block
fashion for possibly large M x M matrices fj(p).

After the new matrix representations are computed, the same generalized complex
eigenvalue equation of Eq. 2.11 can be solved. From the eigenvalues and eigenvectors,
we can compute the complex frequencies and complex amplitudes. According to

Egs. 2.6 and 2.15 the amplitudes d;, are given as®,

C, (2.24)

~ T ~
where B, is the transpose of eigenvectors, and the 1 x Ky, column vector C is the

FT of the original 1 x M signal array C:

M-1

[CL =Y e"ic(n), j=1,2,..., Kyin - (2.25)

4There exists an alternative expression for computing the amplitudes, which is more accurate for
narrow poles in the case of high signal to noise ratio. See Appendix II for details.
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2.2.3 FDM as a High-Resolution Spectral Estimator

Up to this point, FDM seems to be just a parameter estimator which can provide
the parameter representation {wy,dy} for a given FID by fitting it into Eq. 2.1.
However, FDM can also be used as a spectral estimator. Once the parameters are
available, one can easily construct the spectral representation /(w), formally defined

as the infinite time discrete Fourier Transform (DFT) summation,

I(w) = ngo <1 - %) C(n)e " (2.26)

where the term (1 — 550) multiplies ¢y by % to correct the error introduced by the
discrete sum approximation of the continuous half-line Fourier integral (so called
“first point correction”). By substituting the damped sinusoids model Eq. 2.1 into

Eq. 2.26 and evaluating the geometric summation analytically, we can obtain the

corresponding spectral estimate, which we called the FDM ersatz spectrum,

I = Kd L L 2.27
@ =X (e —3) (221)

In FDM, some poles with extremely small imaginary part may occur (either due to
the present of noise or real peaks), which leads to high spikes in the ersatz spectrum
producing unfavorable results. Therefore, it is often useful to include a smoothing

parameter I' > 0 to improve the appearance of the spectra,

o) — S g ! L 2.98
@ =73 b (= rmem ~g) (2.28)

The absorption mode ersatz spectrum then corresponds to,

A7(w) = Re[I"(w)] = 73" Re i (1= emi_wmr) - %)] S (229)

k=1
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In a single calculation, FDM can only obtain results for a small frequency window.
The construction of the spectral estimation for a larger spectral range requires com-
bining the results from multiple window calculations. To reduce the inaccuracies at
the window edges, the adjacent windows overlap with each other, typically by 50%.
We first construct segments of the spectrum for each windows, then sum them up
with appropriate weighting functions, such as cosine square functions, that add up to
one,

I"(w) =Y ge(w)I] (W) , (2.30)
where the subscript ¢ represents different spectral windows, and the weighting func-
tions g.(w) satisfy . g.(w) = 1. Figure 2.2 illustrates such a multi-window imple-
mentation of FDM. Cosine square functions (shown as dotted lines) are used to weight
the segments before they are concatenated together, so that the center parts of each
window segments will contribute more to final spectrum than the edges. Note that
for windows on the two edges the large spectral range of interest, only half of the

corresponding segments of the spectrum are retained.

Practical Issues on Spectral Estimation via FDM

There are several additional complications involved in constructing a stable spec-
tral representations using the spectral parameters computed by FDM.
1. I'(w) or I(w)?

For a very long time after the invention of FDM, a spectral representation I(w)
that corresponds to the infinite time Fourier integral had been used. Substituting
Eq. 2.1 into the infinite time FT integral (see Eq. 1.1) and evaluating the integration
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Figure 2.2: A multi-window implementation of FDM. Cosine-square functions, shown
as dotted lines, are used for weighting the segments of the spectrum before they are
concatenated together.
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analytically yields,

[(w)—ii di
Sw Wk

(2.31)

Generally, for small 7 we have I(w) ~ I"(w), but unlike /7 (w), which is periodic in w
with the period equal to the Nyquist width 27 /7, I(w) is not periodic. However, as we
are dealing with discrete time signals, the resulting spectra should be periodic. When
there are some broad poles such that y,7 << 1 is not satisfied, /(w) becomes a bad
approximation to the DFT spectrum. The mutual interferences and cancellations of
the poles are not conserved, leading to some instabilities in the baseline. Numerical
experiments showed that broad poles occurred frequently when FDM was applied
to analyze noisy signals and/or signals with a strong background. For example,
Figure. 2.3 compares the FDM ersatz spectra obtained using Eq. 2.31, trace (b), and
Eq. 2.27, trance (c). While the I"(w) spectrum is very stable, the I(w) spectrum
shows significant baseline distortions. This demonstrates that Eq. 2.31 is dangerous
to use if there are interfering poles wy = v, — iy, with both large widths 7, and large
amplitudes di. With the slightly wrong formula (Eq. 2.31 rather than Eq. 2.27) the
negative contributions are not correctly canceled by the positive ones, leading to the
baseline distortions. Similar discussions were also independently given before in the
nonlinear least squares fitting literature [30]. In conclusion, I7(w) should always be
constructed.
2. What should we do with unphysical poles with negative ~;?

Due to the imperfections of the signals such as noise and lineshape distortions,

and certain limitations of FDM, poles with negative 7 (or negative linewidth) often
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appear in the line list. This formally corresponds to unphysical exponential increasing
signals. Now we are faced with a dilemma on what to do with such kind of poles.
There are a few options.

a. Do nothing.

b. Simply flip the sign of all negative ~.

c. Throw the unphysical poles away.

This dilemma also occurs in linear prediction. In LP, the amplitudes d; are com-
puted by solving a least squares problem after the frequencies w;, are calculated by
rooting a polynomial. An wy with negative ~, can blow up all the amplitudes. Thus,
generally, a combination of (b) and (c) has to used: the wy with small 7 are retained
with the sign of ~, flipped, while the w; with large and negative v, values are re-
jected. Even when LP is only used to extrapolate the signal, it is always necessary
to first root the characteristic polynomial and then eliminate roots corresponding to
exponentially growing signals, in order to obtain a stable, meaningful extrapolation.

In FDM the situation is quite different as the amplitudes d; are computed simul-
taneously with the frequencies wy using the eigenvectors and eigenvalues from the
same generalized eigenvalue problem. Therefore, v, < 0 does not necessarily lead to
any numerical instability in FDM. In the early applications of FDM [53, 67], I(w)
was always constructed. A narrow peak with negative ~, will appear upside-down in
the absorption spectrum, which can be easily fixed by flipping the sign of v;. How-
ever, because of the local nature of the Fourier basis, which is manifestly incomplete,
some computed pairs (wg,d;) may have large and negative ~y; and large dj values.

When [(w) is constructed, these entries would often result in a noticeable baseline
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distortion, as demonstrated by trace (b) of Figure. 2.3. Neither throwing away such

a “spurious” entry nor flipping the ~, would fix the baseline.

a). 1%(e)
DFT

b). 1(w)
FDM

0). 1)
FDM

d). I(w)
Multi-Scale FDM

2.7 2.6 25 N 24 23 22 21
H Chemical Shift/ ppm

Figure 2.3: 1D proton NMR absorption spectra of progesterone for a representative
spectral region of a noisy signal. The signal length is N = 2000 and spectral width
is SW =4 ppm (2 KHz). All the entries returned by FDM were used to reconstruct
the ersatz spectrum without any attempt to identify and/or throw away any spurious
poles. From the top to the bottom, the traces are,

(a). DFT with appropriate apodization function.

(b). FDM ersatz spectrum computed using Eq. 2.31 with single-scale FDM.

(c). FDM ersatz spectrum computed with Eq. 2.27 with single scale FDM.

(d). FDM ersatz spectrum computed using Eq. 2.31 Eq. 2.31 with Multi-Scale FDM.

Trace (c) of Figure 2.3 was a little unexpected in that I™(w) constructed with
the line list {wy, di} containing some “spurious” entries leads to the correct spectrum

with undistorted baseline. It can be explained by the fact that it is the I™(w), not
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I(w), which is invariant to the basis set representation. Due to the existence of
very delicate mutual interferences and cancellations of the contributions all poles in
Eq. 2.27, the instabilities do not occur if one keeps all the entries produced by FDM.
This also explains the stability of the RRT (see Section 2.5) which relies on the same
DFT based expression. Clearly, if I™(w) gives the correct baseline in the presence
of such poles, I(w) must fail as the two expressions are quite different for large 7.

Accordingly, when possible,

o All the poles with significant amplitudes dy, must be retained in the sum.

e Only narrow poles with vy, < 0 should be flipped: v — —Yk.

Note that even though the spectrum /7(w) looks correct, the underlining broad
poles with negative v, and large d; do not correctly describe the time domain data.
Therefore, for obtaining a line list consistent with the decaying time signal, and with
minimized cancellation effects, the use of Multi-Scale FDM is advantageous, which

will be described in the next section.

A Numerical Example

To demonstrate the ability of FDM to identify and resolve Lorentzian lines with
a wide range range of linewidths and splittings, a model signal named “Jacob’s Lad-
der” [67] is constructed. The signal contains 50 triplets with progressively smaller
linewidths and splittings from high frequency to low frequency,
c(n) _ Z e—i27rx(o.oo1n)x(500.0—1.0z')0.9k +

9 ¢—i2mx(0.001n)x (497.5-1.0) 0.9% 4 o127 %(0.001n) X (495.0~1.0i) 0.9% (2.32)
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A total of N = 64,000 complex data points were produced. Figure 2.4 shows the
spectrum of the model signal. Due to the wide range of linewidths and splittings,

accumulation of lines at low frequency and large size of the signal make it a very chal-

5  Frequency (H2) 10
U
0 100 200 300 400 500
Frequency (Hz)

Figure 2.4: A total of 50 triplets: beginning with 1.0 Hz linewidth and 2.5 Hz coupling
centered at 497.5 Hz and finishing at 5.73 mHz linewidth and 14.3 mHz coupling
centered at 2.82 Hz. The spectral width is 1 KHz. The time signal contains 64,000
data points. The wide range of linewidth and splittings, accumulation of lines near
zero frequency, and large size make this signal challenging for non FT methods.
lenging signal for any other non-FT methods such as Linear Prediction and Maximum
Entropy Reconstruction.

Figure 2.5 compares the DFT and FDM on the densest part of the spectrum of the

test signal, using 32K and 64K data points. It demonstrates the ability of FDM to

fit both large and complicated time domain signals to the summation of Lorentzians,
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and provide resolution beyond the F'T uncertainty principle. Due to the local spectral

analysis, it took only a few seconds to obtain these results on a small PC workstation.

Exact
Spectrum
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Figure 2.5: A comparison of FT and FDM on the densest part of the signal “Jacob’s
Ladder” (Figure 2.4). In FT calculations, the signal was first zero-filled to 128K data
points. FDM resolves all the multiplets with signal length of 32K points, while the
left most triplets are not resolved by FT even with 64K data points.

A Case Where FT Beats FDM

We have demonstrated that FDM is able to effectively use the information that
the signal contains purely Lorentzian lines to provide resolution beyond the F'T uncer-
tainty principle. However, this does not mean that FDM will provide better resolution

for all Lorentzian signals. It is most advantageous for FDM when the distribution of
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the peaks is highly non-uniform, and highly disadvantageous for FDM when the peaks
are uniformly distributed. To demonstrate the point, a special model signal that con-

tains 21 peaks evenly distributed in the center part of the spectrum is constructed.

DFT FDM
N =40 N =40
I S U
N =60 N =60

N =100 N =100
AN M
I I T T e e e B
Frequency (Hz) Frequency (Hz)

Figure 2.6: A special case where DFT can beat FDM even though the signal contains
purely Lorentzian lines. The model signal is integerized with the first point ¢y = 2048.

The signal is integerized to mimic ADC with the first point being ¢y = 2048. Even
though this signal contains purely Lorentzian lines, it is optimal for DFT processing,
because DFT provides uniform resolution and thus works the best when the features
are uniformly distributed. Figure 2.6 compares the performance of DF'T and FDM on
this signal. It shows that DFT is able to resolve all 21 peaks using as few as N = 60

data points, while FDM does not converge until N > 100. However, note that even
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though DFT is able to resolve all 21 peaks for N > 60, the linewidths converge very
slowly, while FDM is able recover all parameters very accurately once the size of the

signal is above certain threshold.

Summary of the FDM Algorithm

The practical numerical procedure for implementing the FDM algorithm can be
summarized as the following steps:

1. Choose a spectral window: specify a small enough frequency range of interest,
[Winin, Wmaz), inside the Nyquist range for a given time signal of length N, ¢, =
c¢(nt),n=0,1,...,N — 1. “Small enough” is operationally defined by the resulting
size of the linear algebraic problem, which could depend on the type of the signal and
computational power available.

2. Set up the Fourier basis: set up an evenly spaced angular frequency grid inside
the specified window, Wpin < ¢ < Wiaa,J = 1,2, ..., Kyin, Where the basis size Ky,
is determined by Kyin = p M(Wimae — Wmin) 7/27. M = N/2 is the maximum size of
basis. p > 1 is the basis density, defined in Eq. 2.33. Typically p = 1.1 ~ 1.2.

3. Compute the matrix elements using Eqs. 2.21 and 2.23. The resulting matrices,
fJ(l) and I]'(O), are complex symmetric and of size Ky, X Kyin.

4. Solve the generalized eigenvalue problem of Eq. 2.11 using any standard eigen-
value solvers such as CG [83] and QZ [80] routines.

5. Compute the complex amplitudes according to Eq. 2.24.

6. Use the line list {ws, di} as an input for the spectral estimation (optional).

7. If of interest, go to step (1) choosing the next frequency window.
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Note that in the multi-window implementation, large spectral range can be spec-

ified, which is then automatically divided into multiple smaller windows.

Computational Cost of 1D FDM

The most time consuming steps are the matrix construction, step (3), and diago-
nalization, steps (4). Close inspection of Equations 2.21 and 2.23 shows that for an
arbitrary choice of 1D grid of size K,;,, the evaluation of all fj(p) elements scales as
Kyin X N: linear with respect to the size of the time signal and the basis size. The

cost of the diagonalization step scales as K?2. . Therefore the overall computational

win®

cost of FDM is a Kyin X N + b K3

win)

where a and b are scaling factors. In the case

of small spectral windows, K2, << N, the speed determining step is the U matrices
evaluation step, which is often the case for 1D FDM. In order to process the whole
spectral range, approximately N/K,;, window calculations are needed. Thus, the
total cost of processing a 1D signal roughly scales as (N/Kin) X (KuinN) = N2, if
small windows are used. Therefore, the computational cost of FDM is comparable
to that of Discrete FT, although still more expensive than N log(N) of FFT. For
example, for a signal of 10000 complex data points, FDM takes a few seconds to

analyze the whole spectral range using a basis size of 50 on single AMD XP 1800+

workstation, which cost less than $500 in May of 2002.

2.2.4  Multi-Scale Fourier-Type Basis

As mentioned above, unphysical poles with large and negative linewidths and

large amplitudes can occur in FDM, manifested as the baseline instabilities of the
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I(w) spectrum. This can be due to the narrow band Fourier basis functions, Eq. 2.15,
which are highly localized in the frequency domain. On one hand, localization is a
big advantage of using the Fourier basis, on the other hand, in the presence of noise,
a narrow band basis is inadequate to represent a broad spectral feature that is not
localized in a single window, as each basis function |¥;) is “locked” on the noise peaks
that appear close to ¢; and cannot “see” the peaks that are far away. For example, if
there exists a broad peak that centers outside of the current spectral window but tails
into the window, the narrow band Fourier basis would not be enough to accurately
represent the contribution of this broad peak. Thus, with the narrow band Fourier
basis only, there might be some ambiguity in reproducing the broad spectral features
or the baseline, and this is the source of the instability. Obviously, it can sometimes
be reduced by using larger windows. However, increasing the basis size does not
always work, and even when it does, it is impractical due to the unfavorable scaling
of the computational cost for an eigenvalue solver. In this section, we will introduce
a more sophisticated way of local spectral analysis using a Multi-Scale Fourier-type
basis. The improved algorithm, named Multi-Scale FDM, is more robust and reliable,
and at the same time computationally efficient.

The idea is illustrated in Figure 2.7. In addition to the narrow band Fourier basis
functions inside the window, we add some coarse (i.e., delocalized or broad band) basis
functions outside of the window, so that the global behaviour of the spectrum can
be captured, and its interference on the window calculations minimized. Since these
global features such as broad peaks and background do not require high resolution

we do not need many of such coarse basis functions. We also want to minimize the
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Figure 2.7: An example of a multi-scale basis set and the spectrum obtained using
this basis for the same signal used in Fig. 2.1. K;, = 10 narrow band and K, = 20
coarse basis functions (indicated by an impulse at each ¢;) were used. The coarse
functions are distributed non-uniformly according to the displacement from the edges
of the window (see text).

number of coarse basis functions with the condition that the non-localized features
that may affect the local spectral analysis are represented adequately, which can be
achieved by choosing the most efficient coarse basis distributions.

Given that the farther away from the current window, the less significant the effect
of a broad spectral feature to the local analysis, the coarse basis could be chosen such
that the spacing between the adjacent coarse basis functions and, accordingly, their
bandwidth, monotonically increase with respect to the distance between the center
of the basis function (y;) and the spectral window of interest. Thus only the features

which are broad enough to affect the current window will be captured by the coarse
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basis. Here the local density of the basis functions is defined as

2A min
py=——mn (2.33)
|90j+1 - 803'—1|

where Appin = 27/7Myax is determined by the spacing between the narrow band
Fourier basis functions. The Fourier length should be scaled accordingly to the local
density using M; = p; Max, so that the bandwidth of the basis functions is consistent
with the basis density. For a given small spectral window we can construct a multi-
scale basis, which contains K, narrow band Fourier basis functions localized in the

window and K. coarse basis functions spread over a wide spectral range:
M;—1
W)= > e"id,), j=1,2,...,K = Ky + K, (2.34)
n=0
with the Fourier length M, depending on j: M; = Mpax for the narrow band, and
M; = Myax pj, for the coarse basis functions.
The elements of U matrices can be then evaluated in terms of the time signal.
Using the definition of multi-scale FT basis functions |¥;) and |V;/), Eq. 2.34, and

the assumption of Eq. 2.2, we obtain,
M;j—1M;—1
u»] = 3> e eie(n 40 + p)
7 n=0 n/=0
M;—1 Mj’ -1
= Y X gt een y 0’ 4 p) . (2.35)
n=0 n/=0
Unlike previous case of single-scale Fourier basis, here M; and Mj do not always
equal to each other, making the expression a little more complicated. However, using

a similar strategy used to derive the efficient expression of Eq. 2.21, we can still

reduce the numerically expensive double sum to several single summations. First, by
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substituting [ = n +n’, and assuming M; < M;:, we break it into three terms,

Mj—le/—l M;—-1 Mj/—l 1 Mj/+Mj—2 Mj/—l
)R DRI DI DL 2D DENED DR D S >
n=0 n/=0 =0 n'=0 I=M; n'=l—(M;—-1) I=M; n'=l-(M;-1)

Then by evaluating analytically the summations over n’, we can replace each term by
single summations. After some manipulations, an efficient expression for off-diagonal

matrix elements results, which is given in a compact form here,

o(My—1)+M;=1
X > e %ic(n+p) , (2.36)

n:oMj/

eia’[Mj/T(ng/ —@j)-{-ﬂ'}

[U(p)] = IS Z

where S is the symmetrization operator over the subscripts j and j/, as defined in

Eq. 2.22. For the diagonal matrix elements, ¢; = ¢;/, we have,

2M;—2

[UP] = > (M; — [M; —n—1))e"#e(n+p) . (2.37)
23 n—0
Note that when M; = M/, Eqgs 2.36 and 2.37 boil down to the formulas previously
derived for the case of single-scale Fourier basis, Eqs 2.21 and 2.23.
Once the U-matrices are available in this new basis, the generalized eigenvalue

problem Eq. 2.11 can be solved. Due to Eqgs. 2.13 and 2.34 the complex amplitudes

are computed as,

\/d: = Zl [Bi; é e ¥ic(n) . (2.38)

Figure. 2.7 shows an example of such a multi-scale basis set for a particular win-
dow together with the FDM ersatz spectrum obtained using this basis and plotted,
intentionally, in a wide spectral range. As expected, fine features are captured inside
the window where dense and narrow band basis functions are used, and only coarsely
resolved features appear outside this window. Furthermore, the spectral resolution
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decreases smoothly in the directions away from the window, so there are no edge
effects associated with the local spectral analysis. This makes it easier to combine
the results of different windows to construct the overall spectrum. More importantly,
with the presence of coarse basis, the line list is free from unphysical poles with large
and negative v and large amplitudes, although poles with small and negative 4
might still occur. The latter can be easily fixed simply by flipping the sign. With
Multi-Scale basis, the spectral representation [(w), defined in Eq. 2.31, will also be
stable and baseline distortion free. An example is shown in Figure 2.3, trace (d).

However, I™(w) is still preferred and should be used.

Some Aspects of Numerical Implementations

A comment must be made on how to compute the discrete Fourier sums for all j
and j' in Eq. 2.36 efficiently. The first two sums need to be computed only once for
every j. The other two sums depend on both indices j and j’, and might seem expen-
sive. Here we describe an algorithm which scales as M.« X Ky, for all the matrix

elements of U® rather than M. K2,

as one might think. Thus the computational
cost of evaluating the U-matrices in a multi-scale Fourier basis is similar to that of
the original version of FDM.

For convenience, we introduce the notation:

M+Mj—1

g](-p)(M) = Z e ic(n + p) .
n=M+1

Since g](-p )(]\4]max — 1) only depends on ¢;, it can be evaluated once and stored in an

array for later use. Now given gj(»p )

(Mynax), one can obtain g%

;7 (Mj:) recursively for all
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M < Max according to

o (M = 1) = g (M) + eMTie(M +p)

J

I MIM=DT05 (M - My — 1+ p) .

Finally, note that there is no need to re-evaluate the Fourier sums in Eq. 2.36
for p = 1, once they have been computed for p = 0. There exists a simple recursive

relation between these two,

M M
> e"Pe(n+1) =73 e e(n) — c(0)] M Pe(M +1) .
n=0 n=0

A Double-Scale Fourier Basis

We would also like to find out the most efficient coarse basis distribution that re-
quires minimum computational efforts to obtain similarly reliable results. We found,
again by numerical experiment, that for the simplest realization of a multi-scale
Fourier basis, one can consider just two scales with M; = M.y, for the narrow
band window basis, and M; = M. < Mpyax, for the coarse basis. This corresponds to
having two equidistant grids with spacings, Apmin = 27/7Myay and Ap,. = 27 /7M.,
respectively. At first look, the double scale distribution may not sound as effective as
the real “multi-scale” basis with smoothly decaying basis density. However, numer-
ical experiments showed that such a basis distribution is sufficient to obtain “good”
results for most circumstances, while there may always exist some cases that require
more complicated basis distributions.

Unlike the example shown in Figure. 2.7 which might seem a little complicated,
the double-scale basis implementation simplifies the calculation of the U-matrix ele-
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ments. Furthermore, the size of coarse basis can be further reduced by putting coarse
basis functions |V;) only in the regions with significant peaks in a low resolution pic-
ture. Numerical implementation of this “adaptive coarse basis” requires pre-applying
DFT or FDM to a short signal to obtain a low resolution picture in order to decide
where the coarse basis functions should be placed. The examples shown the next sec-
tion were all obtained using the double-scale FDM (but without the adaptive basis

implementation).

Multi-Scale Fourier Basis Using Complex Frequency Grid

There is an even simpler implementation of the multi-scale FDM which does not

require any of the new formulas derived earlier in this section. Instead of using a real

)

frequency grid {¢;}, a list of complex values gog-c = @, +i7; is used,

Mmax—1
T) = Y. €M D,), (2.39)

n=0
Note that if 7; = 0 this new definition is the same as Eq. 2.15. When v; > 0, the
exponential e acts as a FT weighting function, and changes the effective F'T
length. Adjusting the imaginary part of the complex grid points <p§-c) will have the
same effect as directly adjusting the FT length, M; in Eq. 2.34. The relation between
~v; and M; is given as,

Mipax—1

3 o Imlel] _ M; . (2.40)

n=0

This equation can be solved analytically by replacing the summation with a integral
and solving the resulting simplified equation. The solution can then be expanded in

Taylor series and approximated by,
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1 _ 2,33 8.4, 125 5 6 .
@] P o —a? 4 500 — St + 52 + O(af) , if £ < 0.685 o)
J , .

2.82(1— 1), if t > 0.685

7 Im[p

where t = M; /M., © = —exp(—1/t)/t. Note that M; has the same dependence on
basis distribution as previously described. A plot of 7; vs. ¢ is shown in Figure. 2.8.

With the complex definition of the multi-scale F'T basis, the formulas of the single

50

40 —

Tim(g]

20—

10—

Figure 2.8: A plot of TIm[wg-c)] vS. M;/Mpax for complex frequency grid implemen-
tation of Multi-Scale Fourier basis.

scale FDM by used by simply replacing the real grid ¢; by the complex one. This
can greatly simplify the implementation of multi-scale Fourier basis in 2D or higher.
Numerical experiments showed that the performance of the multi-scale FDM with
complex grid is similar to that of the original implementation.
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Numerical Examples

The example of Fig. 2.9 demonstrates the reliability and robustness of the multi-

FDM (1) Kwin=200, K=0

K\yin=200, K;=0

Multi-Scale
FDM

.
Lo
J\/\/\)@
R

FT spectrum

4.0 3.5 3.0 ppm

Figure 2.9: This example shows the spectra of an artificially made signal (see text),
processed by three different methods: single-scale FDM, multi-scale FDM and DFT.
The spectrum marked with FDM (2) was obtained with the same parameters as
FDM (1) but the position of the windows was slightly shifted. The instability in both
representing the background spectrum and resolving the fine features (the doublet)
occurs even with Ky, as large as 200 basis functions (corresponding to 0.88 ppm
spectral window). The doublet is not resolved in the FT spectrum either due to
the FT uncertainty principle, although the spectrum envelop is reproduced correctly.
The result obtained by the multi-scale FDM with just Ky, + K. = 4+ 10 = 14 basis
functions is superb in all respects and requires minimal computational effort.

scale FDM. Even under extreme conditions it is still as stable as the Fourier spectrum
but can deliver higher resolution than both the Fourier spectrum and the previous

single-scale version of FDM. We considered the same NMR signal as that used in

76



Figure. 2.1 and 2.7 to which, in the region with no genuine NMR lines, we added
artificially some very broad Lorentzian lines to simulate a huge background, and
some very narrow lines. I(w) instead of 7(w) was used to reveal the instabilities due to
unphysical poles. For this extreme case, the single-scale FDM does not work well even
when a quite big window basis is implemented. For example, for signal length N ~
2000 and Ky, ~ 200 window basis functions the spectrum envelop is not reproduced
correctly. Moreover, in this case the results appeared to be quite sensitive to the
input parameters, such as a slight shift in the window position. While reproducing
the background spectrum is not a problem for the Fourier spectrum, it cannot resolve
the doublet made out of two narrow, equal in height and closely spaced Lorentzian
lines. Quite surprisingly, the multi-scale FDM with just Ky, + K. = 4+10 = 14 basis
functions per window reproduces all the relevant spectral features quite accurately.
Moreover, the doublet is now much better resolved than in both the single-scale FDM
and FT spectra.

Finally, Fig. 2.10 presents an IR spectrum. The interferogram contained 4744 data
points that were processed by both F'T and multi-scale FDM to generate the absolute
value spectra |I(w)|. The FT spectrum is very hard to interpret and, probably, hard
to quantify by conventional means, as the peaks are not quite narrow and both the
overlapping effects and the interference with the background are significant. Unlike
the F'T case, the FDM peaks are generally much sharper. Notably and most impor-
tantly, the FDM spectrum is fit by the form of Eq. 2.1, so the parameters of the peaks
(such as the positions, widths and amplitudes) are known, while fitting the absolute
spectrum |I(w)| by Lorentzians would be a very challenging project. Also note that
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the overall shape of the spectrum is reproduced well by the multi-scale FDM, while
the single-scale version would be very unstable for this signal because of the strong

background.

(a) 4
|
(b) Multi-Scale FDM
Kyin=20, Kc=30 ‘ ‘ ‘ ‘ ‘
win ¢ 200.0 2200.0 4200.0
(c) FT spectrum
1430.0 | 1530.0 | 1630.0 | cm-1

Figure 2.10: FT-IR spectrum (a) and an interesting part of the same spectrum pro-
cessed by the Multi-Scale FDM with K, + K. = 20 4+ 30 = 50 (b) and by FT (c).
The interferogram contained 4744 data points.

2.2.5 Summary

1D FDM is an efficient and stable algorithm for fitting both large and compli-
cated time domain signals to the summation of Lorentzian lines. It solves the highly
nonlinear fitting problem by recasting it into pure linear algebraic problems of diag-
onalizing some small data matrices. FDM can be used as a parametric estimator as

well as a spectral estimator. Provided that signal sufficiently satisfies the Lorentzian
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model, FDM can deliver resolution beyond the F'T time-frequency uncertainty prin-
ciple.  While the spectral estimation, I™(w), given by FDM is always very stable,
unphysical poles with large and negative linewidths and large amplitudes can occur
when the signal is very noisy and/or contains nonlocalized features such as strong
background and broad peaks. A multi-scale Fourier-type basis is introduced to im-
prove the efficiency of local spectral analysis and suppress these unphysical poles.
With a Multi-Scale Fourier basis, it is possible to use much smaller spectral windows
and still obtain reliable results even for very noisy signals.

Currently the 1D FDM algorithm is already a well-developed method which is very
stable, sufficiently fast, and can provide reliable high-resolution spectral estimations,
given that the signals sufficiently satisfy the Lorentzian model. However, obtaining
a compact true line list is still problematic. In the case of heavy overlapped features
and/or very noisy data, the lines obtained by FDM do not necessarily all represent
the true resonances in the time signal, even though the spectrum computed from
such a line list is a reliable estimate of the true infinite DFT spectrum. Any attempt
for non-trivial use of the line list, such as large linear phase corrections and line
narrowing, might break the mutual interference and cancellation of the lines and

result in unstable spectral estimations.
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2.3 Multi-Dimensional Extensions of FDM

In this section, we describe multi-dimensional extensions of the FDM algorithm
(MD-FDM). As we discussed in Chapter 1, multi-dimensional spectral analysis is
much more challenging, and conventional FT spectral analysis has major limitations.
Interestingly, the true power of FDM actually lies in its multi-dimensional extensions,
in the ability to process the whole multidimensional data set together to obtain the
maximum possible resolution in all dimensions. We will start from explaining the
concept of true multi-dimensional spectral analysis in Section 2.3.1, then describe a
“naive” version of multi-dimensional FDM, which requires simultaneous diagonaliza-
tion of multiple matrices, in Section 2.3.3. In Section 2.3.4, we will describe a more
robust approach that uses the Green’s functions to compute the multi-dimensional
spectral estimations directly using the results of solving several generalized eigenvalue
problems. However, due to the ill-conditioning of the problem, spectra obtained from
single FDM calculations are often contaminated with artifacts that are sensitive to
any change of the FDM parameters and/or input signal. Several primary averaging
procedures which make use of this sensitivity to suppress these artifacts will then be
described in Section 2.3.5. Finally, a summary will be given in Section 2.3.6.

For the sake of simplicity, only 2D FDM will be explicitly discussed. Extension
of 2D FDM to higher dimensionality is straightforward and does not involve any new

fundamental difficulty.
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2.3.1 What Is a True Multi-Dimensional Method?

Before we describe the theory of multi-dimensional FDM, let’s first define the
concept of true multi-dimensional spectral analysis. As we discussed in Chapter 1,
multi-dimensional FT is essentially a 1D spectral analysis method. The FT time-
frequency principle applies to all dimensions independently. In order to obtain high
resolution in all dimensions, FT requires long signals in all dimensions. Due to many
practical limitations such as limited experimental time and limited long-term instru-
mental stability, the multi-dimensional NMR signals are typically truncated in the
indirect dimensions, leading to poor FT resolution in the corresponding dimensions.
This is one of the major limitations of multi-dimensional FT-NMR.

On the contrary, for a true multi-dimensional method, the obtainable resolution in
all dimensions is determined together by the total information content of the signal,
which can be roughly measured by the total size of the signal, Ny x Ny x ... x Np,
where N, is the number of data points along the /th dimension. Figure 2.11 shows
a schematic illustration of a true two-dimensional spectral analysis method. As long
as the total size of the 2D signal is sufficiently large, whether the signal is long or
short in a particular dimension has little effect on the obtainable resolution for a
true 2D spectral analysis method. In other words, a long time dimension can be
used to enhance the resolution along an orthogonal dimension for which it may be
time-consuming, or impossible, to obtain a long signal. This property is particularly
useful for NMR data processing. In multidimensional NMR experiments, acquisition

dimension is cheap and long signals are always available, while the indirect dimensions

81



are expensive and typically truncated. Therefore a multi-dimensional NMR signal
is almost always very large and might contain enough information to pin down all
the multi-dimensional features, if we have a true-multidimensional spectral analysis
method capable of using the information effectively. Multi-dimensional FDM is such

a method, as it will become clear later in this section.

N/ 2D Signal mpy

N2

True 2D o1
Spectral
Analysis

Ny | 2D » 2
1 Signal
@

1

N2

Figure 2.11: A schematic illustration of a true two-dimensional spectral analysis
method. As long as the total area of the signal, defined as N; x N, is sufficiently
large, a true 2D spectral analysis method should be able to obtain similar 2D spectral
estimations no matter whether one dimension is longer or shorter than the other.
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2.3.2 2D Harmonic Inversion Problem

Given a 2D complex valued time signal ¢(77) = ¢(ny7, nems), withny = 0,1, ..., Ny—
1,my = 0,1,..., Ny — 1, where 7 is the time vector® defined on a 2D equidistant time

grid, we want to fit it to the summation of 2D Lorentzian lines,
K - K
Cqp = Z dke_lnwk = Z dk exp (—ianlwlk — inngwgk) s (242)
k=1 k=1

where Jy, = (w1, war) are vectors of unknown complex frequencies, wy, = 27 fir — iy,
and d; are unknown complex amplitudes. This is a 2D Harmonic Inversion Prob-
lem (2D HIP). The total number of unknown complex parameters in the 2D line list
{@, di.} with K entries is 3K. Note that this formalism of 2D HIP is similar to but
different from those used in 2D LP [16] and the 2D matrix pencil method [22]. In
the latter cases, models with a direct product set of frequencies, {w1y, worr, dir }, k =
1,2,...,K, K = 1,2,...,K,, are used, so that the total number of unknowns is
Ki+ Ky + Ky x Ky. However, a typical 2D NMR spectrum does not have completely
direct product pattern. Even for spectra that occur in COSY [85], NOESY [86]
and TOCSY [87] types of experiments, the direct product patterns are more or less
localized. The non-direct product model of Eq. 2.42 is actually a more general for-
malism that allows a direct-product output, while leading to a much more compact
representation for spectra without direct-product patterns.

It should also be pointed out that a true multi-dimensional method will have
the maximal advantage over 1D spectral analysis when the spectra contain minimal

direct product patterns. For spectra with a lot of direct product peak patterns such as

SEven though only the 2D case is considered, the vector notations make the extension to the case
of more than 2D straightforward.
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COSY, NOESY, and TOCSY spectra, processing the whole data set together does not
lead to a big advantage compared to trace-by-trace 1D processing. In these cases, MD
FDM could only help to improve resolution by being an efficient and stable nonlinear
parametric method. Therefore, the most interesting applications of MD FDM in
NMR are the multi-dimensional experiments that are routinely used to obtain the
chemical shift assignment such as HSQC, HNCO(A) and others. Several examples

will be given in Chapter 3.

2.3.3 A “Naive” Version of 2D FDM

Here we describe a straightforward 2D extension of FDM that was used in Ref. [68,
69, 70]. The object of 2D FDM is to fit a given 2D discrete time signal, defined on a 2D
equidistant time grid, to the summation of Lorentzian lines, i.e., solve the 2D HIP of
Eq. 2.42. starting point. Similar to the 1D case, this highly nonlinear fitting problem
can be cast into a linear algebraic problem, or more precisely, a family of generalized
eigenvalue problems, by associating the 2D time signal to a double-time correlation
function of a fictitious dynamic system with two commuting non-Hermitian symmetric

Hamiltonians €, and Q, [68, 70],
c(n) = (@0‘6_%@@0) = (@0‘6_i"171@1_i"27292<1>0) : (2.43)
The Hamiltonians are diagonalizable by the same set of eigenvectors,
(Th) =wi |Th) . 1=1,2, (2.44)

where the eigenvectors are orthonormal according to the symmetric complex inner
product, (Yy|Ys) = 0k . Inserting their spectral representations
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Q= wi [Te) (T (2.45)
!

into Eq. 2.43, we can recover the 2D HIP equation 2.42 with
dy, = (Do|T1)*. (2.46)

Therefore, the nonlinear fitting problem of Eq. 2.42 is recast into a pure linear alge-
braic problem of diagonalizing the Hamiltonian operators, or equivalently, the evolu-

tion operators, U; = e~ %%,

U |T%) = w | X)) , 1=1,2. (2.47)

The matrix representations of the evolution operators in an appropriate basis can
be computed from the 2D time signal. The simplest choice is a set of time like
Krylov basis functions created by propagating the “initial” state using the evolution
operators,

D7) = U(70)| @) = U Uy |®y) . (2.48)

The elements of the evolution matrices in Krylov basis are simply given by the 2D
signal points,

(UP) = (@z|0PD5) = c(i + 7 + 1), (2.49)

for any time vector p = (p1,ps), among which for 7 = (0,0),(1,0),and (0,1) UP
corresponds to the overlap matrix Uy and evolution matrices in two time dimensions,
U; and U,, respectively. The requirement of no missing entries in these matrices
limits the size of the Krylov basis to M; x My = N1 /2 x N5/2. Similar to 1D FDM,
the maximum basis size is always used to avoid the problem of estimating the number
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of poles and to maximize the information content of the U matrices. As a result, in
the Krylov basis, one has to diagonalize potentially both large and ill-conditioned
matrices, which is not feasible in practice. For example, a normal 2D NMR signal
with 1024 x 256 complex data points will lead to U matrices of dimension 65536 by
65536, which can hardly be handled even by modern supercomputers.

Instead of trying the solve the 2D HIP in the full space, a more efficient approach
is to break it into many small problems in the subspace. This can be achieved by
using a 2D Fourier-type localized basis, among which the rectangular-window Fourier

basis® is particularly efficient [68],

Mi;—1 Ma—1

=Y > ME gy, (2.50)

n1=0 na=0

where J; = (p15,92), 7 =1,2,..., Ky, is a 2D frequency grid within a small pre-
specified 2D spectral window [wmin1, Wmax1] X [Wmin2, Wmax2]. The 2D Fourier basis is
locally complete, so that small data matrices can be constructed and then diago-
nalized to obtain accurate spectral estimations within the local spectral window. In
principle, any type of 2D frequency grid can be used as long as the basis distribution

is sufficiently uniform and the total number of basis functions K, satisfies,

Awlﬁ X A(UQTQ
472

Kwin =P MlMQ, (251)

with p > 1.0 being the density of basis functions, and Aw; = Wpaxd — Wiinl, | =
1,2. A particularly efficient setup corresponds to having a uniform direct-product

2D gI‘idSI (ﬁj = ((pjmgojz)ajl = 1727---7Kwin17,j2 = 1727---7Kwin27 where Kwinl =

In principle, a 2D multi-scale Fourier basis can be used [79]. However, as it will become clear
later, there are other problems in MD-FDM, making the necessity of using such a sophisticated local
basis less obvious.
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p1AwT My /21 and Kine = paAwate My /2. Thus total basis size Kyin = Kyin X
Kying, and overall basis density p = pyps. The U matrix elements in such a 2D
Fourier basis can be efficiently computed using a procedure similar to the 1D case
(see Section 2.2). The final expressions in a compact form can be directly deduced

from Eq. 2.21 and Eq. 2.23. They are given here’,

eicrl [M171(01 57 —¢p15)+7] (o1+1)(M1-1)

@] s
[U Ljf = 9% X G > (2.52)

01=0,1 ni=o1 My
eio’g[MzTQ(Lij/—gozj)—l—ﬂ'} (0'2+1)(M2_1) ol
1G5 (=
1— eiTg(gpzj/—cpgj) Z € C(n _'_]5) )

no=o9 M>

02=0,1

where S, defines the symmetrization operator over the subscripts [j and [j’ as in
Eq. 2.22. When ¢;; = ¢ Eq. 2.52 is rewritten according to Eq. 2.23. For example,

for ¢1; = p1;7 we have

e’io’zMgTQ((ij/ —p2;)+n] (o2+1)(M2—1)

~ (7) ~
O ] - 7 (2.53)
|: Jj’ 022071 1- 6ZT2(@2]4 chJ) no=oa Mo
2(My—1) -
X Z (M1—|M1—1—n1|)em“”jc(ﬁ—l—ﬁ)
n1=0

which can be trivially rewritten for the symmetric case of y; = ¢s;. For the case

i = Lj’
2(M1—1) 2(Ma—1)

{fj@]ﬂ = Y Y (i +p) (2.54)

n1=0 no=0

X (Ml—|M1—1—n1\)(M2—|M2—1—n2|) .

Once the U matrices are computed, one then needs to solve the 2D generalization

of the 1D generalized eigenvalue problem,

UB: = uUBL, [=1,2. (2.55)

"Similar to the 1D case, tilde ~ is added the notations B, U and others to indicate the use of
the Fourier basis.
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The amplitudes d;. are then obtained from the eigenvectors as
d/? =B, C

where the coefficients of the 1x Ky, column vector C are computed using the following

2D FT of the original signal array ¢(7):
. Mi—1Mp—1
[C} =3 N (i), j=1,2, . Ky - (2.57)
j

n1=0 ny=0

After the parameter list {wi, wok, d} is computed, 2D spectral estimations can be
constructed. The 2D complex spectrum that corresponds to infinite time 2D discrete

Fourier summation,

I(wi,ws) = 1172 Z Z MWL pIN2T2w2 <1 — 10) (1 — 20) c(nym,nam), (2.58)

n1=0n2=0 2 2

can be obtained by substituting Eq. 2.42 into Eq. 2.58 and evaluating the summations

analytically:

I(wy,ws) = Tngzk:dk [1 L — 1} [ L 1 ) (2.59)

“en@i—ew 2| |T= emaem) 2

In many applications, a double absorption spectrum is desirable. 2D FT of purely
phase modulated signals gives rise to “phase-twisted” lineshape [88]. Neither the real
nor the imaginary part of I(wy,ws) yields double absorption line shape. A double
absorption spectrum can only be obtained by using both cosine- and sine-modulated
or N- and P-type data sets (see Section 1.2.3). However, in FDM, the parametric
representation {wiy, wa, di} is computed using a single purely phase-modulated data

set, thus a double absorption type of spectrum can be constructed, for example, using,

1 _ eiTl (wl _Wlk) 2 . eiTQ(WQ_WQk) 2

A(wbwz)%ﬁTQZRe[dk] Re[ 1 —1} Re{l 1 _1 :
k
(2.60)
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where we assume that the signal is correctly phased. However, this expression is
not a unique representation, and is meaningful only when the different peaks with
absorption shape are not overlapping too much, i.e., the interference effects are not
significant. Alternatively, one can use use an expression where the interference effects

in the second dimension are conserved,

1 1 1 1
A(wl,w2) ~ T1T2 ;Re [1 i @i—w) — 5] Re [dk (1 R pE—— — §>:| . (261)

Equations 2.52 through 2.57 outline an efficient way of solving the 2D HIP of
Eq. 2.42 using pure linear algebra in the frequency subspace. The two most important
properties of 1D FDM are preserved. Therefore, 2D FDM is also intrinsically superior
in efficiency and numerical stability. However, there is a new problem. The essential
step of 2D FDM is solving the 2D generalized eigenvalue problem of Eq. 2.55, which
requires finding a unique set of eigenvectors that simultaneously diagonalizes both
evolution matrices. As there is no existing 2D generalized eigenvalue problem solver,
in practice 1D generalized eigenvalue solver is used twice to diagonalize U, and U,

separately,

flelk = ulkaOBlk s [ = 1, 2. (2.62)

Two sets of eigenvectors Byi,l = 1,2 are obtained and then need to be matched.
The matching step is typically problematic due to several factors: (i) the presence
of noise and other imperfections; (ii) use of the Fourier subspace; (iii) degeneracy of
eigenvalues. As a result, even though the Hamiltonians €2; and )y are assumed to
commute with each other, the U matrices constructed in the Fourier basis for noisy
signals typically do not commute anymore. Therefore, an unique set of eigenvectors
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does not necessarily exist. There are various attempts at trying to find some unique set
of eigenvectors by reformulating the 2D generalized eigenvalue problems [66, 68, 69] or
by “simultaneous diagonalization” [70]. However, they are only applicable to signals
with very high SNR and fail for realistic signals.

Nevertheless, applied to model signals, even such a “naive” version of FDM al-
ready shows the power of true multi-dimensional data processing. Figure 2.12 is an
interesting demonstration of 2D FDM using a nearly noiseless model signal. The
signal consists of 32 non-degenerate 2D Lorentzian lines with frequency coordinates
created by a random number generator. The average line width in both dimension is
0.02 Hz and all the peaks have the same integral. The spectral width is 2 Hz in both
dimensions. The complete data set contains 128 x 128 complex data points. In the
2D DFT calculations, cosine weighting function was always used in both dimensions.
Double absorption FT spectra were obtained using both N-type and P-type signals.
The FDM calculation only used the N-type signal as double-absorption type of spec-
tra can be computed from a single purely phase-modulated signal. The left column
shows the 2D DF'T spectra obtained by using different number of data points. We can
clearly see the effects of the F'T uncertainty principle. Whenever the signal is short in
a time dimensions, the F'T resolution is low in the corresponding frequency dimension
(panel a and b). It is only when the signal is long in both time dimensions that FT
can obtain high resolution in both frequency dimensions (panel ¢). The 2D FDM
spectra shown in the right column tell a totally different story. As long as the total
size of the signal is sufficiently large, whether it is 32 x 8 (panel d) or 8 x 32 (panel

e) has little effect on the final results: FDM can always provide a fully resolved 2D
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Figure 2.12: A demonstration of FDM using a nearly noiseless model signal that con-
tains 32 2D Lorentzian lines. 2D DFT can provide high resolution in both dimensions
only when the signal is long both ways. However, for FDM, as long as the area of the
2D signal is sufficiently large, fully resolved spectra can always be obtained, even in
the extreme case where the signal has only 2 increments in one dimension.
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spectrum. This is exactly what we expect from a true 2D spectral analysis method, as
illustrated in Figure 2.11. Even in the extreme case where there are 128 data points
in the first dimension and only 2 increments in the second dimension (panel f), FDM

still fully resolves all 32 peaks, since the total size is sufficiently large.

Computational Cost of 2D FDM

There are two steps that are time consuming in 2D FDM: construction of the U
matrices and diagonalization of these matrices. By using a direct product frequency
grid, one can use the efficient expressions of Eqgs. 2.52, 2.53 and 2.54. The computa-
tional cost of the double summations in Eq. 2.52 scales as N1 x Ny. We only need to
evaluate these double summations once for each of K, basis functions. Accordingly,
the total cost of computing the U matrices scales as Ky, X N7 X No. The cost of

diagonalization step is of the order of K2. . Thus the total computational cost of

win*

each FDM single window calculation is Kyi,(a K2, + b N1 No), with a and b being

scaling factors (a > b in our case).
To analyze the whole spectral range, one needs to carry out the order of Ny No/ K

window calculations, leading to a total cost of Ny Ny(a K2, + bN;Ny). In the limit

win

of small windows, where K2, < N;N,, the total numerical effort of analyzing the

win

whole spectral range using FDM scales as NZ x N2, which is of the same order as

that of 2D DFT. In the case of short signals, where K2, is comparable to or greater
than Ny X Ny, the computational cost will have a strong dependence on the window
size. For example, to compute the 2D spectral estimation over the whole spectral

range for a 2D signal with 1024 x 256 complex data point using basis size K, = 400,
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the total processing time is about 10 hours on a small AMD XP 1800+ CPU Linux
workstation. In most cases, only a small portion of the spectral range is of interest.
Therefore the actual processing time is often less than one hour for most 2D NMR

applications.

2.3.4 Green’s Function Approach

When the signal is noisy and/or contains degenerate poles, the “naive” version of
2D FDM simply fails due to the difficulty of finding an unique set of eigenvectors that
simultaneously diagonalizes both Hamiltonians. In this subsection, we are going to
show that there is a way to avoid this problem and construct 2D spectral estimations
directly from the results of two 1D generalized eigenvalue problems in terms of Green’s
functions [71]. A new derivation that is very similar to that of the Regularized
Resolvent Transform [77] is given here.

First, let’s redefine the object of 2D FDM. Given a finite 2D signal c(ri) =
¢(ny71,n27) defined on an equidistant 2D time grid, instead of trying to obtain a
compact parametric representation {wiy,way, di}, the new object is to estimate the
infinite time 2D DFT spectrum, defined in Eq. 2.58, using the finite signal. Inserting
the quantum ansatz of Eq. 2.43 into Eq. 2.58 and evaluating the geometric summa-

tions analytically gives

I(wl, (UQ) = (@0 ’ Gl(wl) Gg((dg) ‘ (I)()) (263)

1 1 1 1
- (vl )
1 — ¢gmwn U1 2 1-— 6“—2“)2U2 2

where G are resolvent operators given in terms of Green’s functions. Substituting
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the spectral representation of the evolution operators,

U= 3w | Yu) (Y|, 1=1,2, (2.64)
k

into Eq. 2.63, we can obtain an expression for computing the 2D complex spectrum

directly from the eigenvectors and eigenvalues,

1 1 1 1
I(wy,w2) = 1172 %Dk,k’ {1 — ein(wi—wix) 5} [1 — eim2(wa—wyy) 2|7 (2.65)
with cross-amplitudes Dy, defined as,
Dk,k’ = blka,k’be’ = (@0‘T1k>(T1k|T2k/)(T2k/|(I)0) . (266)

In addition, one can easily calculate the 1D projections in both dimensions,

1 1

— eim2(w2—wyy) o 5 ?

Ii(w) = (0| Gilwr) @0) = %jbfk [1 (2.67)

where by, = (Tik|Po) as defined in Eq. 2.66. Finally, a double-absorption type of

spectral estimation can be computed as,

1 1 1 1
A(u)1,W2) ~ T1T2 %RG[D/&,M]RG [1 Y — 5] Re {1 _ pima(wr—way) - 5 )
(2.68)

where we assume that the signal is correctly phased and that different peaks with
absorption shape are not overlapping too much so that the interference effects are
not significant.

Evaluated in the 2D Fourier basis, defined in Eq. 2.50, the operator expressions
of Eqgs. 2.65, 2.67 and 2.68 become working formula for computing corresponding

spectral estimations with,
~ T ~
blk = Blkc, (2.69)
~ T ~ ~
Tk,k’ - Blkang/ y (270)
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where the vector C is defined in Eq. 2.57, and eigenvectors B are obtained from
solving the two 1D GEPs of Eq. 2.62.

Note that cross matrix Ty = (Y1 Tow) is not necessarily diagonal; nor can
it necessarily be reduced to diagonal form by permutations. However, if we let
(Y1x|Yor) = Ok, Eq. 2.65 boils down to the ideal representation of Eq. 2.59. Thus
adopting representation of Eq. 2.65 covers the ideal case when two evolution opera-
tors can be simultaneously diagonalized, and at the same time avoids the necessity
of generating a unique set of eigenvectors {Y;}. As a result, it more robust and

applicable to processing general noisy experimental signals.

2.3.5 Averaging Approaches to Suppress the Artifacts

In principle, most entries in T j should be nearly zero for signals that give rise
to spectra without excessive direct-product patterns. Unfortunately, in practice, this
is not necessary the case, which manifest itself as the spurious spikes in the 2D
spectral estimations, even for the signals with a reasonable signal to noise ratio.
For example, Figure 2.13 shows several double absorption type of 2D FT and FDM
spectra, computed from a 'H-'°N chemical shift correlation NMR signal of 1°N labeled
metalloprotein rubredoxin [89]. Only 8 increments have been used in N dimension
with 300 complex data points along the proton dimension. Even though the FDM
spectra seem to show some high-resolution characters, they are contaminated by
various artifacts such as spurious spikes randomly distributed all over the spectrum

and poorly converged genuine poles. Moreover, the artifacts are very sensitive to both
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Figure 2.13: 2D FDM and 2D FT double absorption spectra of a *H-'5N chemical shift
correlation 2D NMR experiment of a °N labeled metalloprotein, rubredoxin. The 2D
time signal contains 300 x 8 complex points. While showing some high-resolution fea-
tures, the spectra obtained from a single FDM calculation are contaminated with
artifacts such as various spurious spikes randomly distributed throughout the whole
spectral window and lineshape distortions of genuine peaks. These artifacts are highly
sensitive to any change of the input signal and FDM parameters (e.g, compare the
two 2D FDM spectra computed using same data set but with slightly different pa-
rameters). Using a Multi-Scale Fourier basis does not help to suppress the artifacts

(lower right panel).
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the small variations in the input data and the parameters of the FDM calculation.
Multi-Scale Fourier basis does not help to suppress these artifacts (see lower right
panel), indicating that this is a different kind of instability. One might suspect that
this is due to the fact that the eigenvectors are computed in a non-variational way
and therefore less accurate than the eigenvalues. However, there are more essential
reasons for it. How to improve the structure of 7}, 5 is one of most important problems
in 2D FDM. These will be discussed in details next section.

Despite the complexity of the problem, there are several straightforward averaging
procedures for suppressing the artifacts, which simply make use of their high sensitiv-
ity to any change of input data and FDM processing parameters. These procedures
were successfully used in early applications of multi-dimensional FDM [69, 72, 73, 90].

The first averaging procedure is signal-length averaging. It is based on multi-
ple applications of FDM, applied to the nested subsets of the same signal, using a
progressively larger total size in successive calculations. As most artifacts are very
sensitive to any change of FDM parameters (while the true features are more stable),
they can be averaged out by summing many ersatz spectra computed from different
sizes of subsets of the signal. In principle, any FDM parameters such as basis size,
basis density and window positions can be used in the same context. However, it was
found that varying the signal size is particularly robust. In addition, typical 2D NMR
signals have many data points in acquisition dimension, providing a large range for
changing the signal size to achieve sufficient averaging. Examples of the signal-length
averaging procedure can be found in Ref. [69, 72].

The second procedure, pseudo-noise averaging, is a little more elegant and does
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not require a long dimension to provide sufficiently large room for varying the signal
length. In stead, it exploits the great sensitivity of FDM ersatz spectrum to small
perturbations of the time signal. A small change §(77) in the time signal call lead
to a large variation of the ersatz spectrum. Similar to the case of varying the signal
length, the artifacts are more sensitive than the true features. Therefore, by averaging
over sufficiently many realizations of pseudo-noise perturbation one can suppress the
artifacts in the ersatz spectrum. Interestingly, the pseudo-noise perturbation can be
implemented right before solving the generalized eigenvalue problems of Eq. 2.62: by
adding pseudo-random noise to the U matrices computed from the original signal,
one can save the computation time spent on re-computing the U matrices for each
perturbation. The qualitative justification is that U matrices are linear functions of
the input time signal and therefore a variation of the time signal transfers linearly

into the variation of the U matrices [91]:
fjl — fjl + 7“? , (2.71)

where Y is a complex symmetric matrix with independent random elements satisfying
([Y1];;) = 0, (|[Y];7|?>) = 1. 7 is a real number and defines the level of perturbation,

which, in practice, can be calculated as,

Kwin Kwin

e

win j=1 j/'=1

Ol

: (2.72)

where ¢ is a real number. Typical value of ¢ ranges from 0.01 to 0.05 depending
on how persistent’ the artifacts are with respect to the perturbations. 20 to 100
perturbations are usually sufficient to provide stable averaged 2D spectra that are
free from most artifacts. Figure 2.14 shows a stable, clean and high-resolution 2D
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double absorption spectrum obtained by FDM pseudo-noise averaging, applied to the

same signal used to in Figure 2.13.
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Figure 2.14: 2D FDM double absorption spectrum computed from the same signal
used in Fig.2.13. Only 300x 8 complex points were used for the purpose of demonstrat-
ing the high-resolution nature of FDM. Results of 50 FDM calculations were co-added
and averaged with the pseudo-noise perturbation level of ¢ = 0.02 (see text). The
final spectrum is well resolved (see Fig. 2.13 and Fig.2.17 for 2D FT spectra using
300 x 8 and 300 x 128 data points respectively), and free of most artifacts.

An efficient implementation of the pseudo-noise averaging was given in Ref. [91].
The expression for computing a 2D double-absorption spectral estimation with pseudo-

noise averaging is given here. We simply rewrite Eq. 2.68 as

AT(wl, u)g) = qu(uh)Tfj()XQq(u}Q) y (273)
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where the absorption-mode vectors qu(wl) are computed independently for each
[ = 1,2 using the eigenfrequencies and eigenvectors of the corresponding perturbed

generalized eigenvalue problems,
(fjl + 7’?) Blk = ulkaOBlk y (274)

and then averaged over a sufficient number, Ngpy, of realizations of the random

perturbation Y as

~ T ~

~ 1 171 ~
X[q((.Ul) =T <Z Re [m — §:| lkBlkC> . (275)
k

Y

The obvious drawback of both averaging procedures is that the computational
cost is multiplied the number of FDM averaging, Ngpy. The result improves roughly
as v/ Nrpum, assuming the artifacts are completely random for different calculations.
It was realized later that the averaging procedure was actually a general but primi-
tive realization of regularization for solving ill-conditioned problems. More efficient
regularization techniques such as Singular Value Decomposition (SVD) [9, 92] and
Tikhonov Regularization [93] were then introduced to FDM, where only a single
FDM calculation is required for obtaining stable and clean 2D spectral estimations.

They will be discussed in the next section.

2.3.6 Summary

The 1D FDM algorithm was successfully extended to processing multi-dimensional
signals. The two most important properties of 1D FDM, namely, solving the non-

linear fitting problem by pure linear algebra and local spectral analysis by using a
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Fourier-type localized basis, both apply to MD-FDM. Thus MD-FDM is intrinsically
efficient and stable method for fitting the time signal to the summation of multi-
dimensional Lorentzian lines.

One of the most interesting properties of MD-FDM is that it is a true multi-
dimensional spectral analysis method, where the obtainable resolution in all dimen-
sions is determined together by the total information content of the signal. MD-FDM
is able to process the whole data set to characterize the intrinsically multi-dimensional
features and provide high-resolution in all dimensions, given that the signal sufficiently
satisfies the Lorentzian model and is sufficiently long.

There are also some new problems associated with processing multi-dimensional
time signals. Straightforward MD extensions of FDM require finding a unique set of
eigenvectors to simultaneously diagonalize multiple data matrices. Such a solution
might not exist at all in the cases of noisy signals with potential degeneracies. It can
be avoided by using a Green’s function approach, in which 2D spectral estimations
can be directly computed from the results of solving several 1D generalized eigenvalue
problems. With Green’s function formalism, FDM can be applied to analyzing general
noisy time signals. However a meaningful, compact parametric representation is
typically no longer available.

Finally, spectra obtained by a single FDM calculation are still contaminated with
artifacts which are very sensitive to any change of input signal and FDM processing
parameters. This problem is very different from what we have seen in 1D case, and
can not be solved by using a multi-scale Fourier basis. Some primitive averaging

procedures that simply make use of high sensitivity are introduced to suppress the
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artifacts. While stable high-resolution spectra can be obtained, the averaging signifi-
cantly increases the computational cost of MD-FDM and therefore is not the optimal
solution. More efficient methods for suppressing the artifacts will be discussed in the

next section.

2.4 Regularization of Multi-Dimensional FDM

In this section, we will further address the problem of ill-conditioning in multi-
dimensional FDM. The averaging procedures we discussed in the previous section are
effective but computationally expensive and converge slowly. Further study of the
problems helps us to understand the sources of the instability better and makes it
possible for us to develop more efficient methods of regularizing FDM. Again, we use

2D FDM as an example to illustrate the principles.

2.4.1 Ill-conditioning of 2D FDM

The source of the instability can be traced back to the 2D HIP. In the 1D case,
given N = 2M complex data points in the time domain, there exists an exact and
unique set of M pairs {wy,di} that satisfies the 1D HIP equation Eq. 2.1, if there
is a solution®, even though there is no guarantee that such a fit is a “good” fit in
the sense of all poles being physical and truly present in the time signal. However,
the 2D HIP is ill-posed. Given a 2D signal of the size of N; x Nj, the maximum

number of unknowns that we can obtain from solving the 2D HIP of Eq. 2.42 is only

8In the case of degeneracy, there might be no solution to the 1D HIP.
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3K = 3M;My = 3N1Ny/4 < Ny x N,. Therefore, the 2D HIP is posed as an over-
determined problem®. For a general 2D signal, there is no exact solution unless the
Lorentzian assumption is strictly satisfied and the size the signal is sufficiently large
to recover all the poles. In practice, we almost always end up with ill-conditioned
generalized eigenvalue problems due to the following reasons:

i) Realistic signals always contain noise which does not satisfy the 2D Lorentzian
model. In particular, multi-dimensional NMR signals are especially noisy due to lower
sensitivity, £; noise, and limited long term instrumental stability.

ii) The peaks do not have perfect Lorentzian lineshapes due to many experimen-
tal limitations, such as imperfect decoupling, long range couplings, inhomogeneity
of magnetic field and many other factors. However, in some special cases such as
Constant-Time experiments [75, 76], it is possible to enforce the Lorentzian lineshape
in the indirect dimensions and thus improve the performance of FDM significantly.

iii) A Fourier-type localized basis has to be used to avoid the problem of solving
huge and ill-conditioned systems. However, the Fourier filter is not perfect. Interfer-
ences from nearby features and nonlocalized features (such as very broad poles that
define the baseline) act effectively as some additional “noise” to the local spectral
analysis. One might try to use a more sophisticated basis such as a 2D Multi-Scale
Fourier basis to minimize the window effects. However, numerical experiments seem
to suggest that the 2D multi-scale Fourier basis does not make a significant differ-

ence. This could indicate that 2D Mulit-Scale Fourier basis is not as efficient as the

9The 2D HIP can be also formulated using direct product poles {w1k, waks, dg + with 2K + K? =
NiN3/2 + NENZ/16 unknowns. It is then posed as an under-determined problem except for the
case of very small signals (N1Ny < 8), which in general, has infinite number of solutions and are
thus very unstable numerically.
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1D version and that there are still other limiting factors.

iv) The total size of the 2D signal is typically much greater than the total number
of peaks present. For example, let’s consider a 'H-®N chemical shift correlation
experiment of a medium-size protein of 200 residues. A typical signal could contain
1024 x 256 data points or even more, from which a maximum number of 512 x 128 =
65536 peaks could be determined, much greater than the number of possible peaks,
which is of the order of a few hundred. Therefore, in practice, the 2D HIP problem
is even more over-determined.

As a result, the data matrices that occur in 2D FDM are almost always nearly
singular. The condition numbers!® of the U matrices are typically greater than 10'°
in 2D FDM, while in 1D FDM the condition number rarely exceeds 10°. Exact solu-
tion to such an ill-conditioned problem is very unstable and often meaningless. This
is exactly what we have seen previously in Figure 2.13. So called reqularization tech-
niques are required in order to obtain a stable and meaningful solution. Simply put,
regularization is the numerical procedure of removing the ill-conditioning of the prob-
lem. For example, regularization can be implemented by adding some “smoothness”
constraint [94],

IRX — C] + ¢ |[X]| = min., (2.76)

with ¢ being the regularization parameter, when solving an ill-posed linear system
R X = C. However, unlike the case of solving a linear system, it is not obvious how

the conventional regularization techniques, such as SVD and Tikhonov regularization,

10The condition number is a numerical measurement of the conditioning of a matrix. It can be
defined as the ratio of largest and smallest singular values of the matrix.
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can be applied to the generalized eigenvalue problems encountered in FDM. Further
complications include the lack of 2D generalized eigenvalue solvers and the difficulty
of finding a unique set of eigenvectors that simultaneously diagonalizes both evolution
matrices. We have to use the Green’s function approach, where two 1D generalized
eigenvalue problems are solved independently. It is not clear how we can regularize
both eigenvalue problems in a systematic, consistent fashion. Further more, as the
eigenvectors are obtained in a nonvariational way for typical eigenvalue solvers, the
numerical errors in each set of the eigenvectors are larger (compared to the eigen-
values), which is another source of many non-zero entries in the cross matrix Ty,
defined in Eq. 2.69.

In the rest of this section, we will discuss three regularization methods that have
been applied to 2D FDM. Of these, the FDM2K algorithm [74] is particularly efficient

and is used currently as the method of regularization for FDM.

2.4.2 Singular Value Decomposition

Singular Value Decomposition, or, SVD, is a very powerful technique for diagnos-
ing the matrices that are either singular or numerically close to singular. In certain
cases, SVD can also help to solve the problem by isolating the sources of instability,
even though one should be careful in analyzing the “answer” from SVD. Any N x N

square!! matrix R can be decomposed into the product of three unique matrices,

R = WAV, (2.77)

HNote that SVD can also be applied to a rectangular matrix.
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where W and V are N x N unitary matrices, and A = diag{\;}, a real diagonal
matrix with Ay > Ay > ... > Ay > 0 being singular values. The superscript T denotes
“conjugate transpose”. The columns of matrix W, or equivalently, those of matrix
V, form an orthonormal set of basis vectors which covers both the nullspace!? (if any)
and range of matrix R. All the singularity or ill-conditioning of R is contained in the
diagonal matrix A. By examining the singular values, it is possible to determine the
rank and separate the nullspace of R. Specifically, the columns of W, whose same-
numbered singular values \; are nonzero, form an orthonormal set of basis vectors
that span the range; the columns of V, whose same-numbered singular values \; are
zero, form an orthonormal basis for the nullspace [9]. Unfortunately, reals situations
are more complicated than this ideal assumption. SVD of the U matrices computed
from a real signal with noise will contain only nonzero singular values. There are
only ’large’” and ’small’ singular values. One can then hope that plotting A; vs. j
shows some abrupt magnitude change so that a zero threshold can be unambiguously
picked. This might be true in some cases but often not in NMR applications, making
choosing a zero threshold problematic.

There are several ways SVD can be used to regularize FDM. They can be divided
into two categories: hard and soft regularization.
1. Hard Regularization: truncated SVD.

In this implementation, we apply SVD to U, and assume that it is possible to

determine the rank by choosing some zero threshold. Once the rank is identified, we

12For a singular matrix R, there exists some vectors x in some subspace, called nullspace, that
satisfy R - x = 0. The dimension of the nullspace, defined by the number of linearly independent
vectors x, is called the nullity of R.
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can re-evaluate the U matrices in the reduced basis formed by columns of W that
correspond to the singular values greater than the zero threshold,

~_red

(U, );; = WIOW;. (2.78)

The column vector C defined in Eq. 2.57 should be also re-evaluated in the new basis,

~ red

[C™;, = WTIC. (2.79)

Note that SVD of ﬁ(l) and I~J(2) should give similar results. However, Uy is the
least noisy and thus preferred. Also note that the transpose instead of the conjugate
transpose of W; is used, as the complex inner product instead of the Hermitian inner
product is always used in FDM for describing dissipative systems.

As pointed out by Moler and Stewart [80], even when the matrices on both sides
of the GEP have a common null space (as is the case in FDM), it is not recommended
to use SVD to get rid of the null subspace. The reason is that the eigenvalues and
eigenvectors become very sensitive to the assumed rank of range subspace. On the
other hand, it was argued that the QZ algorithm [80] provided accurate eigenvalues
and eigenvectors in terms of two numbers, uy = oy /0, the accuracy of which was
not affected by ill-conditioning of the matrices. It was also argued that “unreliable”
eigenvalues could be identified by smallness of both aj and ;. Our experience with
2D FDM is somewhat contradictory to these recommendations. Spectra constructed
from the accurate eigenvalues and eigenvectors computed by QZ, applied to the orig-
inal U matrices, are contaminated by artifacts, while the truncated SVD of U, can
help in removing the artifacts, as demonstrated in Figure 2.15. Despite this, the
ambiguity in deciding how many basis vectors to retain remains a major problem.
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Figure 2.15 shows four 2D N — 'H chemical shift correlation spectra obtained
from a sample of N labeled rubredoxin, a small metalloprotein [89]. Only 16 incre-
ments are used in the N dimension, with 200 complex points along the 'H dimension.
The initial basis size is then 50 x 8 = 400. Plotting the singular values (top panel)
clearly shows an abrupt magnitude change at around ¢ ~ 30. Setting a cutoff at this
point will give a very clean, well converged spectrum, panel (c¢). We do not actually
need to throw away so many basis vectors. Panel (b) shows that even throwing away
only 23 basis vectors corresponding to the smallest 23 singular values already reduces
most of the artifacts. Further reduction of the basis size to around 150 will basically
yield the same spectrum as shown in panel (c¢) (data not shown). While it is safer to
keep a few more basis vectors,it is extremely dangerous to throw away more vectors
than necessary, which could lead to missing genuine peaks, e.g., panel (d). This is a
big disadvantage of such an aggressive procedure. Even worse, typical NMR data may
not have such a clean break in singular values. Then choosing any cutoff can be very
risky and give the operator a chance to bias the experimental results to support some
particular viewpoints. Therefore, such a procedure is not generally applicable. It is
better to be more conservative, applying “soft cutoff” instead of the “hard cutoff”.
2. Soft Regularization: Pseudo-Inverse of Ug: 1/)\; — \;/(\ + ¢°)

In this implementation, we solve the GEP of equation Eq. 2.62 in two steps: first

we apply SVD to U, and compute a pseudo inverse,

1

Ug (q) =V [diag(1/A)], W', (2.80)

which is dependent on a real regularization parameter q. Then, we solve the normal
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Figure 2.15: Chemical shift correlation spectra obtained by FDM with hard reg-
ularization via truncated SVD (see text). The total size of the signal used is
N1 x Ny = 200 x 16, leading to a total basis size is Nbyya = 50 x 8 = 400 (a
single window was used). The top panel shows the distribution of singular values
of the overlap matrix Uy. The four spectra (a,b,c,d) at the bottom are obtained by
retaining various numbers of basis vectors.
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eigenvalue problems,

—1 ~  ~ ~
UO (q) Ul Blk = ulkBlk = 1, 2. (2.81)

There are several possible ways of evaluating the pseudo-inverse matrix fJO_ 1(q).
One can simply use the conventional truncated SVD fashion pseudo inverse: replace
all the 1/\; by zero if A, is smaller than some zero threshold ¢. Then the results
will be also sensitive to the choice of zero threshold just like the hard regularization.
A less aggressive way is to replace all 1/); with A;/(A} 4 ¢*) with ¢ being a real
regularization parameter. The advantage of this approach is that the regularization
is “softer” and small deviation of ¢ from the optimal value will not lead to dramatic
deterioration of the results. There is usually a stable region where changing ¢* up to
one order of magnitude leads to little change in the 2D spectral estimation, provided
that the signal contains enough information for FDM to obtain a stable estimation.
In practice, the optimal level of regularization can by found by carrying out multiple
calculations with different values of ¢?.

Shown in Figure 2.16 are several 2D double absorption spectra obtained by single
FDM calculations with different levels of regularization, applied to the same signal
as that used in Figure 2.15. When the regularization is too small, the spectra is still
contaminated with artifacts, e.g., panel (a); further increasing the regularization to
a sufficiently large level results in a stable and high-resolution 2D spectra, shown in
panel (b). There is a region where the spectra obtained are relatively stable according
to the change of ¢q. Finally, when the regularization is too large, the FDM spectrum

is furthered smoothed and small features are suppressed down to the baseline, e.g.,
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Figure 2.16: Chemical shift correlation spectra obtained by FDM using soft regu-
larization via SVD (see text). The signal used is the same as that used in Figure
2.15. The signal length processed is N; x Ny = 200 x 16 and total basis size is
Nbiotar = 50 x 8 = 400. It shows that with appropriate level of regularization, stable
and high-resolution spectra can be obtained using single FDM calculation (panel b:
g = 0.01). In addition, the appearance of the spectra has a smooth dependence on
the regularization parameter (panel b, ¢ and d). When the regularization is too large,
small features are suppressed to baseline (panel d). Note that the overall spectrum
is smoothed in a very non-uniform way. The values of ¢ shown are ratios of real ¢ to
the largest singular value ().
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panel (d). Moreover, the spectrum is smoothed in a non-uniform way. We can
pretend to understand the effect of the regularization simply by saying that increasing
g de-emphasizes the contribution of small singular values, which are responsible for
describing the noise, small features and fine structures. However, exactly how a

particular peak might be affected by the regularization is not totally clear.

2.4.3 FDM2K

The soft regularization via pseudo inverse of Uy is a very efficient method in
suppressing the artifacts. However, SVD is expensive and therefore suboptimal com-
putationally. There is another very effective but cheaper way of regularizing FDM,
which was invented in the year of 2000 and therefore named FDM2K. In FDM2K, we

simply rewrite the original GEP of Eq. 2.62 as,
UgUlBlk = Uik (UZ]UO + C]2) Blk s (2.82)

by introducing a real, positive regularization parameter q. The new generalized eigen-
value problem now has a positive definite Hermitian matrix on the right hand side.
It can be proven that ¢ imposes minimum singular value for the new right matrix
and therefore effectively controls its condition number. Similar to the case of soft
regularization, the resulting spectra will have a relatively smooth dependence on the
regularization level. Figure 2.17 demonstrate the FDM2K algorithm using the same
N-'H HSQC signal of rubredoxin used in previous examples. When signals are suf-

ficiently long and have reasonably high SNR'?, there will be a stable region where the

13This qualitative statement will become more quantitative in Chapter3, where we will study the
dependence of performance of FDM2K on SNR and signal sizes.
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spectra obtained change very little while the regularization changes by up to an order
of magnitude. When the regularization is too high, small features are smoothed out
first while the strong peaks are almost unaffected, and the overall smoothing effect is
non-uniform.

It is very tempting to treat ¢ as the “noise power”, just like in the Maximum
Entropy applications [8]. Indeed, it can be proved semiquantitatively [74], that the
spectral features with amplitudes d;, of order of ¢ and below are smoothed out, while
the stronger peaks remain essentially unaffected. Based on these observations, the ac-

tual procedure implemented for computing the regularization level in current version

of FDM2K is as following,
e, = ¢° MPMG ) ()] (2.83)

where g3, is the actual value of regularization used in Eq. 2.82 and ¢ is the relative
scale value specified by the user. Implemented this way, the optimal ¢* for typical
experimental signals falls into a small range of from 107° to 1072 with 10~* being
optimal for most NMR experimental signals acquired under normal conditions: >
1mM sample concentration, normal probe, 500 MHz Spectrometer, 2 — 16 scans per
increment, room temperature, reasonably long 7} and 75, etc. Optimal ¢ might be
lower for signals acquired under better conditions with higher SNR, and vice versa.
Several important aspects of FDM2K need to be discussed here. First, exactly
how particularly peaks are regularized by ¢ is still not fully understood, due to the
highly nonlinear property of Eq. 2.82. In the original reference of FDM2K [74], we

demonstrated that in the simple case of a single peak, the peak position, intensity
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Figure 2.17: Chemical shift correlation spectra obtained by 2D FT and FDM2K (see
text). The signal used is the same as that used in Figure 2.15. The 2D FT spectrum
was obtained by using both N- and P-type data sets, each with N; x Ny = 300 x 128
complex data points. Cosine apodization functions were used in both dimensions.
The signal length used in FDM2K calculations is Ny x Ny = 300 x 8. It shows that
with appropriate level of regularization, stable and high-resolution spectra can be
obtained using single FDM calculation (panel b). In addition, the behaviour of the
spectra does have a smooth dependence on the regularization parameter (panel b, ¢
and d). When the regularization is too large, the whole spectrum is further smoothed
and small features are suppressed to baseline (panel d). However note that it also
happens in a very non-uniform way. Also note that the values of ¢ shown are relative
values (see text).
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and phase were not affected by the regularization while the regularized linewidth was
bigger than the true value. The change of linewidth is determined by the relative
amplitude of peak intensity dj and regularization level ¢: in the limit of ¢* < |d}],
the change is insignificant; in the other limit, the peak will be significantly broad-
ened. In the general cases of many resonances, how a particular peak is regularized
seems to depend not only on the peak intensity, but also on its environment such as
close-by peaks, degeneracy/near degeneracy with other peaks, and others. Second,
there is definitely some similarity between FDM2K and the conventional Tikhonov
Regularization. However, the regularization in FDM2K is efficient only when matri-
ces Uy and U, are “bigger” than Uy'* . This is usually true as signals decay in the
time domain. However, in the case of noisy signals, some components of U; or U,
may be larger than corresponding counterparts of Uy so that large ¢ must be used in
order to suppress all artifacts, resulting in lower resolution. Figure 2.18 compares the
effects of Tikhonov regularization (implemented as RRT; see Section 2.5 for details)
and FDM2K using a 1D model signal. While the RRT spectra are regularized in
a smooth and predictable fashion, the FDM2K spectra show some unfavorable non-
uniform distortions. Third, matrices involved in Eq. 2.82 is asymmetric when ¢ # 0.
To solve it exactly, both left and right eigenvectors should be computed. It is usually

accurate enough to calculate the right eigenvectors only, when ¢ is small compared

14To understand this statement, one needs to write out the corresponding resolvent for Eq. 2.82
for 2D spectral estimation, which is

R(w;) ~ (UlUy + ¢%) — emruiu,.

Therefore, ¢? can guarantee that the resolvent is non-singular only when all eigen-components of Uy
are greater than corresponding counterparts of Uj.
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Figure 2.18: Comparison of Tikhonov Regularization (implemented as RRT) and
FDM2K using a “Jacob’s Ladder” model signal.

to the norm of the matrices and the eigenvectors are used only for calculating the
amplitudes. However, in other cases such as using the eigenvectors to construct some
nontrivial projection operators (e.g., J-projections; see Section 3.3), one might need

to compute both eigenvectors to avoid introducing extra artifacts.

2.4.4 Snap-Shot FDM: Self-Regularization.

There is another very interesting way of regularizing FDM where no additional
regularization parameters such as ¢ is necessary. Instead, it requires experimentally
acquire multiple signals that consist of the same genuine peaks but uncorrelated noise.

In NMR experiment, multiple scans, ¢ (n), i = 1,2,..., Ny, are routinely acquired
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and then co-added to obtain an averaged signal, &(n) = == 31 ¢?(n), which has a
better signal to noise ratio. These scans can be conveniently stored separately before
they are co-added, even though this requires more disk space for data storage. The
second approach leads to little benefit if the Fourier transform is to be used. The
reason is that FT is a linear method. Whether FT is applied to each scan separately
and then the results are averaged or the signals are averaged before being transformed
does not change the resulting spectrum. However, when a nonlinear method like
FDM is used, storing each scan separately might be advantageous. It is possible to
co-process all scans together to distinguish “signal” and ‘“noise” components, based
on the assumption that “signal” should be consistent from scan to scan while “noise”
is random and uncorrelated. The FDM algorithm can be modified to use the addition
information encoded in multiple scans, or “Snap-Shots”. This idea discussed below
was first suggested by Neumaier [95] and then exploited by Curtis [96]. We will use
1D as an example for the sake of clarity. 2D or higher dimensional cases are more
complicated but the basic idea is the same.

In the normal FDM, the problem of identifying the spectral parameters is re-
formulated as a generalized eigenvalue problem of Eq. 2.11 where the right and left
matrices are computed using the averaged signal. To process N, signals that consist

of same set of genuine damped sinusoids, a super generalized eigenvalue problem can

be solved,
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where Ul(i),l = 0,1 are the evolution and overlap matrices constructed using ¢th
scan, ¢ (n). By solving all N, GEPs in parallel for a single common set of eigen-
values and eigenvectors, components present in all data sets are emphasized while
the random (noise) components are suppressed. This technique has also been used
in radar imaging and acoustic signal processing [22, 3]. Similar techniques have also
been used to extract quantum tunneling splittings from semi-classical real-time cross-
correlation functions [97], or multiple excited vibrational states from imaginary-time
cross-correlation functions [78, 98].

The dimension of the rectangular matrices on both sides is NyKyin X Kyin, but
there will be only K, eigenvalues and corresponding eigenvectors. It is reasonable
and efficient to first reduce both matrices to Kyin X Kyin Square matrices. There
are quite a few choices here. For example, one can simply apply SVD to right (or
left) matrix, then re-evaluate both matrices in the reduced space formed by Ky,
basis vectors that correspond to the Ky, largest singular values (see Section 2.4.2 for
details). Alternatively, one can use the FDM2K approach and recast Eq. 2.84 into a

normal GEP that only involves square matrices,
Ul U, By, = u, Ul U, By, (2.85)

where U, and U; denote right and left rectangular matrices respectively. The second
procedure is numerically more efficient and generally yields similar results to the
truncated SVD approach.

By recasting the super GEP into a normal GEP, we can compute both eigenvalues

and eigenvectors using standard routines such as QZ or CG. The eigenvalues can be
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more accurate than those computed either by using a single scan signal ¢‘(n) or by
using the averaged signal. In particular, the complex frequencies that correspond to
“noise” tend to have a large and positive imaginary part, which means that the noise
spikes are effectively suppressed. However, it is less obvious how we can compute
the complex amplitudes as accurately. Remember that we first need to normalize the
eigenvectors with respect to Bl UyBy = O, where Uy is the overlap matrix, then
compute the amplitudes as /dj, = BkTC. It is not clear how we can use N, copies
of overlap matrices Uéi) and F'T vectors C(i) jointly in the most efficient way. There
are several formulas proposed and tested [96]. An expression that corresponds to the

average of all d,(f) was found to be optimal by numerical experiments,

Kwin ~ (i)

1 N, 0 1 Ns 2_:1 [Bk]n Cn
Vil = 5 2 = i 2 | e (286)

8 j=1 s j=1 B, U, By
There is another potential problem here. Compared to the averaged signal, the
SNR of each individual scan is /N lower. Thus the matrices in the super GEP are
noisier, making the Snap-Shot FDM approach less attractive. Unlike the problem
of the ambiguity of computing the amplitudes, here we have a good solution, which

was also suggested by Neumaier [95]. Instead of using the noisy snap-shots ¢ (n)

directly, we first reconstruct a new set of snap-shots according to,

D (n) = é(n) + Ni (€ (n) —e(n)) - (2.87)

The new signals have similar SNR to the average signal, while the random and un-
correlated noise is preserved. It has been shown by numerical experiments that this
procedure does improve the results [96].
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Tested with simple 1D experimental NMR signals, Snap-Shot FDM seems to be
capable of separating “signal” from “noise”. The complex frequencies computed typ-
ically consist of certain number of genuine poles with relative small (true) line width
and a bunch of “noise” poles with much larger linewidth. The FDM ersatz spectrum
constructed tends to show a clean “signal” spectrum with a fat baseline (no noise).
Thus, the idea of “self-regularization” seems to work in these cases. However, when
the signal gets more complicated and requires local spectral analysis, the results were
less satisfactory. The self-regularization seems to be insufficient. When extended to
the most interesting and most demanding case of multi-dimensional spectral analysis,
the self-regularization seems to over-regularize the problem. Even genuine peaks are
significantly broadened. Amplitudes are also quite inaccurate due to the ambiguity
of the optimal formula. Nevertheless, the self-regularization is a very interesting idea,
deserving of further studies, which might have profound impact on deepening our

understanding of the optimal way of acquiring and processing time signals.

2.4.5 Summary

In this section, we discussed the ill-conditioning of multi-dimensional FDM and in-
vestigate various regularization techniques for suppressing the artifacts, among which
the FDM2K algorithm seems to be particularly efficient and effective, even though
by no means perfect or the best method for regularizing FDM. With regularization
implemented, it is possible to obtain stable, high-resolution spectral estimations in

a single FDM calculation, given that the signal sufficiently satisfies the Lorentzian
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model and is long enough. The resulting spectrum has a smooth dependence on the
regularization level. The noise and small features are suppressed first. There is a
range of regularization level where the spectrum changes very little while the regular-
ization parameter ¢* is changed by an order of magnitude. When the regularization
is too large, all features are significantly broadened but in a non-uniform way. How
a particular peak is affected by the regularization depends on its intensity as well as
it environments such as nearby peaks and (near) degeneracy with other peaks. The
problem of regularization of FDM is only partially solved at present. More studies

are needed for developing the ultimate method for regularizing FDM.
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2.5 Regularized Resolvent Transform

There is a certain attraction to the idea of a transform: converting data from one
representation to another, often more useful, representation. For example, Fourier
Transformation converts a continuous function of time ¢(t) to a function of frequency
I(w) by Fourier integration. For each frequency w, we can obtain a complex number
that gives the local spectral amplitude /(w). The simplicity and transparency of the
transform make it appealing even when, as in the discrete Fourier transform, the
digital spectrum may deviate appreciably from the true integral representation [7].
By contrast, parametric methods that rely on fitting the data to a functional form
are rather more complex in nature. There are typically adjustable parameters which
need to be tuned to obtain satisfactory results. In section, we bridge the parameter
estimation approach to the transform approach by introducing a new transform, the
Regularized Resolvent Transform (RRT): spectral representations are computed di-
rectly using the same data matrices as those in FDM without the intermediate step
of computing the spectral parameters. RRT maintains the spirit of local spectral

analysis and can be implemented efficiently.

2.5.1 One-Dimensional RRT

In this section we consider a 1D spectral analysis problem which has been pre-
viously treated by a variety of methods. However, the expressions derived here are
generalized to the much less explored multidimensional cases in the next section.

Given a discrete equidistant time signal ¢(n) = ¢(n7), the goal is to estimate its
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infinite time DFT, defined in Eq. 2.26, but using only a finite portion of the data
with n =0, 1, ..., N — 1. The assumption used here to derive the linear algebraic
expressions is the same as the quantum ansatz used in FDM: ¢(n) is associated with
a time autocorrelation function of a fictitious dissipative quantum system defined by

an effective evolution operator U and some initial state ®, [24],
c(n) = (®o|U"®p) - (2.88)

The assumption that the evolution operator U has a finite rank is equivalent to as-
suming that the signal of question can be represented as a sum of damped sinusoids.
Substituting Eq. 2.88 into Eq. 2.26 and evaluating the geometric summation analyt-

ically, we obtain:
0o R 1
Iw) = 7 (@0\ {Z el — 5} q>0>
n=0

1 1
= 7 (@0’ {71 — 5} c1>0> . (2.89)

Note that U™ vanishes as the system is assumed to be dissipative.
Evaluated in an appropriate basis {|U;)}, the operator expression of Eq. 2.89

becomes a working formula for directly calculating I(w),

I(w) =71 |CTR(w)"'C - @ : (2.90)

with resolvent matrix R(w) = Uy—e™Uj. The elements of the evolution and overlap
matrices are defined respectively as, [U];; = (W,|U%,) , [Ugl;;» = (¥;|¥;) , and the
coeflicients of the column vector C are [Cl; = (¥;|®¢). In particular, when a Fourier-
type basis defined in Eq. 2.15 is used, the spectral properties around some frequency
w are completely defined by a very small subspace {|V;)} of size Ky, with ¢; ~ w.
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Therefore, only a small K, X Ky, matrix R(w) has to be inverted in Eq. 2.90 to
yield an accurate spectral estimation, I(w). The expressions for computing matrix
elements are already given in Section 2.2 (Eq. 2.36 and Eq. 2.37). The column vector

C is FT of the original signal array c(n),

M-1

[Cl; = Y e ic(n). (2.91)

n=0
Clearly, evaluation of Eq. 2.90 can be done for all values of w within a chosen
frequency window by solving the corresponding generalized eigenvalue problem to
obtain the eigenvalues u; and eigenvectors B, which is the approach used in FDM.
Although, this method might seem preferable to any other alternative, we note that
Eq. 2.90 can also be evaluated directly, for example, by solving the associated linear

system,
R(w)X(w) = C, (2.92)

and then using

(W)~ léTX(w) - @1 . (2.93)

Mathematically, both approaches should provide exactly the same results. However,
numerically, the second approach might have advantages due to its simplicity and
transparency. In addition, Egs. 2.92 and 2.93, may actually appear computationally
efficient if the spectrum is to be evaluated at relatively few values of w. This will be
even more the case for the multi-dimensional spectral estimation.

A less obvious issue is how stable and robust the algorithm is. Apparently, the
matrix f{(w) may be very ill-conditioned, so its inversion or use in Eq. 2.92 requires
some kind of regularization. One possibility is to use SVD of R(w) to calculate a
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pseudo inverse (see Section 2.4.2: soft regularization). However, SVD, if applied for
each value of w, would be quite expensive. A much less expensive regularization of

the resolvent can be obtained using the Tikhonov Regularization [93, 99],

. e c(0)

I(w)~T [C (f{(w)TR(w) + qz)_l R(w)'C — 5 | (2.94)

where the dagger 1 means Hermitian conjugate and ¢ is a real regularization param-
eter. With such a regularization the singularity in the denominator is removed as
(RTf{ + q2> is a Hermitian and positive definite matrix.

Eq. 2.94 can be evaluated by solving the regularized Hermitian least squares prob-
lem,

(R'@)R() +¢*) X(@) =R'C. (2.95)

and then using Eq. 2.93.

It should be noted that the expensive matrix-matrix multiplication R(w)'R(w) in
Eq. 2.95, which is a K3, process, does not have to be performed at each value of w.

Significant numerical saving could be achieved by using
- —irwyT T irwyT T
U1 — € U1U0 — € U0U1 .

The spectral estimation given by Eq. 2.94 is one of the main results of this section.
Operationally it has a status of “transform” (like DF'T), while a “method”, e.g. the
Filter Diagonalization Method, would refer to a procedure that would generally be
less obvious to use. More precisely, Eq. 2.94 corresponds to a direct nonlinear trans-
formation, here called the Regularized Resolvent Transform (RRT), of the time signal
to the frequency domain spectrum. Unlike most other nonlinear high resolution spec-
tral estimators, RRT is very stable, computationally inexpensive, and has adjusting
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parameters that are straightforward to use. These parameters are the size, Ky,
and density, p, of the Fourier basis in the frequency domain, and the regularization
parameter g. Note that K;, could in principle be as small as 3, although a larger
Kyin generally improves the resolution, while increasing the CPU-time according to
the cubic scaling of a linear solver. For sufficiently large K;,, which is usually less
than 100, the results do not change noticeably. Thus, K, can be chosen according
to how long one would like to wait for the spectrum to be computed. The choice for
the basis density parameter, p, between 1.1 and 1.2 usually works well if a single-scale
basis (as opposed to the multi-scale one [79]) is used.

The spectrum [(w) computed by RRT with ¢ = 0 should generally be indistin-
guishable from that computed by the FDM algorithm based on solving the generalized
eigenvalue problem, Eq. 2.11, and using Eq. 2.27 for spectral estimation. However, for
q > 0 they will differ as demonstrated in Figure 2.19 using the model signal, “Jacob’s
Ladder”, described in Section 2.2. The signal contains 50 triplets of which both the
peak widths and the splittings gradually decrease from the right to the left, allowing
examination the breakdown of the resolution for any fixed signal size. The spectral
region shown has very small spacings and is therefore hard to resolve. The upper trace
is the exact spectrum that could be obtained by RRT using, for example, N = 48K
data points. The DFT spectrum using N = 64K cannot resolve all the triplets in this
region, while using DFT with N = 32K does not resolve any of them. In addition,
one can see some baseline ringing that is not completely removed by apodization of
the signal. The RRT result using NV = 32K and g = 0 is very close to the exact result,

although some linewidths and amplitudes are slightly inaccurate. Interestingly, one
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Figure 2.19: Absorption spectra obtained by processing a model time signal, “Jacob’s
ladder”, by the Regularized Resolvent Transform (RRT) and DFT using different sizes
of the signal, N = 32,000 and N = 24,000. The RRT spectra have much higher
resolution than the DFT spectrum with N = 32,000. The non-regularized spectra
(¢ = 0) may be quite non-uniform. An increase of the regularization parameter ¢
generally leads to a more uniform spectral estimate and gradual decrease of resolution,
however the best result is often obtained using RRT with some small ¢ > 0. The ¢
values shown are relative values. The actual value used in Eq. 2.94 is computed as
Gy = ¢° < [RTRJii >;.
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can control the appearance of the RRT spectrum by tuning ¢. An increase of ¢ makes
the spectral estimation more uniform while decreasing the resolution. Note that the
scale for ¢ is related to the normalization of the U-matrices.

The lower two traces show RRT spectra using N = 24K, which is too short for
the method to resolve the narrowest multiplets in this spectral region. The resolution
failure for ¢ = 0 manifests itself in a quite non-uniform appearance of the peaks in
the multiplets. In particular, only two peaks appear in the left most triplet with the
smallest spacings. By increasing ¢ one can make them more uniform and sometimes
improve the resolution (e.g., note the triplet at ~ 22 Hz). That is, for short data
sets the RRT “fails” in a controllable fashion (as is the case for DF'T), while typically
providing a higher resolution than DFT for narrow Lorentzian lines.

It is important to note here a subtlety present in all linear algebraic algorithms, in
particular, in FDM and RRT, related to the fit of the time signal by damped sinusoids,
Eq. 2.1. For example, in RRT the derivation of Eq. 2.89 assumes convergence of the
infinite geometric series Y > (e”‘“U )n However, this assumption may be ambiguous
since only a finite part of the data is available. Numerically, when evaluated in a finite
basis U may have eigenvalues up = e~ "“* outside the unit circle, corresponding to
the negative linewidth 7. Section 2.2.3 contains a detailed discussion of how to
deal with these “spurious” poles. However, in RRT, the spectral parameters are not
explicitly computed, making direct manipulation of individual poles impossible. This
has both advantages and disadvantages. One one hand, we can conserve the mutual
interferences and cancellations to the maximum extend; on the other hand, when the
true peak width is very small or zero as in Constant-Time NMR experiment (see
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Figure 2.20: The real (absorption) and imaginary (dispersion) parts of the RRT
spectrum I (w) = 7d;, /(1 — 7@=9%)) for a single line as a function of its “width”
v = —Im{wi}. The sign of the absorption peak is flipped when ~ changes its sign,
while the appearance of the dispersion peak only depends on the absolute value of ~.

Chapter 3 for more details), it is likely to have v, < 0 due to noise and/or numerical
errors. This in turn results in a flip of the sign of the absorption part of the peak as
shown in Figure 2.20. Note though that the sign of the dispersion part is unaffected.
This property of the RRT lineshapes can be easily understood by considering the
behavior of I(w) (see Eq. 2.27) near an eigenfrequency wy = w, — i7, i.e., assuming
Tlw — wi| < 7 and then extracting the real and imaginary parts of the complex
Lorentzian as

Tdk de dk”)/ . dk(w — (UT)

I(w) = - ~ - T '
( ) 1 — eit(w—ws) W — Wk ((,u — wr)2 + 72 (u) — Wr>2 + 72

(2.96)

Since in RRT the eigenvalues are not computed, one cannot manipulate with those
in a simple fashion like in FDM. One way to circumvent this problem in RRT is to
shift the argument of I(w) by I’ with I' > —v; , i.e, construct I(w + iI"). It replaces
v of all peaks by 7, + [ and effectively flips the negative 7. The result of such
a shift is demonstrated in the third trace of Fig. 2.21 where all the peaks have the
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correct sign, but are slightly broadened. Clearly, this procedure may not be always
well defined and is one drawback of RRT. For example, peaks with v, < —I" are

effectively narrowed and might result in artifacts.

— absorption

Exact | dispersion

|
360 380 400 Hz

Figure 2.21: An example of a failure of the RRT spectral representation with no shift
and no regularization implemented (second trace, both ¢ = 0 and I" = 0). Because of
a too short signal used to construct the spectrum both the amplitudes and widths of
the peaks are quite inaccurate, in particular, one peak appears with the wrong sign
(note that the appearance of the dispersion peaks is correct). The wrong absorption
peak is flipped by plotting I(w+I") (the lowest trace) instead of I(w) with I' = 1 Hz.
Note, that this procedure replaces v, of all peaks by ~, + I, i.e., effectively fixes the
signs of all peaks with 7, > —I" and broadens all the peaks with the correct v; > 0.
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2.5.2 Multi-Dimensional RRT

Generalization of RRT to a multidimensional case is essentially equivalent to how
the 1D FDM is generalized. Since there is only a minor difference between the 2D
RRT and D > 2 RRT, for the sake of simplicity, we restrict our presentation to the
D = 2 case.

To this end, given a 2D time signal ¢(77) = ¢(n171, no72) defined on an equidistant
rectangular time grid, our goal is to estimate the 2D (infinite time) discrete Fourier
sum, defined in Eq. 2.58, using only the finite N; x N, part of the signal. The 1D
quantum ansatz of Eq. 2.88 is generalized by using two commuting complex symmetric

evolution operators U, and UQ,
c(n) = c(niT,nam) = ((I>0|IA]1"1[A]2"2 <I>0) . (2.97)
Inserting Eq. 2.97 into Eq. 2.58 and evaluating the geometric sums analytically gives

1 1 1 1
—— — = X ———— — =Dy | . 2.98
{ 1 —emel; 2} {1 — e'me2ly 2} 0) (298)

Evaluated in the 2D Fourier basis, defined in Eq. 2.50, the operator equation of

I(w17w2) = T1T2 (‘I)o

Eq. 2.98 becomes the working resolvent transform expression for estimating complex

infinite time 2D DFT spectrum,

I(wi,wn) = 717y (2.99)
y {CT [R1(w1)_1ﬁo Ro(ws) ! — Ry(w)™! gﬁz(wz)_I] ol C(O4> 0)} ’

with resolvent matrices
Ri(w) = Uy — ™0, , 1=1,2, (2.100)
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where U, matrices and the Fourier vector C can be evaluated using the expressions
derived previously in Section 2.3 (Eqs. 2.52, 2.53, 2.54, and 2.57).
A 2D RRT can be obtained by regularizing the two resolvents in Eq. 2.99, leading

to

i . X(w)'C+C
I(wl, WQ) X T1T2 {X(wl)TUOX(wg) - (W1)

X(w) +C(04’O)} . (2.101)

with the two frequency-dependent vectors X;(w;), | = 1,2, computed by solving the
regularized Hermitian least squares problems,

(Ri(wn) Ru(wr) + ¢*) Xi(wr) = Ry(wn)C . (2.102)

Note that the total number of the linear systems to be solved for each 2D frequency
window is equal to N,, + N,, instead of N,, x N,,, where N, and N,, are the
numbers of the frequency grid points, w; and ws, used to plot the 2D spectrum in the
window.

Derivation of the 2D RRT is another main result of this section. Similar to the
2D FDM, its substantial advantage as compared to the 2D DFT is in the ability
to process the whole 2D data set simultaneously, thus converting the time domain
information into the frequency domain with minimal loss. Unlike the 2D FDM, in
RRT we do not directly refer to the 2D harmonic inversion problem, although the
two methods are very closely related. In particular, if the form of Eq. 2.42 is satisfied,

the RRT spectrum for a sufficiently large data set processed should converge to

! _ o~ di 2 2.103
(w1>w2) = T2 = ? [1 - eiTl(wl—wlk)] [1 _ eiTQ(wz—wzk)] ( ’ )
1 1 7172 ¢(0,0)
[1— eiTl(Wl—Wlk)] N 11— eiTl(WZ—WZk)] + 4 )
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Ideally, the results should fully converge if the total size of the data set satisfies the
condition Nigtag = N1 X Ny > 4K, no matter whether N, or Nj is small. This, of
course, does not take into account noise, degeneracies and roundoff errors which could
affect the convergence conditions significantly.

Due to its numerical stability, robustness and ease implementation, the RRT has
an advantage over FDM, when only complex 1D or 2D FT type spectra, as defined
by Eqgs. 2.26 and 2.58, are of interest. Note, yet, an advantage of FDM, especially, in
the multidimensional case, lies in its ability to construct various nonanalytic spectral
representations, such as a double-absorption spectrum using a single purely phase
modulated 2D data due to the availability of the spectral parameters (Eq. 2.68). Fur-
thermore, in FDM inaccuracies in determining the imaginary parts of the computed
frequencies, in particular, their signs, might be corrected. In RRT the spectral pa-
rameters are not produced and therefore the artifacts are removed by regularization
with a finite value of ¢ and/or by shifting the spectrum using I(w; + il'y,wq + i['y)
with shifting parameters I'; and I's.

In the next example we apply 2D RRT to the process the same »N-'H HSQC
signal of rubredoexin used in previous examples. Figure 2.22 compares the RRT and
DFT spectra obtained using various signal sizes. Even though this signal is particular
favorable for DFT as it contains pure singlet of similar intensity, RRT still provides
a welcome improvement in resolution or a decrease in experimental time for given
resolution. As in FDM, the gain in resolution hinges on the total information content
of the signal, which depends on signal size, signal to noise ratio, amount of various
imperfections and others. It is neither possible to improve the resolution of very noisy
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spectra, nor to magically divine the presence of peaks buried in noise.
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Figure 2.22: Chemical shift correlation spectra of the metalloprotein rubredoxin ob-
tained by DFT and RRT using various signal sizes. All the double-absorption spectra
are generated using the conventional procedure which combines the complex N- and
P-type complex spectra. Regularization parameters are optimized for both RRT cal-
culations. The shifting parameters I'y =1y, =1 Hz.
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2.5.3 Other Spectral Representations Using RRT

The resolvent formulas of Eq. 2.90 and Eq. 2.99 provide us a way to estimate
the infinite time DFT spectra using only finite data sets. In this section, I would
like to demonstrate that RRT is a more powerful method than just nonlinear FT-
type spectral estimator. With minor modifications, the resolvent formulas can be
used to construct many other types of useful spectral representations, revealing more
information about the signal.

1. Inverse Laplace transform via RRT: iRRT

Any complex variable can be used in RRT. In particular, when the frequency
variable is purely imaginary, RRT becomes an efficient expression for computing in-
verse Laplace transform without exponential instabilities. It has been shown that
it is possible to recover up to 4 exponential decaying constants with significant gap
between the fastest and lowest decaying components in the Quantum Monte Carlo
(QMC) calculations of vibrational states of polyatomic systems [98]. The RRT ex-
pression with imaginary frequency variable is also called :RRT. iRRT has been also
applied to processing the Diffusion Ordered Spectroscopy (DOSY) [100, 101] NMR
experimental signals, showing the promise to identifying multiple diffusion constants
even in the heavily overlapped spectral regions [96]. However, the overall results have
not been totally satisfactory considering the reliability of the results and accuracy
of intensities. There are several practical difficulties: first, accurate characterization
of both fast and slow decaying components requires signals with very high signal to

noise ratio, while typical DOSY experimental data sets are very noisy due to the lim-

135



ited quality of magnetic field gradient and many other experimental limitations [102].
Second, fitting data to multiple exponential decaying components has been proved
to be a notoriously unreliable procedure. Even though the iRRT expression seems
to be very stable, there are still uncertainties such as the effect of regularization on
the accuracy of computing the decaying constants. It is necessary to study the re-
sults as a function of the signal length (or other parameters such as basis size and
regularization) to check the validity of the results. Finally, the intensity computed
by iRRT is not accurate enough for quantitative usage and it is not obvious how it
can be improved.
2. Pseudo-2D RRT spectra of both real and imaginary frequencies

There is another an interesting spectral representation that can be constructed
using RRT with complex variables. By computing the spectral intensity I(w + il")
as a function of both the real frequency w and imaginary frequency I', a pseudo-2D
spectrum results. As I(w+iI") diverges at w +iI" = wy, on the complex plane, we can
identify both the peak positions and the linewidths simply by looking at the singular
points on the 2D contour plot. In addition, it is also possible to separate peaks that
are severely overlapped according to their linewidths. Figure 2.23 shows a contour
plot of such a pseudo-2D spectrum, applied to a 1D NMR signal. Note that a slice
along I' = 0 Hz corresponds to the normal 1D FT-type absorption spectrum with
no smoothing, which is shown on top of the 2D plot for direct comparison. The 2D
plot reals more information about the signal. For example, the 2D plot shows that
there are possibly two peaks, A and B, at around w = —5600 Hz (indicated by two

arrows), while this information is totally hidden in the conventional 1D FT spectrum
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due to the heavy overlapping.
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Figure 2.23: Contour plot of I(w + iI') on the complex plane. Peaks are spread
out along the imaginary frequency axis according to the line width, providing more
information than the conventional 1D FT spectrum (shown on the top). For example,
the pseudo-2D plot indicates that there are possibly two peaks, noted as A and B,
around -5600 Hz, while from the 1D FT spectrum this information is hidden due to
the heavy overlapping of the two peaks. Note that a slice at v = 0 of the pseudo-2D
spectrum corresponds to the 1D FT-type spectrum without any linebroadening.

2. Pseudo-absorption 2D RRT spectral estimations
When severely truncated data sets are used in RRT, just like in FDM, while the

positions of the peaks converge best, the phases of the complex amplitudes are least
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accurate, which manifest themselves as the incorrect phases of corresponding peaks
in the double-absorption spectrum obtained by combining N- and P-type complex
spectra. For example, close examination of the RRT spectra shown in Figure 2.22
reveals several peaks slightly out of phase, e.g., the peak at around (-600 Hz, 350 Hz).
In principle, increasing regularization will suppresses the phase instability. However,
numerical experiments showed that the phase stability improved slowly with regard to
RRT regularization, especially for truncated signals. Moreover, in certain situations,
only a single purely phase modulated data set is available (e.g., in 2D J experiments).
In such cases an absolute value RRT spectrum may be an appealing and/or the only
option, although the resolution of the latter are unacceptable due to the contribution
of the dispersion lineshapes. Note, yet, there exists a variety of other spectral rep-
resentations, in which the dispersion contributions are eliminated, therefore leading
to much higher resolution. An example of such a representation in 2D, which is also

used in 2D F'T spectral analysis, is
A(wl, WQ) = Re{](wl, wo + ZFQ) - I(wl, wo + ZF/Q)} . (2104)

The dispersion contributions along w, are eliminated by the subtraction of the two
complex spectra using different shifts I'y  I', (with possibly positive I's and negative
I'}), while taking the real part leads to the absorption lineshapes along w;. The
disadvantage of Eq. 2.104 is the need to fiddle with too many adjusting parameters.

Another very useful spectral representation is given by

T1T2

[(2) (wl,w2) = (I)(] D) =
[1 — eimwi Ul} [1 — eimw2],

2(1)0
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Figure 2.24: RRT pseudo-absorption spectrum ‘I @ (wy + iy, wo + iFg)‘ (see
Eq. 2.105) constructed using only the N-type (i.e., the purely phase modulated) data
of Figure 2.22 with N; = 16, Ny = 300, ¢ = 0.0003, I'y = 2 Hz and I'y; = 1 Hz.

i [ n7edy . (2.105)

I =T e
The absolute value spectrum ’I @) (wl,wQ)’ will have a great resolution advantage
over |I(wi,ws)|. The peaks are narrow and have quasi-absorption lineshapes in
’I (2) (wl,wQ)‘. Note that the amplitude dj is not squared. Thus the peak integral
will effectively be divided by the product of the linewidths in two dimensions, v1x7Yoz.
Accordingly, 1) (wy, ws) will favor the narrow peaks against the broad ones. This non-
uniform distortion can be reduced by shifting the spectrum using ’I @) (wy 44l wy + iFg)’
which effectively increases the widths of all peaks making them more uniform. While
I®(wy,wy) cannot be constructed by FT, it is representable in terms of the U-

matrices in complete analogy with Eq. 2.99. Of course, the corresponding resolvents

139



should be regularized accordingly. In Figure 2.24 we show the RRT spectra using
’1(2)(w1 + i1, wo + ZTQ)’ with I'y = 1 Hz and I'y = 10 Hz using the same 2D signal
as in Figure 2.22. The peaks do have absorption lineshapes, although the heights
are somewhat distorted when compared to the correct spectra of Figure 2.22. Higher
order pseudo-absorption spectra can also be easily constructed by using higher power
of the resolvent matrices. In the later cases, SVD is preferred, as once decomposi-
tion of the resolvent matrix R(w;) is available, it is trivial to construct regularized

pseudo-inverse matrix R, "(w;) with same computational efforts for any integer n.

2.5.4 Extended Fourier Transform

As we discussed before, the phase computed by RRT seems to be the least stable.
Especially when the signal is severely truncated in all dimensions (even though it
rarely so in NMR experiments), the RRT spectra could be significantly distorted.
Increasing the regularization does not help much here unless the regularization level
is so high that most of the features are smoothed out. This is a disadvantage of RRT.
On the other hand, even though FT converges slowly with regard to the signal size, it
does not fail even in the severely truncated cases. The eXtended Fourier Transform
(XFT), developed by Armstrong and Mandelshtam [103], is a hybrid method of DFT
and RRT designed to combine the high resolving power of RRT and the stability of
DFT. The basic idea is to use RRT only to estimate the remainder of finite DFT of
the signal. The details of XFT can be found in the original reference [103]. Here we

give a brief derivation of 1D XFT for the illustration purpose.
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Given a finite time signal ¢(n) defined on an equidistant time grid of N points,

we want to estimate the infinite time DFT spectrum by breaking it into two parts'®,

Iw)="71 ioc(n)ewm =T { Z_O c(n)e™ + ic(n)ei“m} : (2.106)

Note that the first summation is simply the conventional finite DF'T summation. Due
to the truncation of the signal, the second term can not be directly computed, which
is the source of F'T time-resolution uncertainty principle and the sinc-like truncation

artifacts (see Chapter 1). However, it can be estimated using the RRT expression,

hE

AN((U) =

c(n)ewm = i €iumT ((I)(]‘Un ‘(I)(])
n=N

n=N

I
NE

7 (o] 07 ()

n=N
_ 6inT i ((I)N/z}Un’eium’T (I)N/2)
n’=0
_ giwNT <¢N/2}j}q>m>. (2.107)

Evaluated in the Fourier basis defined in Eq. 2.15, we can obtain the numerical

expression with regularization for estimating the remainder of DFT,
iwNt <Y /Tl -
Ayx(w)=e Cyp R, (w)Cny2, (2.108)

with the same resolvent matrix R(w) = Uy — €™ U; and a shifted FT vector,
R M-1 M-1
[Crpaly = Y. €% (Bu|@np) = 3 " e(n + N/2). (2.109)
n=0 n=0
Therefore, XFT is essentially a straightforward extension of RRT. We simply need
to construct the shifted FT vector C, evaluate the RRT estimation of the DFT re-

mainder, then add the correction to the DF'T summation. Figure 2.25 is an interesting

15The zero correction term is dropped out here for the sake of simplicity.
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Figure 2.25: An interesting region of the 1D NMR spectrum of 12H-pyrido[1,2-a:3,4-
bldiinole, processed by the XFT using a truncated (N=>5000) data set. The figure
illustrates the behavior of each term involved in the calculation of the XF'T spectrum.
The XFT spectrum is obtained by adding together the unapodized DFT term, and
the correction term calculated with a regularization parameter of ¢ that is optimized
for this case. The correction term exactly cancels the sinc-like oscillations present
in the unapodized DFT. It also adds small terms to increase the resolution of some
peaks, allowing some doublet structures to be identified. For comparison the apodized
DFT spectra for N=32000 and N=5000 are presented. (This figure is courtesy of G.
S. Armstrong [103]).
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illustration of how XFT works. The XFT of an experimental NMR signal is used to
examine the roles of both terms in Eq. 2.106. The lower three traces were computed
with only the first 5000 data points. The DFT trace shows several unresolved multi-
plets and sinc-oscillations in the baseline. The correction trace has oscillations equal
and opposite to those in the DFT trace. When added together, the oscillations cancel,
giving the correct baseline in the XFT trace. Furthermore, the correction contains
some high resolution features, revealing some splittings that are not resolved in the
DFT spectrum.

It is less obvious but can be proved that when the signal satisfies the Lorentzian
model and is sufficiently large, the XFT spectrum, Eq. 2.106, gives the exact infinite
time DF'T of the signal. By separating the infinite DF'T summation into two parts
and evaluating them independently provides us a way to combine the stability of DFT
and high-resolution of RRT together: on one hand, one can use a large regulariza-
tion to suppress the contribution of RRT correction, providing a more conservative,
finite DFT like spectrum; on the other hand, one can optimize the regularization for
maximum resolution enhancement. Thus, XFT does not fail even when the signal is
too short to obtain meaningful high-resolution spectrum. This is a very attractive
property, especially considering that in FDM and RRT, it is either “everything” or
“nothing” for certain cases.

XFT can be also extended to processing multi-dimensional data sets. The idea is
also to use RRT only for estimating the remainder of 2D DFT. Details can be found
in Ref. [103]. Applied to experimental 2D NMR signals, it has been shown that even
for signals severely truncated in both dimensions, 2D XFT can provide very stable
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2D spectral estimation with resolution similar to conventional 2D DFT but without
any sinc-like truncation artifacts. In the case of large data sets, 2D XFT is able
to provide higher resolution beyond F'T uncertainty principle. However, the phase
instability seen in 2D RRT is still present in high-resolution the 2D XFT spectra,
which is a little disappointing but reasonable as RRT is responsible for the high-
resolution features. In addition, the shift F'T' vector Cy/o is computed using the tail
of the signal and therefore more noisy than the FT vector used in RRT, making the

phase instability potentially more severe in the XFT high-resolution estimation.

2.5.5 Conclusions

In this section, we derived a new numerical expression, the Regularized Resolvent
Transform (RRT), which corresponded to a direct transformation of the time-domain
data to a frequency-domain spectrum. RRT is suitable for high resolution spectral
estimation of multidimensional time signals. One of its forms, under the condition
that the signal consists only of a finite number of damped sinusoids, turns out to be
equivalent to the exact infinite time discrete Fourier transformation. RRT naturally
emerges from the Filter Diagonalization Method (FDM), but no diagonalization is
required. The spectral intensity at each frequency w is expressed in terms of the

~1 of a small data matrix R(w) constructed from the time signal.

resolvent R(w)
Generally R is singular, and thus its inversion requires certain regularization. Among

various possible regularizations of R™!, the Tikhonov regularization appears to be

computationally both efficient and stable. Numerical implementation of RRT is very
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inexpensive because even for extremely large data sets the matrices involved are small.

We also showed that RRT could be used to constructed various non-FT spectral
representations. In particular, using a purely imaginary frequency variable, RRT
becomes an expression for estimating inverse Laplace transform without exponential
instabilities. RRT can also be used to compute a pseudo-2D spectrum, I (w+il"), with
respect to both the real and the imaginary frequencies, revealing more information
than the conventional FT-type spectral estimation. Finally, pseudo-absorption type
spectra can be also constructed by RRT when an absolute value spectrum is desirable.

When the signal is severely truncated in all dimensions, 2D RRT spectra might
be highly distorted due to the phase instability. Even though it can be improved by
constructing a pseudo-absorption spectrum, there exists a more elegant alternative.
The eXtended Fourier Transform, or XFT, attempts to combine the stability of DFT
and high-resolution of RRT, by using RRT only to estimate the remainder of finite
time DFT. XFT can provide a stable high-resolution estimation when the data set is

sufficiently large and does not fail even the data set is extremely small.
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2.6 Reliability and Sensitivity of FDM/RRT

In previous sections, we have been focusing on how to extract maximal informa-
tion from the available data. In this section, we will exploit another important aspect
of signal processing—-checking the reliability of the results, which has been ignored in
previous discussions. Unfortunately, this is no easy task due to the high nonlinearity
and complexity of FDM and RRT algorithms. What makes the analysis even more
complicated are various practical factors including noise, lineshape distortions and
other NMR experimental artifacts'¢, which are very difficult to model and quantify.
As a result, we will only be able to check the reliability of FDM/RRT results in var-
ious qualitative and/or semi-quantitative ways. Instead of providing some rigorous,
conclusive statements, we will focus on how to double check the results and make
some qualitative judgments. A semi-quantitative way for studying the sensitivity of
FDM/RRT spectral estimations with respect to various processing parameters will

also be described.

2.6.1 Reliability of 1D FDM and RRT

Reliability of 1D FDM and RRT is relatively easy to check. As we known, both
FDM and RRT can be used as a high-resolution spectral estimator. Omne of the
simplest ways to check the validity of the result is to inverse DFT the FDM/RRT
spectrum to recover the time domain signal and compare it with original one. Al-

ternatively, when FDM is used as a parametric method, one can plug the parameter

16Such as 1 noise, pulsing artifacts and phase-cycling/gradient residual artifacts
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Figure 2.26: The spectral estimation obtained by FDM matches almost perfectly with
the DF'T spectrum. The difference is within the noise level except for one of the three
most intensive peaks. The parameters used in FDM calculation were set to typical
values and not optimized.

list {wg, dx} into Eq. 2.1 to reconstruct the time signal and compare it with the orig-
inal one. In the examples given in Section 2.2 and 2.5.1, we already compared the
FDM/RRT spectra with DFT spectra and showed that they matched very well. Here
we present a reliability study where FDM is used both as a parametric method and as
a spectral estimator to analyze a noisy experimental NMR signal. Figure 2.26 com-
pares the F'T and FDM spectra, with the inner panel showing the real and imaginary
part of the time domain signal. Even though the signal is very noisy and contains

many heavily overlapped features, the difference between DFT and FDM spectra is
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Figure 2.27: Comparison of the original signal and that reconstructed from the spec-
tral parameters computed by FDM. Due to the use of multi-scale basis and multi-
windowing, only an approximate complete line list that primarily describes narrow
features can be obtained (see text), and used here to reconstruct the time signal.
The initial part of the signal is not well reproduced. However, the rest of this signal,
from t = 0.2s up to t = 2s (maximum), mainly defined by narrow poles, is very well
reproduced. The difference between original and reconstructed signals is within the
noise level.

within the noise level throughout the spectral range except a region around one of
the three most intensive peaks (~-50 Hz). Similar comparison can be made between
RRT and DFT spectra (data not shown). FDM/RRT have also been tested using
many other 1D NMR experimental signals and proved to be very stable and reliable
as high-resolution spectral estimators.

It is less straightforward to check the spectral parameters computed by FDM
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for experimental signals. One of the reasons is that the “true” spectral parameters
are not available for direct comparison. In addition, the spectral parameters are
the most accurate when a multi-scale Fourier basis is used, where the background is
recomputed for each window calculations. It is not obvious how to combine results
from all window calculations to construct an effective line list for describing the
background (very broad poles). Furthermore, the adjacent spectral windows overlap
with each other by 50%. The spectral parameters for the same overlapped region
from two adjacent window calculations are similar but slightly different, especially
for those that describe noise. Instead of trying to match two lists to remove the
redundancy, which could be very tricky and unreliable, a simplified approach is used
here: for each window calculations, only the parameters for describing the poles that
locate inside the center half of the spectral window is retained. By concatenating
parameters from all window, we can obtain an approximate “complete” line list for
the whole spectral range. Figure 2.27 compares the signal reconstructed using such
a line list to the original one. It is not surprising that the initial part of the signal,
which is mostly defined by the broad features, is not reproduced well, due to the lack
of entries for the broad features. The rest of the signal is reproduced very well. The
difference between the original and reconstructed signals is about the noise level. This
proves that most, if not all, the narrow features are parametrized quite accurately.
However, this observation should not be extended to the conclusion that all the poles
computed by FDM are genuine. It is highly possible that multiple Lorentzian lines
are responsible for describing a single genuine peak, especially in the case of noisy
signals with heavily overlapped features and/or lineshape distortions.
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2.6.2 Possible Ways for Checking Individual Peaks

Figure 2.27 is an example where we check the overall validity of the parametric
fit provided by FDM. In many cases, we are also interested in knowing whether a
particular entry in the FDM line list is genuine or not, and if yes, what the uncertainty
(error bar) is. These are very difficult problems where the ultimate solutions are still
to be found. However, there are a few qualitative and semiquantitative methods for
estimating the error bar and reliability of individuals peak computed by FDM.

Method 1: There existed a method for estimating the error of each eigenvalue since

FDM was first introduced [24, 67], which was simply based on
e(n) = [[(U™ = wgUNBy|l, n>2,

where U™ is the matrix representation of n-step evolution operator U" = exp(—inTQ).
Typically n=2 is used. The spurious poles usually have a much larger estimated error
and this had been used to filter out spurious poles in the early days of FDM. It was
later discovered that it should only be used as a qualitative estimation, instead of a
rigorous criteria. Broader features, genuine as well as spurious, tend to have larger
estimated errors, and some narrow spurious poles might have small estimated errors
by accident. However, it is relatively safe to treat those narrow poles with large
estimated errors as spurious poles.

Method 2: This method relies on estimating the “velocity” of eigenvalues numer-
ically by small random noise perturbation. It is assumed that eigenvalues corre-
sponding to genuine poles tend to be less sensitive to small perturbations while the
spurious eigenvalues behave oppositely. Numerically, one can first run a FDM cal-
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culation using the original signal, then add small pseudo-random noise perturbation
(~ 1%) to the signal and re-run the FDM calculation. Then one needs to match
up two sets of eigenvalues and estimate the velocity of eigenvalues numerically by
v(wy) ~ dwy/|noise|. The eigenvalue matching step might be tricky, but numerically
experiments showed that it could usually be achieved as long as the noise perturbation
was sufficiently small. The velocity estimation is typically consistent with the error
estimation described in previous paragraph. This estimation is also only qualitatively
correct. There is no guarantee that all spurious peaks can be detected, nor that all
eigenvalues with large velocities are spurious.

Method 3: This method involves injecting a narrow Lorentzian pole close to the
peak(s) of interest, rerunning the FDM calculation and comparing the results. This
is also based on the assumption that genuine peaks are more stable than the spurious
ones. If the peak is genuine, it is unlikely that injecting a small Lorentzian pole close-
by will have a large effect on it. However, if the peak corresponds to some poorly
converged features or noise, any change of the close-by environment might significantly
change the local results. A systematic scheme for carrying out this “probe-and-test”
procedure requires more studies on what kind of probe pole (e.g., peak intensity and
linewidth) should be used and where to inject it.

Method 4: Finally, one can always study the convergence of a particular peak as
a function of FDM/RRT processing parameters such as basis size, basis density, sig-
nal length used, and regularization level (for RRT). If a feature is stable or becomes
stable with respect to the change of these parameters, we can have more confidence
saying that it is a genuine peak. This procedure is more time consuming and might
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seem unnecessary in 1D case. However, in 2D or higher dimensional applications, it
is almost always necessary to run the FDM/RRT calculations multiple times, par-
ticularly using various signal sizes, before one can be confident that the results have

successfully converged.

2.6.3 A Semi-Quantitative Way for Estimating the Sensitiv-

ity of FDM /RRT Spectral Estimations

Here we describe a semi-quantitative way for estimating the sensitivity of FDM/RRT
spectral estimations. The idea is very simple. The spectral estimation /(w) com-
puted by FDM/RRT has a periodic dependence on the spectral window position. If
one computes the spectral intensity at a particular frequency wy multiple times us-
ing different spectral window conditions, the results will differ, even though only by
small amount. The degree of variance provides us a semi-quantitative way of measur-
ing the sensitivity (or uncertainty) of FDM/RRT spectral estimation. For example,
Figure 2.28 illustrates this uncertainty using a special setup called Continuous Win-
dowing FDM/RRT, or CW-FDM/RRT. In CW-FDM/RRT, for each frequency point
w, a spectral window centered at w is first set up and the U matrices constructed.
Then these matrices are either diagonalized or used in RRT to compute the spectral
intensity only at w. Same procedure is repeated for each frequency grid. Obviously
this is more time consuming than the normal FDM/RRT algorithm where the same
U matrices are used to compute spectral estimation for all frequency points inside the

spectral window. However, this setup reveals the uncertainty of FDM/RRT spectral
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Figure 2.28: Sensitivity of FDM/RRT calculations illustrated by using the continu-
ous windowing FDM. While the baseline of normal FDM calculation is perfectly flat,
it is highly oscillative in CW-FDM spectrum. The amplitude of the oscillation pro-
vides useful information about the sensitivity (or uncertainty) of FDM/RRT spectral
estimations.

estimations that is hidden in the normal FDM/RRT calculations. For example, while
the baseline of the bottom trace of Figure 2.28 is flat, highly oscillative behaviour is
observed in the top trace, computed by CW-FDM (CW-RRT spectrum is similar and
not shown). The period of the oscillation is purely determined bye the signal length,
but its amplitude depends on all the FDM/RRT parameters such as the basis density,
basis size and regularization level (for RRT). It is possible to use the amplitude of
this oscillation as a semi-quantitative measurement of the uncertainty of FDM/RRT

spectral estimations. One can simply use the amplitude of the oscillation as the error
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Figure 2.29: Sensitivity of FDM/RRT spectral estimation as functions of basis size
and basis density using two experimental NMR signal and a model signal with inte-
gerization noise.

bar for the spectral estimation. Another, more interesting application is to use it
to study the sensitivity as a function of all FDM/RRT parameters and find out the
optimal processing parameters for typical signals. For example, Figure 2.29 plots the
sensitivity of FDM/RRT spectral estimations as functions of the basis size and basis
density using two experimental NMR signals and a model signal with integerization
noise. We can see that basis size of Nb = 50 and basis density of p = 1.1 are the
most efficient values for obtaining stable FDM/RRT spectral estimations for these
three signals. Previous numerical experiments also suggest that these are indeed the
most efficient optimal conditions for processing typical 1D signals. It is very interest-
ing that such a semi-quantitative method is able to re-predict the optimal processing

parameters in a straightforward, explicit way.
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2.6.4 Reliability of 2D FDM

When 2D FDM and RRT are used as spectral estimators, one can also use inverse
FT to recover the time domain signal and compare to the original one. However,
this method is less convenient in 2D or higher dimensional cases due to the following
reasons: first, to compare the signals in the time domain, spectra over the whole
spectral range must be computed, while we are typically only interested in a few
local regions; second, multi-dimensional NMR signals typically contain a water signal,
which is often much more significant than all the other signals. Thus it is suboptimal
to include the water signal in checking the fitting quality of the small features of
interest. Instead, it is more efficient and more reliable to compare the results with
the F'T of the original signal locally in the frequency domain.

The infinite 2D F'T spectrum is typically estimated by 2D FDM. In order to make
direct comparison, we need to estimate the finite 2D FT spectrum using the same
spectral parameters. This can be done by replacing the double-absorption expression
of Eq. 2.68 with the following expression, obtained the analytically evaluating the

finite 2D FT summation!”

ANl’N2 (wl, u)g) < T1T9 Z R,e[Dng/] (2110>
k,k'
1 — eiimwi—ww) 1 1 — etNem2(wa—wapr)
Re - — =1 Re - - =
1 — eim(wi—wig) 2 1 — eim2(wa—wgpr) 2

By computing the difference of the FDM estimation of 2D DFT with the actual

2D DFT of original signal, one can have a rough measurement of the fitting quality.

"Note that FT with certain apodizations such as exponential and trigonometric functions can be
evaluated analytically and incorporated.
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Figure 2.30: An example where the spectral parameters obtained by FDM are used to
estimate finite 2D FT spectra for direct comparison with the actual 2D FT spectra.
The signal used is the same 'H-'N HSQC signal of rubredoxin used in previous
2D examples. The FDM spectral parameters were obtained using 200x16 N-type
complex data points. The actual 2D FT spectra (panel a and b) were obtained using
both N- and P-type data sets with cosine weighting functions in both dimensions. It
shows that the estimated finite 2D F'T spectra match with the actual 2D FT spectra
very well. The mismatch between spectra (a) and (c) is only about 1.9% (see text).
Even when the same parameters obtained using only 200x16 data points were used to
estimate the finite 2D F'T with length of N; x Ny = 200 x 64, the mismatch between
spectra (b) and (d) is only 2.9%. Note that the noise that is only present in long 2D
FT spectra (panel b) can be accounted for a large percentage of the larger mismatch.

156



Figure 2.30 is a demonstration of such a checking procedure using the same 2D HSQC
NMR experimental signal of rubredoxin used in previous 2D examples. Actual 2D FT
spectra were computed by using both N- and P-type data set with cosine weighting
functions in both dimensions. Both a short 2D FT spectrum (panel a, 200 x 16) and
a long one (panel b, 200 x 64) are shown. Note that the long 2D FT spectrum is
noisier. Spectral parameters {wiy, war, Dy v} were computed by FDM2K only using
200 x 16 complex data points. These parameters were then used to estimated two
finite time 2D FT spectra with signal length N; x Ny being 200 x 16 (panel ¢) and
200 x 64 (panel d) respectively!®, and the infinite time 2D FT spectrum (panel e).
One can simply stare at these spectra (such as panel a and ¢) and see that they match

very well. Quantitatively, one can compute a relative “matching error” based on,

AN () wp) — FTVN2 () )2 (2.111)
‘= = [FTV N ) P | |

where FT™N2(w;, w,) denotes the actual 2D FT spectrum. The as calculated match-
ing error between spectra (a) and (c) is only 1.9%, which is within the noise level.
This is might not be surprising as we did use 200 x 16 data points to compute these
parameters in FDM and a good match is expected. We can also use the same spectral
parameters to estimate a long finite time 2D FT spectra with N7 x Ny = 200 x 64,
four times longer than the signal size used in FDM calculation. Again, the estimated
2D FT spectrum (panel d) matches with the actual 2D FT (panel b) very well, with
the matching error being only slightly larger, 2.9%. Note that a significant portion

of the increased mismatch can be due to the noise that is only present in the long 2D

8Note that cosine weighting function is evaluated analytically, resulting a formula that is slightly
different from Eq. 2.110.
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FT spectrum. This provides a very strong evidence that FDM is capable of providing
a good, reliable fit of the time signal to the Lorentzian model.

When the signal does not satisfy the Lorentzian model as well, the fitting error
will be larger. More examples will be given in Chapter 3, where FDM2K is applied to
analyzing 2D and 3D protein NMR signals. It has been shown that FDM is capable of
providing reliable fit of both large and complex multidimensional NMR signals in most
cases. The reliability and accuracy of individual peaks can be also be estimated, using
the techniques listed in previous section. In practice, these approximate error bars do
not always provide much information about the authenticity of the peak. Instead, it
is more useful and necessary to study the behaviour of particular peak(s) as a function
of processing parameters, especially the signal length used. More discussions can be

found in Chapter 3.

2.7 Summary and Remarks

Two nonlinear methods, namely the Filter Diagonalization Method (FDM) and
Regularized Resolvent Transform (RRT), for high-resolution spectral analysis of time
domain signals have been presented.

FDM solves the highly nonlinear fitting problem of Harmonic Inversion Prob-
lem (HIP) by pure linear algebra of diagonalizing some small data matrices in the
frequency domain. FDM is intrinsically stable and efficient due to its two most im-
portant properties: solving the nonlinear fitting problem via linear algebra and local

spectral analysis via Fourier-type basis. Applied to both model and experimental
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signals, it has been shown that FDM is able to deliver resolution beyond the FT
time-frequency uncertainty principle, given that the signal sufficiently satisfies the
Lorentzian model and is long enough (but typically not long enough for FT to fully
resolve all the features). The actual power of FDM lies in its multi-dimensional ex-
tensions (MD-FDM). MD-FDM is a true multi-dimensional spectral analysis method,
which is able to process the whole data set to characterize the multi-dimensional fea-
tures. The achievable resolution in all dimensions is determined together by the
total information content of the signal, instead of the signal sizes along individual
dimensions. MD-FDM is ill-conditioned due to several fundamental and practical
limitations. Regularization techniques must be used in order to obtain stable and
meaningful results with single FDM calculations. Among all the regularization meth-
ods exploited, FDM2K and SVD are particularly efficient. However, the ultimate
optimal regularization is yet to be found. In conclusion, 1D FDM is basically a well-
developed method, that is stable, efficient and capable of provide resolution higher
than F'T spectral analysis. Stable, high-resolution multi-dimensional spectral estima-
tions can be obtained efficiently by MD-FDM with regularizations, but the problems
associated with processing multi-dimensional signals have only been partially solved.
Even though the results we have obtained are already superior compared to those
given by F'T or other high-resolution methods such as LP and MaxEnt, there is still
plenty of room for further improvements.

RRT emerges naturally from FDM. The same data matrices are used but spectral
estimations are directly computed without the diagonalization step. Implementation

of RRT is straightforward and numerically efficient. Conventional techniques such as
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Tikhonov regularization or SVD can be efficiently use to regularize RRT. RRT can be
also use to construct non-FT types of spectral representations such as inverse Laplace
transform and various pseudo-absorption spectra. The advantage of RRT lies in its
simplicity and transparency, and the drawback is the lack of the freedom to directly
manipulate individual peaks. Both 1D and MD RRT are well-developed methods
that are stable, reliable and efficient. The problems associated with RRT are mostly
understood and significant improvements over current version of RRT are not much
expected. The major limitation of RRT lies in the phase instability of the peaks,
manifesting it as the lineshape distortions in the final absorption spectra, especially
when the signal is truncated in all dimensions. While the hybrid method eXtended
Fourier Transform (XFT) intends to combine the stability of FT with high-resolving
power of RRT, the results are not totally satisfactory. In high-resolution XFT spectra
where the contribution from RRT correction is significant, the phase instability is still
present.

Finally, a limitation shared by RRT and FDM is the lack of a consistent way for
verifying the results. While it is possible to qualitatively check whether a particular
feature is likely to be genuine or not, there is not a rigorous, quantitative way to
make some solid, conclusive judgments. False positives as well as false negatives can
be costly for those unaware of the underlying uncertainty. One of the main focuses
for future research should be developing some systematic schemes for detecting false
positives and false negatives. Before such a scheme becomes available, the question
of “I see something great, but is it real?” will always be haunting us and hamper
FDM/RRT from being widely accepted and used.
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Appendix I: Non-Hermitian Quantum Mechanics

Here we briefly review the linear algebra of Non-Hermitian Quantum Mechan-
ics [91]. The conventional quantum mechanics considers only Hermitian operators
acting in a Hilbert space. The Hilbert space is characterized by a Hermitian inner
product (¥|®) = (®|W)* with the asterisk defining the complex conjugate. Any vec-
tor in Hilbert space has is a well defined the norm, (¥|¥), which is always real and
non-negative. The eigenvalues of a Hermitian operator are always real. However,
Hermitian quantum mechanics is not sufficient to describe dissipative dynamic sys-
tems, as we need non-Hermitian operators with complex eigenvalues representing the
frequencies of decaying sinusoids.

Consider an abstract non-Hilbert linear vector space A. To distinguish between
the Hermitian and complex symmetric inner product for the latter we use the round
brackets, (V|®) = (®|¥). Note that (¥|¥) is not necessarily real, i.e., the norm of W is
not necessarily defined in our non-Hilbert space. Moreover, (¥|¥) can even vanish for
a nonzero vector W. Although numerically this is unlikely to happen, it is clearly an
indication of possible problems (e.g., instability) in the numerical algorithms involving
the non-Hermitian inner products.

We will always identify linear operators, U , Q, etc., that act on vectors in A by
a cap. By the complex symmetric operator Q) we mean that it satisfies the following

relationships:

{(W[HQD)} = {(LIQ}H{[®)} = (¥|QP) , (2.112)

for any two vectors |¥) and |®) from A. In words, it does not matter whether we first
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operate with 2 on |®) and then evaluate the inner product with (U] or vice versa.
An operator Qs diagonalizable, if it has a set of eigenvalues wj and eigenvectors
|wk) satisfying

Qlwr) = we|wr) (2.113)

where the eigenvectors are orthonormalized with respect to the complex symmetric
inner product, i.e.,

(wk|wkr) = 5kk’ . (2114)

We will also assume implicitly that our operators are not pathological, which, in
particular, means that the eigenvectors form a complete basis and one can use the

resolution of identity,
I=" ) (W] - (2.115)
&

This also implies that Q) can be expressed using the spectral representation,
Q=" wilwr) (Wl - (2.116)
k

The spectral representation becomes very useful when we want to obtain an ex-
pression for a function f (Q) of an operator 2, whose eigenvalues and eigenvectors are

known:

F(2) =3~ flwn)lwr) (@il - (2.117)

k

Note that f({) is also an operator with the eigenvalues fi = f(wy) and the same

eigenvectors |wy).
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Appendix II: An alternative expression for comput-

ing the amplitudes

Here we derive an alternative expression for computing the amplitudes, which is
more accurate for narrow poles. As for normal eigenvalue solvers, the eigenvalues are
obtained variationally, while the eigenvectors are obtained in a non-variational way.
Thus according to Eq. 2.24 the amplitudes d, are generally much less accurate than
the frequencies wy. In addition, given an eigenvector Bk, Eq. 2.24 only makes use
of the first half (M = N/2) of the time signal available and is not always the most
accurate expression for the coefficient dj that exists, especially for a narrow pole wy.
As such a more accurate formula is derived for the narrow poles. First let us rewrite

Eq. 2.6 in a more general form:

d? = (Tk|q>o):<[0/uk]"'rk|q>o)

= u,;", (Tk|U"/‘I>0) = u;?"' Z [BkL QA
J
M—1

. n' N in/T(wg+1 INTY;
= € PYZ [Bk] ; Z € (e 7)6 %Cn—l—n’ ’
J 7 n=0

where v and n' are free parameters. We can now average the above expression over

n' =0,1,..., Mye — 1 for an arbitrary M, between 1 and M,

—T
1/2 1—e ~
4 = i 2 (B
k 1 — e—MaverT'Y Z k 7
J
Mavcr_l M-1

x Z Z ein’T(wk-Fi'Y)einTﬂojcn_i_n,’ (2.118)
n’=0 n=0

where the averaging was done by weighting each term with e~ (to eliminate the

/ -1 . .
prefactor) and then normalizing the final result by [Z%‘gg‘l e " “’} . Just like in
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Eq. 2.18 one of the two sums in Eq. 2.118 can be evaluated analytically (see Section
2.2.4). To eliminate the ambiguity in the choice of the free parameters in Eq. 2.118 for
narrow poles wy (for which Eq. 2.118 is relevant), it suffices to stick with Myer = M

and

—Im{wr} , Im{wi} <0
’}/ =
0 , Im{wy} >0

For model signal or real signals with very high SNR, Eq. 2.118 does yield the ampli-
tudes with more accuracy. However, it will lead to an ambiguous result if M7|Im{wy}| >
1, in which case the signal corresponding to these “broad” peaks should decay away
very quickly and thus including longer signal to calculate their amplitudes would only
deteriorate the accuracy. In these cases, Eq. 2.24 should be used. A final word on
whether Eq. 2.24 or Eq. 2.118 should be used is as following: unless the signal has very
high SNR and one is really interested in computing the amplitudes of some narrow

poles as accurately as possible, Eq. 2.24 should always be used.
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Appendix III: Other Fourier-Type Basis

The rectangular-window Fourier basis defined in Eq. 2.15 is very simple and easy
to implement. However, experience with Fourier Transform spectral analysis might
suggest that it might not the most efficient one, for example, considering the highly
oscillative sinc-like structure of off-diagonal matrix elements. Here we discuss a more

general definition of Fourier basis by including a filter function g,,

M-1

() = D gne™|Dy) . (2.119)

n=0

Mathematically, any non-vanishing filter functions g, are exactly identical in the
full space. However, the point of using a Fourier-type localized basis is to reduce
the problem to a small subspace. It is possible, but not obvious, that a good filter
function might lead to more accurate and stable numerical approach.

In general, the efficient expressions we derived for computing the U matrix ele-
ments (Eq. 2.20 and Eq. 2.23) can not be used. Chen and Guo [62] have derived an
alternative expression to compute the U matrix elements in a Fourier basis with a
general filter. This expression requires K., times more CPU time compared to
the simple case of rectangular-window Fourier basis of Eq. 2.15. However, there are
several other type of filter functions that can be implemented with similar compu-
tational efficiency of rectangular window function [67]. For example, a exponential

filter function,

gn = exp(—yn), (2.120)
corresponds to replacing the real frequency grid ¢; by a complex one, ¢; + ¢y, and
expressions Eq. 2.20 and Eq. 2.23 can still be used.
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Trigonometric type of filter functions can also be efficiently implemented. For

example, a cosine filter function,

Gn, = COS <gM7:L 1> , (2.121)

is often used in Fourier Transform and leads to a good balance between the suppression-
of sinc wiggles and efficient sampling of initial part of the signals. In this case,

Eq. 2.119 can be rewritten as in terms of rectangular-window Fourier basis,

W (0)) cos = %( (W (p; +a)) +[¥(p, —a))), (2.122)

where o = 7/(2(M + 1)). Then the U matrix elements can be computed using the
same expressions, Eq. 2.20 and Eq. 2.23.

To our disappointment, numerical experiments showed that introducing these win-
dow functions had not led to a significant numerical difference. This indicates that
a rectangular-window Fourier basis is already very efficient in carrying out the local
spectral analysis. The use of different filter functions only affect the initial structure
of U matrices and have minor effect on the whole subspace formed by K, window

basis functions.
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Chapter 3

Application of FDM for NMR

Spectral Analysis

3.1 Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most powerful
tools for probing the structure of the physical matters. It is one of most commonly
used non-destructive analytical tools for studying the structure of chemical com-
pounds; it is one of the only two methods for determining the 3D structure of biolog-
ical macromolecules, and the only one that works in solution. In addition, NMR is
a powerful tool for studying the dynamics and interactions between molecules, pro-
viding unique information for understanding how biomolecules such as proteins and
DNA function in their natural environments.

NMR is based on the principle of nuclear spin angular momentum, an intrinsically

quantum mechanical property that is analogous to electron spin angular momentum.
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It was first detected in bulk matter by Bloch [104] and Purcell [105] in 1946, who
then shared the Nobel Prize for Physics in 1952 for this discovery. In the molecule,
the nuclei are surrounded by electrons, which act like a shield to the external mag-
netic field. Thus the actual strength of magnetic field experienced by the nucleus
has dependence on the local electronic environment. The observed nuclear magnetic
resonance frequencies will be slightly different for nuclei in different chemical envi-
ronments. This frequency shift is thus called the “chemical shift”. The chemical shift
was first predicted by Dharmatti and then demonstrated by the famous three-line
proton NMR spectrum of pure ethanol [106]. Even though the existence of chemical
shift is a big disappointment for physicists [107], it provides a way for chemists to
study the structure of chemical compounds. At that time, NMR spectroscopy was
called continuous wave NMR (CW-NMR) as it relied on sweeping either the magnetic
field or the radio-frequency to detect difference resonances. Due to its low sensitivity
and long experimental time, NMR did not actually gain much popularity in organic
chemistry, until Ernst and Anderson developed modern Fourier-Transform NMR, (FT-
NMR) [108] in 1966. Short bursts of RF field, or pulses, were applied perpendicular
to the static magnetic field to excite all the resonances at once. A Free Induction
Decay (FID) time domain signal was then acquired and Fourier Transformed to pro-
vide the frequency spectrum. FT-NMR speeded up the experiment by hundreds of
times and improved the signal to noise ratio (SNR) enormously for the data obtained
in the same amount of time. With the development of the Fast Fourier Transform
(FFT) algorithm by Cooley and Tukey [6] and decreasing cost of computers in the
late 1960s, FT-NMR grew explosively and almost completely replaced the CW-NMR.
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Another milestone in the history of NMR spectroscopy was the introduction of
two-dimensional NMR experiments by Ernst [109] in 1976, based on the idea proposed
by Jeener [110] in 1971. By introducing a second dimension, not only could the
potentially heavily overlapped resonances be dispersed into the second dimension, but
useful information about the chemical and/or dynamical connections between spins
could be obtained. With the aid of a quantum-mechanical representation known as
the density matriz formalism [111, 112], which provides a complete description of the
state and dynamics of the spin system, numerous novel 2D and higher dimensional
NMR experiments were developed. In 1991, Ernst was warded the Nobel Prize for
Chemistry for his pioneering work on modern NMR methodology. Nowadays, 1D and
multidimensional NMR experiments are performed on a routine basis in many fields
including chemistry, solid state physics, molecular biology, and medicine [113, 11].

The effectiveness of NMR hinges on the ability to obtain a resolved spectrum.
While sensitivity of NMR has been steadily improved by new advances in NMR
probe and high-field magnet technologies over the last two decades, the fundamental
resolution of NMR solely depends on the obtainable magnetic field strength and has
only seen limited improvement [114]. The resolution that can actually be achieved
is further limited due several severe drawbacks of conventional FT spectral analy-
sis. In particular, the FT resolution is limited by the so-called FT time-frequency
uncertainty principle, which means a long time signal has to be acquired in order to
obtain a high spectral resolution. What makes it worse is that the FT uncertainty
principle applies to all dimensions independently in multidimensional F'T spectral
analysis. Due to various practical limitations, multi-dimensional NMR. signals are
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typically truncated or severely truncated in the indirect time dimensions, leading to
poor FT resolution in the corresponding frequency dimensions. This is one of the
major limitations of the multi-dimensional NMR experiments. As we discussed in
Chapter 1, considerable efforts have been spent on developing various high-resolution
alternatives to F'T spectral analysis. However, due the high complexity and large
scale of the problem, these methods are typically both computationally expensive
and numerically unstable. Accordingly, F'T remains the method of choice in most
cases for NMR spectral analysis.

The FDM and RRT algorithms introduced in Chapter 2 have proved to be superior
in computational efficiency and numerical stability. It shows promise as a working
method for high-resolution spectral analysis. Multi-dimensional FDM and RRT are
true multidimensional methods. The whole data set are processed together to provide
resolution enhancements in all dimensions, according to the total information content
of the signal. FDM and RRT are thus particularly suitable for NMR spectral analysis.
In this chapter, we will discuss various issues that are specific to analyzing NMR
experimental signals. The rest of the chapter is organized as following: we will first
discuss the linear phase correction via FDM/RRT for 1D NMR signals in Section 3.2,
then in Section 3.3, we will discuss the construction of non-trivial projections and its
application to a singlet-TOCSY experiment. In Section 3.4, an efficient scheme for
processing multi-dimensional Constant-Time (CT) NMR signals is introduced and
then applied to 2D CT-HSQC and 3D CT-HNCO NMR experiments of proteins.

Finally, a summary is given in Section 3.5.
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3.2 Application of FDM/RRT for 1D NMR

From the spectral analysis point of view, 1D NMR does not really have limi-
tations, simply because long signals are typically available and high resolution F'T
spectra can be thus obtained. The resolution enhancement that can be achieved is
marginal, even for methods like FDM or RRT. However, FDM and RRT can pro-
vide additional useful information besides the high-resolution spectra. For example,
as discussed in Section 2.5.3, RRT can be used to generate a pseudo-2D spectrum
I(w +1iI") as a function of both real and imaginary frequencies and separate poten-
tially heavily overlapped resonances. FDM can provide a parameter list which is
generally a reasonable fit of the time signal, as was demonstrated in Section 2.6.1.
Even though multiple entries might be used to represent a single spectral feature and
any nontrivial use of line list should be done with cautions, the line list provides a
much better starting point for peak picking, peak integration and coupling constant
measurement, while the conventional peak searching methods are sensitive to noise,
baseline distortion, and closeby strong features. In this section, we will focus on cor-
recting the linear phase by FDM and RRT, where conventional F'T spectral analysis

has problems.

3.2.1 Linear Phase Correction

Problems with the first few data points of NMR signal can arise from many sources
including the transient response of the audio filter and probe ring-down. Linear

phase delay can be also caused by the stabilization delay following the magnetic field
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gradient pulses and some special pulse sequences such as 1-3-3-1 water suppression
sequence [115]. In these cases, the signal ¢(t) is only available from some time ¢, > 0
instead of tp = 0. In 1D NMR, all resonances are typically controlled to have the
same phase at ¢ = 0, giving rise to a nice absorption spectrum with all peaks “in
phase”. It is thus desirable to produce such a “in phase” spectrum even when the

signal does not start from ¢ = 0, requiring a time shifting or so called “linear phase

correction” in FT,

T . . T—t g .
[(w) = /t C(t)etdt = ei«to / Ce()e  dt = ¢ FT[e)], (3.1

0 0

where the term e corresponds to a phase correction that is linear with respect to
the frequency, w. The FT linear phase correction works well only when the delay
is short, so that the phase roll over the typical linewidth is small. A large linear
phase correction can cause severe phase rolls in the baseline. For example, trace (c)
of Figure 3.1 shows that, with the delay ¢ty = 17ms, the baseline is severely distorted
after the FT linear phase correction. The source of the baseline distortion is follows:
FT corrects the linear phase point by point on the frequency axis, which is only
accurate at the center of the peaks. In another word, the phase roll is due to the fact
that F'T is not able to recognize individual peaks and correct their phases accordingly.
For example, considering a signal that contains an isolated resonance at zero frequency
with a linewidth of 5 Hz, and assuming a delay of 10 ms, the phase corrections for
spectral points at -5 Hz and +5 Hz differ by A¢ = 10 x 0.010 x 360 = 36°, while
the phase correction should be the same as across the same peak (at zero frequency).

FDM and RRT fit the signal to a sum of Lorentzian lines and thus can potentially
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Figure 3.1: Linear phase correction via DFT and FDM/RRT, applied to a NMR
experimental 1D signal with 5K complex data points. The FT linear correction intro-
duces severe phase rolls in the baseline (trace b). The FDM linear phase correction
via Eq. 3.2 is numerically unstable and can also introduce baseline distortions (trace
¢). By incorporating the linear phase correction into the RRT expression or the
generalized eigenvalue problem, the numerical instabilities introduced by Eq. 3.2 can
be eliminated (trace d). However, there are still some small instabilities due to the
existence of broad poles and noise, which can be further suppressed by FDM/RRT
averaging.

recognize all peaks and correct the phases of all peaks in a more consistent way.
In FDM is used, we have all the spectral parameters {wy, dx(to)}, where d(to)
denotes the complex amplitude at t = t; > 0. They can be then used to estimate the

amplitudes at t = 0 simply by

di (0) = dy(to) exp(iwpto) - (3.2)

However, such a correction is only reliable if both the frequencies w; and the ampli-
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tudes dy(tg) are accurately extracted. This is often true for the narrow peaks when
the signal sufficiently satisfies the Lorentzian model (as we demonstrated in Sec-
tion 2.6.1). However, for broad features, the parameters extracted are less accurate,
and such a correction might introduce a large error and result in baseline distortions.
In addition, multiple entries might often be responsible for describe a single spectral
feature. The mutual cancellation and interference might not be conserved after the
linear phase correction, resulting in distorted lineshapes. Finally, the line list con-
tains entries that describe noise. Linear phase corrections for these entries do not
make sense and might amplify the noise. Unfortunately, there is no reliable method
for separating noise spikes from genuine features. As a result, Eq. 3.2 can introduce
numerical instabilities. For example, trace (b) of Figure 3.1 shows an example where
Eq. 3.2 is directly used to correct the linear phase caused by a delay of 17ms for an
experimental signal that contains noise and broad features. Even though it seems that
the correction is quite good for narrow peaks and there is no phase roll in the base-
line, there is a big baseline distortion due to some broad poles around w ~ —2750H z.
An averaging method that is similar the stabilization scheme proposed by Mandelsh-
tam [116] can be used to suppress the instabilities. The idea simply relies on the fact
that the errors in the poles are random and thus can be reduced by averaging over
many FDM calculations with varying signal length. A successful example was given
in Ref. [67].

Here we present an alternative scheme where the linear phase correction is in-
corporated into the generalized eigenvalue problem and can significantly reduce the

instabilities. RRT expressions can also be used to obtain the linear phase corrected
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spectral estimation directly from the signal in this scheme.
Given a discrete time signal c¢(n) = c(n7), available only from n = ng,ng +

1,...,n9+ N — 1, the goal is to estimated the infinite time DFT summation?,

Iw)="71 ioc(n)ei”” . (3.3)

Substituting the FDM quantum ansatz, c¢(n) = (CDO\U"QDO), into Eq. 3.3 and evaluat-

ing the geometric summation analytically leads to?,

1
[(w) = 7P| ———=|D
() (01—6”“(] 0)
A 1 A
- T<<I>HOU"07, U <I>n0>
1_ezer
1

= 7 (‘I)no

Evaluated in the Fourier basis defined in Eq. 2.15, the operator expression of Eq. 3.4

cpno> . (3.4)

U2n0 _ 62'7'0.) U2no+1

becomes a numerical expression for estimating the linear phase corrected spectra
directly using the delayed finite time signal:

. -1
I(w)=7C,, [0

. ~ (2n0+1)
_ eZ’TWU

where the shifted FT column vector éno is computed as,
~ M_l .
[Coli = (Puo|¥) = D €™ c(n+ no),
n=0
and the delayed evolution matrices Um0+ [ =1 2 can be computed using Eq. 2.20

and Eq. 2.23 with p = 2ny and p = 2ny + 1 respectively. Note that M = (N — ng)/2

due to the condition that 2(M — 1) +2ny+ 1= N +ny — 1.

!The zero point correction term is dropped here for the sake of simplicity.
2 Assume that for dissipative systems, U™ — 0.
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Obviously, Eq. 3.5 can be directly evaluated by computing a pseudo-inverse of the
resolvent matrix via either SVD or Tikhonov Regularization. Alternatively, we can

solve a generalized eigenvalue problem,

~ (2no+1) ~ = (2n0) 1

0B, = w, U B, (3.6)
compute the amplitude (already linear phase corrected) as
By, (3.7)

and then use Eq. 2.27 to construct the linear phase corrected FDM ersatz spectrum.
In principle, both approaches should give essentially the same result. However, as
a large linear phase correction is ill-conditioned for signals with noise, broad poles
and /or heavily overlapped features, the RRT approach is more suitable for obtaining
a stable spectral estimation.

By incorporating the linear phase correction into the RRT expression or general-
ization eigenvalue problem, we totally avoid the possibility of amplifying the numerical
errors in the spectral parameters by using a separate linear phase correction step of
Eq. 3.2. Expression Eq. 3.5 is numerically much more stable and can potentially
used to correct much larger time delays. For example, Figure 3.2 demonstrates the
robustness of Eq. 3.5 using the model signal “Jacob’s Ladder” that has been used in
previous 1D examples. It shows that Eq. 3.5 can be used to apply the linear phase
correction for virtually any length of delays without running into numerical insta-
bility problems. Applied to the experimental signal, Eq. 3.5 also shows significant

improvement in baseline stability compared to both DFT and Eq. 3.2, demonstrated
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Figure 3.2: A demonstration of the robustness of linear phase correction via Eq. 3.5
using the model signal “Jacob’s Ladder”. Shown here is a dense region of the spec-
trum. Only 32 K data points were used and thus the multiplets were not totally
converged, even though sufficiently resolved. Trace (b) through (d) show the spectra
obtained by first skipping 100 up to 10000 data points before reading in 32K data
points from the rest of the signal, corresponding to time delays of ¢ty = 0.1 second up
to ty = 10 seconds. Even with a delay of 10 seconds, a reasonably good spectrum can
still be obtained. However, note that small artifacts start to appear in the baseline,
and the phases of several peaks are not perfect.

in trace (d) of Figure 3.1. However, there is still some small distortions in the base-
line. The reason is that even though we eliminate the numerical instability introduced
by Eq. 3.2, instability due to the ill-conditioning of large linear phase corrections for
noisy signals with broad peaks is still present. FDM averaging procedures can be
used if one wish to further suppress the instabilities.

A last comment on linear phase correction via FDM and RRT is that the multi-
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scale Fourier basis should not be used. Even though it can improve the accuracy
of the parameters for the narrow features, this is achieved by using broad poles to
describe the background and features outside the spectral window in lower resolution.
These broad poles are often some effective representation of more complicated fine
structure of actual features. Linear phase correction of these “unphysical” poles is

meaningless and likely to introduce severe baseline distortions.

3.3 Nontrivial Projections by FDM

In addition to the trivial projections such as the conventional 1D projections
(Eq. 2.67), FDM can be also used to construct some non-trivial projections. One of the
most useful projections for NMR is the 45° projection for J-experiment [72, 71, 73, 90].
It was demonstrated in that highly resolved absorption-mode 45° projection can be
obtained by FDM, while for F'T construction of absorption-mode 45 is impossible and
only skew 45° projection of an absolute value 2D-J spectrum can be obtained [118]. In
this section, we will first outline the mathematical approach for constructing a general
nontrivial projection along an arbitrary time vector, then focus on its application to
obtain highly resolved homonuclear correction spectra using a few TOCSY data set.
Numerical difficulties related to constructing stable nontrivial projections will also be
addressed.

Let 7= (p1,...,pp) be a general N-dimensional time vector along which we want
to construct a spectral projection. p; can be any real or even complex numbers (such

as in 2D-J DOSY [96]). For example, in 2D case, = (1,0) and (0, 1) correspond to
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the normal 1D projections along the first and second time dimensions; 5 = (1, —1) cor-
responds to the non-trivial 45° projection. Given an N-dimensional line list {dy, Jy},

the p-projection of the frequencies is simply defined as,

D
=puy = Z 1 Wik - (3.8)

The complex spectral p-projection is then?,

Tow) =iy —%

4 P o (3.9)
An absorption-mode projection can then be obtained by taking the real part of the
complex spectrum. Therefore, if we can obtain a parametric representation of the
signal, it is trivial to compute any trivial or non-trivial projections. In practice, this

procedure has difficulties due to the lack of a reliable N-dimensional FDM line list.

Instead, it is less demanding to first construct the p-projection Hamiltonian [73, 91],
A — D A
Qﬁ:ﬁgzzplgl (310)
=1
and then solve the eigenvalue problem,
Q5 | Tin) = wine [ Tie) (3.11)

to obtain the p-projection of the frequencies. The corresponding resolvent for esti-

mating complex spectral p-projection is then,

1

o (3.12)

Ii(w) = <®0

q;o> :Z'ZM:Z'Z

KW Wk K W Wik

3Note we use the integral Fourier spectral representation instead of the discrete one as the latter
is unlikely to be advantageous for non-trivial projections
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Note that for certain types of projections such as the 45° projection of J-experiments,
wpr has virtually zero linewidth. Some smoothing should be used to improve the
appearance of the spectra (see Eq. 2.28).

Evaluated in Fourier basis, the operator equations of Egs. 3.10-3.12 become nu-
merical expressions for computing general p-projections. Given the matrix repre-
sentations U, for [ = 0,...,D in the Fourier basis, {l¢;)}, a numerical procedure of
computing a general p-projection is given as following,

(i) Solve D number of 1D generalized eigenvalue problems (Eq. 2.62) independently
to obtain the eigenvalues wu;, = e ™ and eigenvectors Blk.

(ii) Use wy and By to construct a matrix representation of Qﬁ in the basis of {|p;)},
. b _ D o
Qr=> U =>p Y wnUBuB, Uy, (3.13)
=1 &

where €, is the corresponding matrix representation of (), in the Fourier basis.

(iii) Solve another generalized eigenvalue problem

QﬁBﬁk = Wﬁkﬁo]éﬁk X B ﬁoBﬁk =1. (314)

(iv) Compute the frequencies wg, and the amplitudes dy, from the eigenvectors By,
(Eq. 2.56), then use Eq. 3.12 to compute the complex spectral projection Iz(w).
Initially, FDM averaging was used to obtain an artifacts free spectrum [73]. Here
we implement the more efficient FDM2K regularization, simply by reformulating all
the GEPs involved according to the FDM2K algorithm (Eq. 2.82). For non-zero ¢,
the matrices on both sides of Eq. 2.82 are asymmetric. Thus both left and right

eigenvectors need to be computed when diagonalizing U, especially for large regu-

180



larizations:

fjgfjlf{lk = Uy (fjgfjo + q2> le , (315)

LU0 = w000+ ) | (3.16)
where filk and I:lk denote the right and left eigenvectors, normalized according to
1 OB = O
Eq. 3.13 then becomes,

D
Qﬁ = Zpl Z wlkaleL}];Uo . (317)
k

=1

3.3.1 45°-Projections of J-Experiments.

One of the most interesting non-trivial projects for NMR spectroscopy is the
45° projections of various J-experiments. J-experiment was first proposed by Ernst
and coworkers to obtain broad-band proton-decoupled proton NMR spectrum [118].
It is hampered by the poor resolution of phase-twisted line shape, because in J-
experiments only a single purely phase-modulated data set can be acquired. Con-
ventional F'T spectral analysis requires many J increments and can only provide
absolute value mode 45°-projections, which are unimpressive in resolution. The J-
spectroscopy has thus not been widely used. However, combined with FDM data
processing, J-experiments can be very useful in simplifying complicated spectra with
heavily overlapped multiplets, by first dispersing the multiplets into an additional

J-dimension and then reducing them into sharp singlets in the 45° projection.
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Figure 3.3: The singlet-HSQC spectrum of progesterone obtained using a HSQC-J
pulse sequence given in Ref. [90]. All the proton multiplets are collapsed into singlets!
The 3D purely phase modulated signal consists of N1 X Ny x N3 = 600 x 64 x 2 points
in the proton, carbon-13, and proton J dimensions respectively. FDM signal-length
averaging was used to obtain an artifact free spectrum.

FDM has been successfully applied to various J-experiments including 2D-J [72,
71] and 3D HSQC-J [73, 90]. In 2D-J experiments, p'is set to (1, —1) to compute the
45° projection. Highly resolved absorption mode homonuclear decoupled 1D proton
NMR spectrum was obtained using as few as four J-increments [72]. In addition,
for each singlet, an estimate of the corresponding multiplet can be computed. In 3D
HSQC-J experiments, first two dimensions are proton and carbon chemical shifts and
the third dimension is the proton homonuclear J dimension. p' = (1,0, —1) corre-
sponds to the proton-decoupled 45° projection. Correlated with the carbon chemical
shifts, we can obtain a so called singlet-HSQC 2D double-absorption spectrum where

the proton multiplets of the conventional HSQC spectrum are collapsed into singlets
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at the proton chemical shifts,

A(wp,ws) = 3" Re[Dyw|Re [1 ! - 1] Re [L] L (3.18)

o — eim(wawa) 2 Wy — Wk
with cross amplitudes Dy, ;» computed as Eq. 2.66. It was demonstrated that the J-
dimensions did not have to be fully resolved in order to obtain a good 45°-projection.
As few as one additional increment in each J-dimension might be sufficient in many

cases. An example of singlet-HSQC spectrum is shown in Figure 3.3.

3.3.2  Singlet-TOCSY Spectra via FDM

Another interesting application of nontrivial FDM projections is the singlet-TOCSY
experiment, where two J-dimensions, combined with FDM data processing, are used
to decouple the homonuclear coupling in both proton dimensions. The closely spaced
rectangular multiplet of conventional TOCSY is reduced to a sharp and intense singlet
at the chemical shifts of two correlated protons, leading to a substantial resolution
improvement. The simplified 2D spectra are thus called singlet-TOCSY spectra.

A J-TOCSY-J pulse sequence, developed by De Angelis [119], is given in Figure 3.4
in comparison with that of the conventional TOCSY experiment. The double spin
echoes preceding each of the traditional time variable, ¢; and 5, add two homonuclear
J-dimensions, t3 and t4, leading to 4D time signals. Detailed descriptions of the NMR
experimental parameters can be found in Refs. [90, 119]. Surprisingly, as few as one
additional increment along each J-dimension is sufficient. Finally, only three TOCSY
data sets, with (t3,t4) = (0,0), (73,0) and (0, 74), are required to obtain the 2D singlet-

TOCSY spectrum.
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Figure 3.4: Timing diagrams of the conventional TOCSY, (a), and J-TOCSY-J ex-
periments (b). The black solid icons represent 90° pulses. Scored icons represent
constant amplitude FM 180° pulses. A spin lock and short Tr-ROESY purging
pulse [120] surround the isotropic mixing sequence DIPSI-2 [121, 122]. The 4-step
phase cycling ¢1 = (z,y, —z, —y); ¢ = 4(x); receiver= (z,y, —z, —y) is combined
with CYCLOPS [123] for a total of 16 scans per increment.

A 2D double 45° projection of the 4D time signal can be constructed by setting

p1 = (1,0,—1,0) and p> = (0,1,0,—1) and computing the double-absorption mode

2D spectral estimation as,

1 1
Alwy,,wz,) = Dy g _ — . 1
() = 2 RelDiilfe L‘Jﬁ —wﬁlk] e L‘Jﬁz _wﬁzk’] (319)

kK
Note that 2D spectral estimation with a single homonuclear decoupled proton dimen-

sion can also be obtained simply by replacing either p; or p; with the conventional
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projection vectors. For example, setting p; = (1,0,0,0) and p> = (0,1,0, —1) leads
to a 2D spectrum homonuclear decoupled only in the second proton dimension.

Figure 3.5 demonstrates the singlet-TOCSY using a simple spin system, 2,3-
dibromopropionic acid, with three weakly coupled protons. The pulse sequence
shown in Figure 3.4 was used with a 40.0us spin lock, 35.0us Tr-ROESY purging
sequence, and 53.0us DIPSI-2 mixing time. The spectral widths are 25H 2z for both
J-dimensions, and 700H z for both proton dimensions. For each (t3,t4) increment,
200 x 80 complex data points were acquired. The regularizations were optimized for
all FDM calculations. Even though one additional increment in each .J-dimension is
not sufficient to fully resolve the multiplets in J-dimension, clean and sharp singlets
can be obtained in the 45°-projections. Figure 3.6 compares the corresponding verti-
cal cross sections of the central part of the central triplet in the conventional TOCSY
and singlet-TOCSY spectra. The multiplets are not fully resolved in the indirect
dimension (¢;), shown in the top trace, while nice and intense singlets are obtained
in the singlet-TOCSY, shown in the bottom trace.

The simple example of Figure 3.5 demonstrates the possibility of using FDM to
obtain homonuclear decoupled TOCSY spectra using small J-TOCSY-J 4D data sets.
However, its performance on more complex systems still needs further investigation.
There are several difficulties associated with computing 2D singlet-TOCSY spectra.
First, TOCSY spectra contain a lot of multiplets that are degenerate in both dimen-
sions, are unfavorable for FDM. Second, the scaling step of Eq. 3.13 is sensitive to
any numerical errors in the eigenvalues and eigenvectors. It is not clear how regu-

larization will effect the accuracy of projection operators as constructed. Third, it
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Figure 3.5: A demonstration of successive simplification of TOCSY spectra using
a weakly coupled three-spin system. The 4D J-TOCSY-J signal consists of three
2D TOCSY data sets, each of which consists of 200 x 80 complex data points.
Panel (a) through (d) show the conventional, homonuclear decoupling in F1 only,
homonuclear decoupling in F2 only, and homonuclear decoupling in both F1 and F2
TOCSY spectra. The projection vectors used are: (a) p; = (1,0,0,0),p> = (0,1,0,0);
(b> o= (1707070)7ﬁ2 = (07 1,0, _1); (C) o= (1707 _170)7ﬁ2 = (07 17070); (d>
p1=(1,0,—1,0),p> = (0,1,0,—1).
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Figure 3.6: Vertical traces along the center peak of the central triplet of conventional
TOCSY (panel (a) of Figure 3.5) and singlet-TOCSY spectra (panel (d) of Figure 3.5).

is not clear whether and how we should regularize the second eigenvalue problem
of Eq. 3.14. Until we have solutions for overcoming these difficulties, application of
singlet-TOCSY to simplify complex systems with many heavily overlapped multiplets

will remain problematic.
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3.4 Constant-Time NMR Signals Processed by FDM

In conventional 2D NMR experiments, two data sets, either N-/P-type phase
modulated signals or cosine/sine amplitude modulated signals, are acquired*. This
is an absolute must for F'T to obtain a double absorption spectrum. However, FDM
only requires a single purely phase modulated signal, either N- or P-type, to compute
a double absorption mode 2D spectral estimation. It appears that processing N-
and P-type independent data sets, and then combining the results does not greatly
improve the FDM results. In addition, FDM might fail due to insufficient signal size
of a single phase-modulated signal (either N- or P-type). Instead, a single, twice as
long N-type (or P-type) data set would be far superior for FDM data processing,
while such as a data set will be useless for FT data processing, because only absolute
value spectra can be obtained. Therefore, it seems that the optimal data formats
for FT and FDM are different and incompatible with each other. Fortunately, for
the special case of Constant-Time (CT) NMR experiments, there exists a doubling
scheme for FDM to co-process both N- and P-type signals together as a single signal,
but twice as large. With the doubling scheme, optimal data formats for FDM and
FT become compatible. In addition, there are some special properties of CT signals,
making them particularly suitable for the FDM spectral analysis.

In this section, we will first briefly review relevant properties of CT NMR experi-

4These two types of data sets can be converted into each other simply by taking linear combi-
nations. For example, given cosine and sine modulated time signal, S.(t1,t2) and Ss(t1,t2), purely
phase modulated N- and P-type signals can be obtained as,

Sp(tl, tz) e Sc(tl, tz) + iSs(tl, tg) , SN(tl,tQ) = Sc(tl, tg) — iSS(tl, tg) .
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ments, and then describe the FDM doubling scheme for processing CT signals. Both
numerical and experimental 2D and 3D examples will be given to demonstrate the

efficiency of the doubling scheme.

3.4.1 Special Properties of CT NMR Signals

Many protein backbone NMR, experiments on uniformly-labelled molecules em-
ploy a fixed, or constant-time evolution period [124, 125], 27", to encode chemical
shift information. In some cases, the constant-time period is used to decouple the
homonuclear carbon-carbon couplings, leading to sharp and intense singlets instead
of broader multiplet, as demonstrated in the CT-HSQC experiment [126]. In other
cases, constant-time evolution is encoded within a fixed delay that is already present
for coherence transfer between spins, for example, in the CT-HNCO experiment [127],
thereby minimizing the total time between excitation and acquisition.

The CT signals almost show no decay in the CT dimension, with the residual
linewidth purely determined by the quality of the magnetic field homogeneity, which
is typically excellent with modern shimming. In F'T spectral analysis, the linewidth
in the CT dimension is governed by the FT time-frequency uncertainty principle. The
maximum signal length is limited by half of the total constant period, the obtainable
FT resolution is thus limited by 1/7. Apodization of the CT signal, which is to
reduce the sinc-like truncation artifacts, further broadens the lines. Therefore, longer
constant-time period is preferred from the resolution point of view, if FT is to be

used. However, there are other factors that prohibit the use of very long constant-
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Figure 3.7: The sensitivity of CT experiments as a function of the constant-time
period for C,, with a 35 Hz one-bond coupling to a single C.

time period. The observed signal intensity decreases exponentially with respect the
constant-time period, S(27) ~ e 2T/ with T, being the traverse relaxation time
constant. Thus to from the sensitivity point of view, a short constant-time period is
preferred. Accordingly, when FT is used, one has to compromise between resolution
and sensitivity and this is one of the major limitations of CT experiments.

The actual observed intensity of the aliphatic carbon is also modulated by the
one-bond coupling between C, and Cs, J.. ~ 35Hz, further limiting the usable

constant-time period for carbon:
S(2T) = e~ 21/ cos(2nJ,.T) . (3.20)

Figure 3.7 plots the relative intensity of C,, as a function of the constant-time period
for two different relaxation time constants. To obtain a sufficient FT resolution
without losing most of the signal, 27" is typically chosen to be either 26 — 28ms or
52 — 56ms, avoiding to the nulls at 1/J.. and 2/.J...
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FDM is a true multi-dimensional method in which the obtainable resolution in
all dimensions is determined together by the total information content of the data
set. It is not necessary for the signal to be long in all dimensions in order to obtain
high spectral resolution in all dimensions. In particular, it is possible for FDM to
use the information encoded in a long dimension to enhance the resolution in the
short dimensions. Thus, combined with FDM data processing, one does not have to
compromise between sensitivity and resolution in CT experiments. Short constant-
time periods can be used to improve the sensitivity without sacrificing the resolution
in a CT dimension. An additional bonus of using FDM data processing is that the
better sensitivity, as a result of using shorter constant-time period, can be effectively
translated into a better resolution in the FDM spectra.

Last, but not the least, CT signals have two special properties that make them
particularly suitable for FDM data processing. First, CT signals have virtually zero
linewidth and thus perfect Lorentzian lineshape in the CT dimensions. Therefore,
CT signals can be handled by FDM very efficiently. Second, there is a time reverse
symmetry between N- and P-type CT data sets. It is possible for FDM to process
them together as a single data set, but twice as large. Due to the sudden convergence
property of nonlinear methods, doubling the signal size can often lead to a dramatic
improvement in the obtainable resolution. This doubling scheme will be first described

in details and then demonstrated using both numerical and experimental signals.
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3.4.2 A Doubling Scheme for Processing CT NMR Signals

Assuming zero phase at t; = nym = 0,ty = nomo = 0, which is readily achievable

experimentally, the N- and P-type signals for a single peak may be written as,

SN(anla n27'2) = exp[i(w2n27'2 — u)lanl)] y (321)

Sp(’n,lTl, n27'2) = exp[i(w2n27'2 + wlnlﬁ)] , 171 = 0, T1y .- - ,T,

where t; corresponds to the CT dimension, and ¢, the acquisition time dimension.
wsy is complex, but w; is essentially real®, as the imaginary part vanishes in the CT
dimension. In a conventional picture, the N-type signal appears to evolve forward
in time but with “negative frequency”. Alternatively, we can consider it to evolve
with the same “positive frequency” as P-type signal, but with negative time step:
ni(—m) = 0,—7,...,=T. Therefore, by preceding the P-type data set, in the time
domain, with the N-type data in reverse chronological order, a pseudo-signal that

evolves effectively almost twice as long in CT dimension results:

SNP(anlu n27'2) = exp[i(w2n27'2 + W1n1T1>] , T = —T, e ,T . (322)

Note that this is achievable only if there is no decay in the CT dimension. Otherwise,
Syp will have a Golden Bridge shape and is inconsistent before and after ¢; = 0.
Even though the combined signal Syp is twice as long, due to the time symmetry
at t; = 0, the FT resolution in the CT dimension is still determined by 1/7 instead of
1/2T. FT of such the combined signal automatically produces absorption lineshape

in the t; dimension, which is not surprising since the purpose of acquiring both N-

®No assumption that w; should be real is used in FDM when CT signals are analyzed.
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Figure 3.8: Time symmetry between N- and P-type CT signals and Fourier Trans-
forms of them. It shows that due to the time symmetry between N- and P-type CT
signals, F'T of the combined signal, Sy p, automatically gives an absorption spectrum
with vanishing imaginary part. The peak is twice as intense but the linewidth is the
same as those in absorption mode FT spectra of N- or P-type signals (indicated by
the double arrows.)

ST

and P-type signals is to obtain an absorption lineshape in the indirect dimension.
Interestingly, this property was actually utilized, long ago, to obtain absorption-
mode lineshape in 2D NMR experiments [124, 128]. Figure 3.8 illustrates the time
reverse symmetry between N- and P-type signals and its effects on the lineshape and
resolution of the FT of the combined signal.

However, this time symmetry is totally irrelevant for FDM data processing. FDM
is a nonlinear method that is capable of producing double absorption type spectra
from a single purely phase-modulated signal. The signals effectively evolve twice as

long and thus the combined signal contains roughly twice as much information that
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can be utilized by FDM. Due to the “sudden convergence” property of any nonlinear
method, doubling the signal size can lead to a substantial resolution enhancement.

Our procedure is clearly reminiscent of the method called “mirror-image” linear
prediction [129, 127, 130]. It has been noticed [127] that, as the CT signal does not
decay, twice as many points can be used to extrapolated the signal by LP if the data
is “reflected” in F;. Thus twice as many LP coefficients can be computed and then
used to extrapolate the data, usually be a factor of two. Once the longer signal is
obtained, the “mirror-image” part is discarded and spectrum is obtained by taking
the F'T of the new extended data set. This procedure can improve the resolution in
the F dimension, although the final spectral resolution can not exceed that expected
from a hypothetical experiment in which data over [0,2T] is collected and transformed.
There are further limitations. Reflecting the signal also symmetrizes the noise, which
could introduce some avoidable bias.e An improved mirror-image LP will use Syp,
to compute the LP coefficients and then use them to both forward and backward
extrapolate the signal by a factor of two to obtain an extended signal , available from
ty = =2T,...,2T, from which extended N-type and P-type signals can be obtained
by simply keeping the negative or positive halves. A more severe limitation of the
mirror-image LP procedure, which is shared by the Fourier transform, lies in the fact
that it is essentially a 1D procedure and unable to utilize the important information
that evolutions in two dimensions are correlated.

In order to process the signal Syp, only minor changes to the previous FDM2K
algorithm are required. Let’s redefine the 2D discrete time signal ¢(77) = ¢(ny71, na7s)
to be available from n; = —(N; —1),...,0,...,N; — 1l and ny =0,..., Ny — 1. The
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new Fourier basis then reads,
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= e MUy g (M, - 1)), (3.24)
where My = Ny /2, My = Ny /2, and |V,;(M; —1)) denotes the normal 2D Fourier basis
defined in Eq. 2.50 but with shifted Krylov basis [®,,—(ar,-1),n,)- J = 1,2, ..., Kyin.

The U matrices in the new Fourier basis can be then computed as,

U]

Ji’

(13|09 a7

= TR (0 (M, — 1) 0P W, (M - 1)), (3.25)

where the (U;(M; — 1)| U® | ¥, (M, — 1)) part can be computed efficiently using the
formulas derived previously (Eqgs. 2.52-2.54), but with shifted data matrices, c¢(@’ +
D) = c(ny —2(My — 1) +p1, g +py). e M=D1ite15) ig simply a “phase factor” that
can be included after the (¥;(M; — 1)|U® | ¥, (M; — 1)) term is computed.

Once the U matrices are available, one can solve the generalized eigenvalue prob-
lems of Eq. 2.62 and then use the Green’s Function formulas, such as Eq. 2.68, to
construct various 2D spectral estimations. The last minor modification is to redefine

the FT column vector C (Eq. 2.57) accordingly,

[C]] - Z Z 6iﬁ@jc(ﬁ) ? ] = 1>2a '-'aKwin . (326)
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Figure 3.9: A comparison between 2D Lorentzian (left panel) and Gaussian lineshape
(right panel), using a selected region of a 2D 3C Constant-Time HSQC of uniformly
labelled human ubiquitin.

3.4.3 Lineshape Modification

Although the output of FDM is expressed in terms of Lorentzians lines, it is pos-
sible to convert them into any other lineshapes such as a Gaussian lineshape. The
most conservative way is to employ the standard Lorentzian to Gaussian deconvolu-
tion [131]. A rather more aggressive procedure, and the one we have employed here,
is simply to replace each Lorentzian with a Gaussian of the same full-width-at-half-

magnitude (FWHM) and equal integral,

Io(wi,we) = é Re [dy ] e~ (Wi=v1e)? /7, o= (wa—vap)? /3, ’ (3.27)
™ k! ’Ylk72k’
where v, = Re|wy] and 4, = —Im|wyy| are the line positions and linewidths computed

by FDM. The well-known star-shaped contours of the 2D Lorentzian peaks become
elliptical contours that are more easily discerned, as demonstrated in Figure 3.9.
This line shape modification is purely cosmetic in the sense that the information

on the peaks is already entirely encapsulated by the parametric description of the
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spectrum. The downside of this more aggressive procedure is that when broad lines
interfere by overlapping Lorentzian tails, the sharper cutoff of the Gaussian may
introduce "new” features that are misleading. Practically, well-resolved spectra are
readily obtainable by FDM and additional artifact due to Gaussian formula is often
at minimum. When the method fails to resolve all the peaks, instability might occur
locally in the unresolved region. This will be further discussed later on in this section
when we demonstrate this doubling scheme using a experimental NMR signal and

study its sensitivity to the noise level.

3.4.4 Numerical Experiments

Numerical studies on model signals plus noise have the advantage that the cor-
rect answer is known exactly. As long as this information is not employed in any
way by the algorithm, model data can be used as a powerful tool for studying and
demonstrating new computation methods. We have made an attempt to objectify the
performance of 2D FDM2K by examining model N- and P-type signals from a hypo-
thetical constant time experiment, including various amounts of uncorrelated random
noise. Figure 3.10 shows a model spectrum meant to mimic a section of a CT-HSQC
spectrum. There are 13 peaks of identical integral, with similar line widths in F;
in the range of 2.2 + 0.2 Hz (at random) and zero line width in F} (mimicking CT
dimension). The spectral width is 1 KHz in both dimensions. The SNR is extremely
high, around 1000:1 in the time domain. The exact spectrum, panel (a), has been

line broadened in F} to roughly the mean width in F5 to allow meaningful contours
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to be drawn. The absorption mode DFT spectrum is shown in panel (b), computed
from a pair of N- and P-type data with size 10 x 10. Cosine apodization was used to
limit the sinc-function wiggles and zero-filling to 512 x 512 points was used to obtain
same digital resolution as the FDM spectra. Some of the peaks are resolved, but
others are too close to distinguish. In panel (¢) the FDM double-absorption spec-
trum from the 10 x 10 time-domain P-type data set is shown. Many of the peaks
are obtained quantitatively, but local crowding results in several pairs of peaks be-
ing fit as a single broader peak. Note in addition that the apparent width of the
single feature is less than the separation of the two genuine peaks. Convoluting this
spectrum with the transform-limited line shape still gives a good match to the actual
DFT spectrum (data not shown), but this is clearly not sufficient to guarantee that
all the information has been obtained. Finally, in panel (d) the effect of processing
a single "NP” data set, Syp, is shown. The larger basis size (and possibly slightly
better overall SNR) allows all the peaks to be obtained correctly. With experimental
data, of course, one never knows in advance what the correct result is supposed to be!
However, by doing several FDM2K calculations with different basis size, it is possible
to identify stable recurring features, and also features that depend on the size of the
basis. As long as a feature is stable with respect to basis size and the regularization
parameter, our experience has been that it is quite accurate and reliable.

Figure 3.11 is an attempt to be somewhat more realistic. The same features are
present as in Figure 3.10, but now the noise level is substantially higher, giving around
20:1 SNR in the time domain. A DF'T of a pair of 18 x 18 time-domain data sets shows
resolution of most, but not all, of the peaks in the absorption-mode spectrum, panel
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Figure 3.10: Demonstration of FDM doubling scheme for analyzing CT NMR signals,
using a model signal with a high SNR, of 1000:1 in the time domain (first point, see
text for details). In all FDM spectra, the linewidth in F} (CT dimension) is smoothed
to the average linewidth of 2H z in F,. With Nsig = 10 x 10, while neither DF'T nor
normal FDM is able to fully resolve the most crowded region, FDM with doubling
scheme is able to efficiently use the information from both N- and P-type data sets
together and provide a fully resolved spectral estimation, shown in panel (d). Note
that 2D DFT of the combined signal Syp will be identical to the DFT spectrum
shown in (b), given that the factor of 2 in intensity is correctly taken into account
(data not shown).
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(a). The FDM2K calculations all employ the doubling scheme, but now the results
are less impressive. Using only a 10 x 10 signal there is now inadequate information
for FDM2K to accurately identify all the peaks, as shown in panel (b). Increasing
the signal size to 14 x 14 in panel (c¢) sharpens up most of the features. But only
when using the same 18 x 18 data set as used in the DF'T calculation again allows
all the features to be identified, as shown in panel (d), although there are still some
errors in the widths and intensities of the most crowded peaks. Further increasing
the signal size only results in minor improvements and is evident that the calculation
has converged to the true features.

Another interesting observation of the numerical experiments of Figure 3.11 is the
different behaviours of peaks in crowded regions and isolated ones, due to the local
convergence property of FDM. Isolated features tend to converge first and stay stable
with respect to the change of signal size, while crowded regions are more difficult to
converge and sensitive to the change of signal size until fully resolved. By computing
a series of FDM spectra with varying signal size, one can quite reliably decide whether
a particular feature is genuine or not. In addition, sensitivity of unconverged features
is not limited to varying signal size. Other FDM parameters such as basis size,
basis density and regularization can also be used to probe the different stabilities
between converged and unconverged features. Again, in practice when we use FDM
to analyze experimental NMR signals, it is always necessary to produce several, if
not many, FDM spectra with different signal size and computing parameters before

we want to draw some reliable conclusions on the results as obtained.
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Figure 3.11: Demonstration of FDM doubling scheme for analyzing CT NMR signals,
using the same model signal as Figure 3.10 but with a low SNR of 20:1 in the time
domain. Panel (a) shows a contour plot of absorption mode DFT spectrum obtained
using 18 x 18 complex data points (both N- and P-type signals), with the contours
drawn low enough t show some of the noise. Panel (b) through (d) show the FDM
spectra obtained using successively larger data sets, from 10 x 10 up to 18 x 18.
The doubling scheme was used in all calculations. A continuous improvement in both
intensity and resolution is seen with increasing signal size. With 18 x 18, all peaks are
essentially resolved by FDM. Further increase of signal size will slightly improve the
peak lineshapes and intensities, but the resolution remains similar (not shown). Also
note the different behaviours of the peaks in crowded regions and isolated ones, which
is an important way of checking the convergence of FDM calculations (see text).
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3.4.5 Application to a CT-HSQC Experiment

The 2D Heteronuclear Single-Quantum Correlation (HSQC) experiment [132] is
one of most basic and most useful NMR experiments. HSQC correlates heteronuclear
resonances with proton resonances by transferring the polarization between heteronu-
clear spins, typically 'H and 3C or °N. It is routinely used to obtain the backbone
assignments of proteins due to the high sensitivity. Together with 2D Heteronuclear
Multiple-Quantum Correlation (HMQC) [133], they are integral components of all
heteronuclear 3D and 4D experiments [11].

Constant-Time HSQC (CT-HSQC) [126, 11] is often used to simplify the spectra
by collapsing the multiplets along the carbon dimension into sharp and intense sin-
glets, making it easier to resolve and assign all the resonances. Here we demonstrate
the power of FDM with doubling scheme using a CT-HSQC experiment of a model
protein, human ubiquitin. All the 'H-3C CT-HSQC spectra shown were obtained
using a 500 MHz Varian UnityPlus spectrometer equipped with a standard 5 mm
HCN triple resonance probe. The sample was 700 ml of a 1 mM solution of 100%
doubly labeled (**C and '®N) human ubiquitin in DoO (VLI Research) at 24 °C. A
slightly modified pulse sequence, shown in Figure 3.12, was used to acquire the sig-
nals. The partly selective noco and co pulses [136], of duration 200us, either invert
the aliphatic region of the carbon-13 spectrum and not the carbonyls, or vice-versa.
Their only role here is to provide a spectrum with zero phase correction in F} , with
no Bloch-Siegert phase shifts [137], and no loss of signal intensity over the slightly

inhomogeneous radio-frequency field on the carbon-13 channel. Their short pulse
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Figure 3.12: Modified CT-HSQC pulse sequence to observe correlations between H,,
and C, spins in a protein. Aside from the minor addition of a pair of partly selective
pulses, denoted noco and co, and the broadband inversion pulses (BIPs) [134], denoted
with scored icons, the pulse sequence is standard. The 200us noco and co pulses have
been developed for ultra-short CT experiments, in which longer pulses reduce the
available number of increments. They work to invert the aliphatic region of the *C
spectrum without inverting the carbonyl region (noco) or vice-versa (co). The BIPs
cleanly invert the entire chemical shift range of the indicated nucleus. All these pulses
show superb compensation for RF inhomogeneity. By using the pair of partly selective
180s, all phase shifts are removed, leading to a spectrum with zero phase correction
in the indirect dimension. The proton 90° time was 10us and the carbon-13 90° time
was 15us. The co and noco shaped pulses are applied with a maximum of 10 kHz; the
other pulses are applied at full power. All the spectra shown result from two scans
per increment, in which the phase ¢3 = x,¥y; receiver=x, —x. ¢; and the receiver
phase are inverted for each t; increment. Cosine/sine modulated data are acquired
according to the States-TPPI scheme [135].

width ensures maximal use of 2T period for data acquisition.

As the brief gradients during the longitudinal states of the INEPT and reverse
INEPT steps were enough to suppress the residual HDO resonance, amplitude mod-
ulated data sets were in fact acquired. The cosine and sine data sets required two
scans each to complete the simplest difference phase cycle to select the *C-bearing
protons. These two data sets were then combined to form pseudo N- and P-type data

sets, which were then processed as above. Calculations with actual gradient-selected
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data showed no significant difference as long as the experiments were done carefully
and the same number of increments obtained. For ultra-short CT experiments, the

loss of time during the actual pulsed field gradient is disadvantageous.

Noise Performance

The numerical experiments of the last section carry over fairly well to actual CT-
HSQC data. Figure 3.13 shows a zoomed section, in a crowded portion of the C,
region, of a 'H-13C CT-HSQC spectrum. A signal with 1024 x 90 complex data
points (for both N- and P-type data sets) was acquired with a short constant time
of 2T = 7.5 ms, well below the null in the CT transfer function at ~ 13 ms, and
almost a factor of four shorter than the typical time of 27" = 1/J.. ~ 26.4 ms. The
total experimental time is about 7 minutes. Lowering the power of the last proton
90 pulse has mimicked the effect of poorer sensitivity. The 2D FT spectra are on the
top panels and the 2D FDM2K spectra from the same data are directly underneath.
The FT spectrum from the FID of the first increment, with some blank down-field
region included for a noise reference, is shown along the top of each of the series.

As the effective read pulse is reduced to 11° and finally 5°, corresponding to a rela-
tive SNR five and ten times lower, respectively, it is clear from the first increment that
the data becomes quite noisy. Nevertheless, FDM2K with the new doubling scheme
behaves remarkably predictably, with the achievable resolution gradually diminish-
ing, and weaker features disappearing along with the noise when the regularization
is used. There is clearly no catastrophic loss of performance, and the resolution in

many regions is always preferable to the FT result. The fine structure along the
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Figure 3.13: Demonstration of the noise performance of FDM2K. The top traces show
the F'T of the FID from the first increment, with some down-field region included to
show the noise level. The contour plots below show the 2D FT (top series) and
2D FDM2K (bottom series) spectra. The pulse sequence of Figure 3.12 has been
used with the power of the 10 ms read-out proton 90° pulse attenuated to achieve
the desired flip angle. The 2D FT spectra are shown in the top series, and the
2D FDM2K spectra, from the doubled NP data set, are shown directly underneath.
Regularization has been increased as the SNR decreases from left to right. Two scans
per increment were recorded for the total of 90 increments, for the sine and cosine
data sets. (a) 90° read pulse. (b) 11° read pulse (-18 dB). (c) 5° read pulse (-25 dB).
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proton dimension, a known result of a flip angle effect [138] when the small flip angle
read pulses are used, is blurred away by the regularization. The result is a set of
nearly structureless ellipses centered on the correct chemical shifts. Particularly with
the noisier spectra, attempts to resolve the proton multiplet structure, and simulta-

neously separate the close carbon-13 shifts, have not been successful.

Ultra-short Constant Time Performance

Attenuation of C, magnetization during the constant time period is a common
problem in larger proteins, where the 75 losses can be severe. However, using larger
By fields in conjunction with FDM2K may allow very short constant time periods,
greatly improving sensitivity without the need for deuteration. This is in contrast
to the usual fixed value of 27" ~ 26.4 ms, independent of the field strength. The
difference is that by operating with (much) shorter periods than the null condition at
13 ms, shown as the shade area in Figure 3.7, the delay can be shortened as much as
we like, fixing only the number of increments obtained. For example, if a decent CT-
HSQC spectrum can be obtained using 27" = 4.25 ms at 500 MHz, then only 2.6 ms
would be required at 800 MHz. The relative basis function density versus the number
of local peaks is identical. However, there can be a great improvement in performance
both on account of the superior intrinsic sensitivity of the higher field strength, and
the reduction in relaxation losses. The local nature of the convergence of FDM means
that many of the spectral regions can be essentially completely resolved, leaving a
few dense regions that may require a longer experiment, some editing techniques, or

a higher-dimensional experiment to make headway. Alternatively, the same 4.25 ms
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experiment may, at higher field, allow completely converged spectra to be obtained.
The ability to achieve high resolution with very short constant time periods could
establish FDM as a key component in successful NMR of larger proteins at high field.

Human ubiquitin is not a rapidly-relaxing protein, but can be studied simply to
assess the degree of separation of the resonances that can be obtained with ultra-
short constant times. Figure 3.14 panel (a) shows the conventional absorption-mode
spectrum in the C,, region of the CT-HSQC spectrum using 26.4 ms and the pulse
sequence of Figure 3.12. Two scans per increment for the N- and P-type data were
used. This is our reference spectrum for the study. Many of the 2D peaks are
clearly resolved, with a couple of denser regions. In the right-hand panel, (b), the
FT spectrum obtained with 27" = 4.25 ms is shown. Many of the distinct peaks have
coalesced because of the reduced resolution along the dimension. In panel (¢) FDM
absorption mode spectrum of processing the P-type data only is shown for the same
4.25 ms data set. A similar result was obtained with the N-type data (not shown).
The spectrum shown is sensitive to changes in FDM processing parameters, and would
not be considered reliable. Many regions of the spectrum remain unresolved, as the
basis density is apparently too low to capture the local number of peaks. There are
only eight basis functions along the C,, dimension in the region displayed. Finally in
panel (d) the FDM2K result using the same data, but now with doubling scheme, is
displayed. Clearly the combined signal Syp is a case where the whole is greater than
the sum of the parts. Many of the regions display essentially identical resolution to
the reference FT spectrum, panel (a). In the most crowded region the basis function

density is still insufficient to characterize all the local 2D peaks, and so a distorted
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Figure 3.14: Ultra-short constant time spectra compared with conventional measure-
ment. (a) Reference 2D FT spectrum using 27" = 26.4 ms. (b) 2D FT spectrum
using 27" = 4.25 ms. (c) 2D FDM2K spectrum using the same 4.25 ms data set as in
(b), processing only the P-type data. This 2D spectrum is not stable in many regions
and would not be considered reliable. (d) Result of the FDM with doubling scheme
applied to the same 4.25 ms data set. There is a vast improvement in both resolution
and stability. Comparison of reference spectrum, panel (a), shows that peaks that
are resolved are also very accurately recovered by FDM2K.
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spectrum with some wide features is obtained. There are ways to conclusively show
that regions like this are not converged, but no simple and reliable way to correct
the inaccurate results. For example, a true resonance should have a line width of
nearly zero along the C, dimension, with errors that depend on the noise level and
quality of the data. The "unconverged” features have line widths that are quite
large, and that are sensitive to the exact parameters of the FDM calculation, allowing
them to be flagged as unreliable. Another approach is to use the FDM parameters
to simulate the FT spectrum, and compare the result with the actual DFT of the
data. Ideally, only featureless noise should remain after subtraction, if a perfect fit is
obtained. In unconverged windows, a substantial residual may be used as evidence
of untrustworthy local spectral features. More details can be found in Section 2.6.
Note that there are only 50 increments for the 4.25 ms experiment, making this
an ultra-fast acquisition as well - less than four minutes. The calculation of the
displayed regions using FDM2K is completed in a matter of a few minutes on either
an AMD XP 1800+ Athlon PC running Linux, or an older 533 MHz DEC Alpha
workstation. Calculation of the entire 2D spectrum takes of the order of 2-3 hours
depending on the size of the window basis. As many regions are completely devoid
of signals, however, a more realistic estimate is around 45 minutes for the relevant
areas. With an appropriate parallel architecture, the computing time could be a few

minutes for virtually any size data set, as each window is a separate job.
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Figure 3.15: A absorption mode spectrum obtained by mirror-image LP, applied to
the same 27 = 4.25 ms ultra-short CT signal used in previous example. There is
essentially no resolution enhancement compared to the 2D FT spectrum show in
Figure 3.14, panel (b). This is mainly due to the fact that mirror-image LP employs
trace-by-trace 1D data processing and totally misses the important information that
two dimensions are actually correlated. The filter length was optimized by trial and
error.
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Comparison with Mirror-Image LP

There are many factors that work together to make the result shown in Fig-
ure 3.14 possible, including the two special properties of CT signals and intrinsic
high-resolving power of FDM. In particular, it is essential to process the whole two-
dimensional together and make use of the important information that the evolutions
in two dimensions are correlated. To demonstrate the point, here we applied the more
commonly employed mirror-image LP to the same ultra-short CT data set used in
Figure 3.14. The mirror-image LP implemented in NMRPipe [139] software pack-
age was used to obtained the spectrum shown in Figure 3.15. The filter order was
optimized by trial and error. Because mirror-image LP is implememnted as 1D LP
extrapolations of the F} interferograms, rather than a true 2D method, it is not able
to use the information that both dimensions are correlated. In this case, there are
very few increments in the indirect dimension (effectively 8 data points for the region
shown, thus a maximum of 4 poles can be used), making it impossible for LP to

efficiently model the evolution along Fj.

Performance on Larger Proteins

Human ubiquitin is a relatively small and well-behaved protein that is known to
give some of the best spectra ever seen. It is not obvious how FDM will perform
on larger and less well-behaved proteins, until we try the same experimental and
data processing scheme on such kind of systems. Unfortunately, highly pure doubly-

labeled proteins are not readily accessible except for molecular biologists, making
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extensive test of FDM currently infeasible. Here we present some preliminary results
where FDM was applied to analyze CT-HSQC experimental signals of MTH1598, a
16 KDa protein with 141 residues. MTH1598 is one of the non-membrane protein of
methanalbacterium theromautotrophicum d H, courtesy of Dr. Cheryl Arrowsmith of
the Ontario Cancer Institute. Figure 3.16 compares the conventional DF'T spectrum
of a long CT-HSQC experiment with 27" = 26.4 ms, with the FT and FDM spectra of
a much shorter experiment with 27" = 7.1 ms. It clearly shows that the performance
of FDM, shown in the center panel, is just as impressive. The resolution of the FDM
spectrum, obtained using 7.1 ms constant time, is even higher than that of the FT
spectrum of a much longer experiment, shown in the top panel. There is another
interesting observation. The FDM spectrum shows a weak peak in the right bottom
corner, highlighted by a rectangular box, which is missing in the high-resolution FT
spectrum. For comparison, the bottom panel shows the FT spectrum using 7.1 ms
constant time. The peak is now present, proving that it is genuine. However, the
resolution is much worse. For example, the two peaks highlighted by the square box
are not resolved in the low-resolution FT spectrum, but well resolved in both the
FDM and high-resolution FT spectra. This is exactly one of the major limitation of
CT experiments that we discussed in the beginning of this section: if FT is used, one
has to compromise between resolution and sensitivity. Therefore, FDM might even
be more useful for analyzing larger proteins, especially those that relax very fast. In
this case, FDM data processing, combined with short or ultra-short constant time

experiments, is the optimal scheme with both good sensitivity and high resolution.
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Figure 3.16: Comparison of CT-HSQC spectra of MTH1598 obtained with 26.4 ms
constant time and processed by FT (top), with those obtained with 7.1 ms constant
time and processed by: FDM with doubling scheme (center) and 2D FT (bottom).
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provide both high resolution and good sensitivity.
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3.4.6 A Quadrupling Scheme for 3D NMR Experiments with
Two Constant-Time Dimensions

We have demonstrated that FDM, as a true two-dimensional method, can have a
substantial advantage over F'T spectral analysis or any other 1D methods like mirror-
image LP. The advantages of true multidimensional spectral analysis will be even
more enormous when more dimensions are involved. In this section, we extend the
FDM doubling scheme for 2D CT signals to a quadrupling scheme for 3D NMR exper-
iments with CT evolution implemented in both indirect dimensions. The achievable
resolution enhancement will be really astonishing.

Extension of 2D FDM to the 3D case is straightforward. A third evolution operator
is introduced and the formulas derived in Section 2.3 for the 2D case can be easily
modified accordingly. Additional details can be found in Refs. [73] and [91]. For a
3D NMR signal with two CT indirect dimensions, all the four 3D data sets® can be
combined together and processed by FDM as a single data set, but four times as
large. The doubling scheme of 2D thus becomes a quadruple scheme in 3D. Same
minor changes as those in the 2D case need to be applied to the original 3D FDM
formulas. Mathematical derivations are very similar and thus not given again here.

The example used to demonstrate the quadrupling scheme is a double constant-
time 3D HNCO experiment of human ubiquitin. HNCO is also one of the most

basic 3D heteronuclear experiments for obtaining the protein backbone chemical shift

6In 3D NMR, in order to obtain absorption lineshapes in all three dimensions in the 3D FT
spectra, either cosine/sine or N-/P-type signals are acquired for both indirect dimensions, leading
to 2 x 2 =4 3D data sets in total.
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assignments. It correlates the chemical shifts of (**N)H, *N and ¥C(O) of previous
residue, leading to nice singlets at the chemical shifts of 'HY-15N;-13C(0),_,. HNCO
experiments have good sensitivity and are thus chosen for this demonstration. The
standard (single) CT-HNCO [127, 11] pulse sequence was slightly modified [76] by
implementing the CT evolution to encode the CO chemical shift information. The
signals were all acquired on a 500 MHz spectrometer equipped with a normal probe
at room temperature. 8 scans were acquired per increment. The sample was 1
mM uniformly labeled human ubiquitin. States-TPPI was implemented in the CO
dimension and gradient select was used in the N dimension. The constant-time
period was fixed at the standard value of 27" = 48 ms for the N dimension to
maximize the polarization transfer. A very short constant time period of 27" = 10 ms
was used in the *C(O) dimension, to minimize the intensity lost due to the transverse
relaxation. A maximum of 6 ¥*C(O) increments can be acquired with a spectral width
of 1 KHz. The spectral width was 2 KHz in the N dimension, and, in principle,
up to 48 increments could be acquired. However, only 8 increments were actually
acquired in the N dimension to minimize the experimental time, and also to study
the low limit of signal size required for FDM to fully resolve all the resonances for the
system under study. The spectral width in proton dimension was 10 KHz and 1024
complex points were acquired. At the end, a 3D signal of size (H,C, N) = 1024 x 6 x 8
(for each of four data sets) was acquired in about 25 minutes.

The 3D FT spectrum were obtained using cosine weighting functions along all
dimensions. The signal was zero-filled to 128 x 128 in the *CO and N dimensions

to provide sufficient digital resolution for smooth contours to be drawn. The FDM
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Figure 3.17: The real and imaginary parts of the first FID of the 3D HNCO signal
used in Figures 3.18-3.20. Note that the signal already decays to below noise level
by about half of the full length. The tail part of the signal contains mainly noise and
should not be include in FDM calculation.

spectra were obtained using the FDM2K algorithm with the quadruple scheme. Reg-
ularization was optimized, with the final regularization level ¢*> = 10~ (see Eq. 2.83).
As the signal was very short in the indirect dimensions, the 3D spectral windows
were chosen to cover the whole spectral ranges, leading to a basis size of 5 X 7 in
the (C,N) dimensions’. In the proton dimension, fully decayed signals were acquired
and thus the tail parts were mainly noise, as shown in Figure 3.17. Acquiring extra
points in the time domain helps to improve the digital resolution without sacrificing

sensitivity for F'T with proper apodizations. However, the noisy tail part of the sig-

"With doubling scheme implemented in both (C,N) dimensions, a combined signal with 11 x 15
(C,N) increments results. Only even number of increments can be used by FDM, N; = 2 M;. The
maximum basis size is thus My x M3 =5 x 7.
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nal does not contain any meaningful information and should not be included in FDM
calculations. There are several severe drawbacks for including the noisy tail in the
FDM calculations. First, it introduces more noise to the U matrices, making them
more ill-conditioned. Second, it increases the total basis size that has to be used,
making the problem even more overdetermined. Third, it increases computational
cost. Therefore, in practice, it is necessary to plot out, typically, the first FID for
choosing the optimal signal size to be used in the proton dimension. For example,
simply by looking at the plot of Figure 3.17, one can easily estimate that 500-600
data points should be using in proton dimension. When the total size the multi-
dimensional signal is sufficiently large, the FDM results are typically insensitive to
the actual number of proton increments used, as long as it is in a reasonable range.
This can be used as an indication of the convergence of FDM calculations. The 2D
projections shown in Figure 3.18-3.20 were computed using 500 increments in pro-
ton dimension. Thus the maximum basis size in proton dimension for the region
shown was Nb ~ 500/2 x 2000Hz/SW = 50. Four overlapping windows with 20
basis functions per window were actually used. The total basis size for each window
was 20 X 5 x 7 = e700. The whole calculation took about 40 minutes on a small
PC Linux workstation with an AMD XP 18004 CPU. Calculations were also carried
out using slightly different numbers of proton increments between 400 and 600 data
points. They produced very similar spectral estimations, showing that FDM already
converged. As there is no direct way to plot the 3D spectra, the 2D projections along
three planes, namely, (H,C), (H,N), and (C,N), are shown instead in Figures 3.18-
3.20. All the FDM projections shown are properly smoothed in the CT dimensions for
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Figure 3.18: Comparison of 2D projections of the 3D FT and 3D FDM spectra in the
HC plane, obtained from a short 3D double constant-time HNCO signal (see text for
details about the experiment and data processing).
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Figure 3.19: Comparison of 2D projections of the 3D FT and 3D FDM spectra in the
HN plane, obtained from a short 3D double constant-time HNCO signal.
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dimensions. The resolution enhancement is truly astonishing!
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better plotting. The Lorentzian lineshapes were converted to the Gaussian lineshapes
according to the procedure described previously (Eq. 3.27).

Figure 3.18 compares the 2D FT and FDM projections in the (H,C) plane. We
can clearly see the effects of the F'T time-frequency uncertainty principle applying to
each dimensions independently: the resolution is high in the proton dimension where
long signal exists, while the carbon dimension is poorly resolved as there are only 6
increments. The overall resolution of the FT projection is very poor, making it use-
less for obtaining chemical shift assignments. However, the FDM projection, obtained
using the same data set, shows extremely high resolution in both dimensions. All the
peaks are fully resolved and can be easily assigned. This is possible because FDM is a
multidimensional method. The resolution in all dimensions is determined together by
the total information content of the multidimensional signal. Even though there are
only 6 increments in the ¥*C(O) dimension, the total size of the signal is sufficiently
large for FDM to pin down all the 3D features and thus very high resolution can be
obtained in both the proton and the ¥C(O) dimensions. Similar pictures are seen
in Figure 3.19, where we compare the FT and FDM projections in the (H,N) plane.
What is truly astonishing, at least to those who are used to F'T spectral analysis, is
the FDM projection in the (C,N) plane, shown in Figure 3.20. In this plane, there
are only 6 x 8 increments. There is almost no usable information in the FT pro-
jection. Surprisingly, and not surprisingly, the FDM projection in (C,N) plane are
just as highly resolved as projections along the other two planes, demonstrating the
substantial advantage of true multidimensional data processing. It is predictable that
any methods that fail to utilize this advantage could not possibly obtain comparable
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results to what has been shown here. What should also be emphasized are the two
other essential properties of FDM: solving the nonlinear fitting problem by linear al-
gebra and local spectral analysis via Fourier basis. Without these two properties, the
scale and complexity of the problem would make any methods practically infeasible.
This is one of the main reasons why methods like, Maximum Entropy Reconstruction,
even though a multi-dimension method, relying on nonlinear optimizations and at-
tempting to fit the whole signal in a single shot, could not be used to analyze realistic
data sets. It should be pointed out that 3D FDM is the first true three-dimensional
method that has ever been successfully applied to analyze experimental NMR signals

and produce meaningful results.

Validity of the FDM Results

Unfortunately, it is difficult to directly check the validity of the FDM results,
partially due to the lack of comparable references. However, there are various ways
to validate the results indirectly, as discussed in Section 2.6. We have already checked
that the results were stable with respect to varying signal size in the proton dimension,
and other FDM parameters such as basis size, basis density and regularization level.
Here we present some additional results using the checking mechanism described and
demonstrated in Section 2.6.4.

After all the spectral parameters { Dy 7, Wik, wogr, wakr } are computed, in ad-
dition to estimating the infinite time DFT spectra, which have been shown in Fig-

ure 3.18-3.20, we can also estimate various finite time DFT spectra using,
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Figure 3.21: Comparison of the FDM estimation of the finite (H,C) FT projection
with the actual (H,C) FT projection obtained from the original data. FDM estima-
tion was computed using Eq. 3.28 with («, ) = (1,2); Ny = 1024, Ny = 6 and the
spectral parameters { Dy, g/ k7, Wik, wopr, wakr } computed from the short constant-time
3D HNCO signal (see text for details). The FDM estimation agrees with the actual
FT projection very well, proving that FDM does provide a reasonably good fit of the
3D signal. Similar comparison was also made along (H,N) plane, which also shows a
very good match (data not shown).
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Figure 3.22: Comparison of the FDM estimation of the finite (C,N) FT projection
with the actual F'T projection obtained from the original data. FDM estimation was
computed using Eq. 3.28 with (a, 5) = (2,3); Ny = 6, N3 = 8 and using the spectral
parameters computed from the short constant-time 3D HNCO signal. It appears
that the matching is reasonable but not as good as in (H,C) plane. This is because
water signal leaks into all (C,N) planes in the FT spectra, while such a leak is totally
eliminated in FDM (see text).
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still very well, further proving that FDM does provide a very accurate and reliable fit
of the 3D signal. Note that the intensities in the actual FT projection is lower due
to the relaxation during the longer CO constant time (27" = 24ms vs. 27 = 10ms).
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where (a, #) can be set to (1,2), (1,3), and (2,3) to compute the estimated finite FT
projections along (H,C), (H,N) and (C,N) planes respectively. Apodization functions
such as exponential and trigonometric functions can be also included analytically
into Eq. 3.28. All the results shown in Figures 3.21-3.23) were obtained with cosine
window functions in all dimensions, implemented either numerically for the actual
DFT calculations or analytically for computing the FDM estimations.

Figure 3.21 compares the FDM estimation of the finite F'T projection with 1024 x 6
increments in (H,C) plane, to the actual FT projection obtained from the experimen-
tal data of the same size. The FDM estimation was computed using the spectral
parameters obtained from the short HNCO signal with the same processing parame-
ters used to produce Figures 3.18-3.20. The estimated and actual projections match
with each other very well, proving that FDM does provide a good fit of the experi-
mental signal. Similar comparison was also done in (H,N) plane, and the matching
quality was similar (data not shown). Quantitatively, the relative matching errors, as
defined in Eq. 2.111, are only 1.8% and 1.7% respectively, which are below the noise
level. Figure 3.22 compares the FDM estimation of the finite FT projection along
(C,N) plane with 6 x 8 increments to the actual FT projection. The mismatch is much
higher than those in the other two planes, with relative matching error being 7.5%.
However, this increase of mismatch does not mean that the parameters in (C,N) di-
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mensions are less accurate. Instead, most of the increased mismatch is due to the
water signal that leaks to every (C,N) plane in 3D FT spectrum?®, while for FDM, the
use of the Fourier basis followed by diagonalization is very efficient in suppressing the
interference of the features outside of the spectral window. To further support the
quality of FDM fit, we used the same spectral parameters, that were computed from
the short HNCO signal with 6 x 8 (C,N) increments, to estimate a “high-resolution”
FT projection corresponding 12 x 32 (C,N) increments, and compared it with the
actual F'T projection obtained from a much longer experiments, where the constant
time period in ¥C(O) dimension was 27 = 24ms and 12 x 32 (C,N) increments were
actually acquired. The results are shown in Figure 3.23. Due to the transverse re-
laxation, the intensities in the actual F'T projection are lower. Otherwise, the two
projections match with each other very well, providing a strong evidence that the fit

computed by FDM is an accurate and reliable fit of the 3D signal.

3.5 Summary and Remarks

In this chapter, we applied the FDM and RRT algorithms to processing in 1D and
multidimensional NMR signals.

Long time signals are typically available in 1D NMR and high resolution FT
spectra can be obtained, leaving little room for resolution enhancement. However,
conventional FT spectral analysis can still have problems in certain cases. For ex-

ample, large linear phase corrections give rise to severe phase rolls in the baseline of

8The water signal can be actually seen in th plot of first FID as low frequency oscillations, as
shown in Figure 3.17.
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the F'T spectra, because of the point-by-point fashion of linear phase correction in
FT. FDM and RRT can recognize the individual peaks and correct the linear phase
in a more consistent way. The phase roll due to point-by-point phase correction is
completely removed. For noisy signal with heavily overlapped features and strong
background, there are still some small instabilities problems in the FDM/RRT linear
phase corrected spectra, which can be further suppressed by averaging.

Multidimensional NMR signals are typically truncated in the indirect dimensions
due to practical limitations including expensive experimental time and limited long-
term instrumental stability, resulting in poor F'T resolution in the corresponding fre-
quency dimensions. FDM is a true multidimensional method and can have substantial
advantages over FT in these cases. FDM is capable of analyzing the whole data set
to pin down the intrinsically multidimensional features. The obtainable resolution in
all dimensions is determined together by the total information content, or, roughly
speaking, the total size, of the signal. Multidimensional NMR signals typically have
a large total size due to the long acquisition time dimension and thus contain a lot
of information that can be used by multidimensional methods like FDM and RRT to
significantly enhance the resolution in the truncated dimensions.

Nontrivial projections can be constructed by FDM, among which the 45° pro-
jections of J-experiments are particularly useful. By constructing 45° projections,
homonuclear coupling are decoupled and intensive singlets result. FDM has been
successfully applied to various J-experiments including 2D-J, 3D HSQC-J and 4D J-
TOCSY-J. In J-TOCSY-J, double 45° projections are used to decouple the homonu-

clear coupling in both proton dimensions. So called singlet-TOCSY spectra can be
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obtained using as few as one additional increment in each J-dimension. However,
application of the method to simplifying highly complex spectra has difficulties with
degeneracy and others, and needs more investigations.

In this chapter, we have been focusing on applying FDM to analyzing a special
type of NMR experiments that utilized Constant-Time (CT) evolutions to encode the
chemical shift information in the indirect dimensions. There are some special prop-
erties of CT signals that make them particularly suitable for FDM data processing.
Firstly, there exists an efficient doubling scheme for CT signals. A pair of N- and
P-type data sets from the same 2D CT NMR experiment are processed jointly by
FDM as a single data set, twice as large, in which the signal effectively evolves in
time for twice as long. Secondly, the signal has nearly perfect Lorentzian lineshape in
the CT dimension, thus can be efficiently handled by FDM. Applied to both model
and experimental signals, FDM with doubling scheme shows significant resolution
improvement and appears to tolerate the noise well. Very short constant time period
can be used without sacrificing the resolution, leading to higher sensitivity, especially
for proteins with short transverse relaxation time constants.

The doubling scheme can be applied to each CT dimension in higher dimensional
NMR experiments with multiple CT dimensions. When CT evolution is implemented
in all indirect dimensions, all the 2¥~! N-dimensional data sets from the same N-
dimensional experiment can be processed jointly as a single data set by FDM to
extract maximum information. This was demonstrated by a quadruple scheme for
a 3D HNCO experiment with two CT dimensions. By processing all four 3D data

sets from the same experiment together, FDM was able to provide a 3D HNCO
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spectrum of protein human ubiquitin that are fully resolved in all dimensions, even
when there are only as few as 6 x 8 increments in the *C(O) and N dimensions.
The results were validated extensively by various approaches including: (1) repeating
the FDM calculations with a wide range of different parameters such as signal size,
basis size, basis density and regularization level; (2) comparing the FDM estimations
of low-resolution and high-resolution finite F'T spectra, using the spectral parameters
computed from the short signal, to the actual F'T spectra obtained from both short
and long experimental signals. They all showed that the FDM spectrum already
converged and that an accurate, reliable fit of the 3D signal was obtained by FDM.
Optimization of N-dimensional NMR experiments has always presupposed that
FT will be used to obtain the N-dimensional spectrum. For example, 3D NMR is
quite often employed because decent digital resolution can be obtained without ex-
travagant experiment time. As such, a series of different 3D experiments may be used
to correlate all the desired chemical shifts, and comparing planes from experiments
taken at different times is usually mandatory to complete the assignment. Whether
this is the most profitable use of human and instrument time, once FDM is reduced
to practice, is certainly open to question. In FDM the digital resolution of individ-
ual dimensions has no direct relation to the ultimate spectral resolution. Further,
we have shown here that the best calculation is the one with the largest available
basis set that can be obtained from the measured signal. Two different 3D experi-
ments do not lend themselves to this maximal basis set in the same way that one 4D
experiment does. While extra delays may lead to some additional losses in the higher-
dimensional experiment, there is also a gain in sensitivity by having all the data in
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one spectrum rather than divided up between several. In 3D experiments where a
set of nuclei are merely used to transfer magnetization, for example the HN(CO)CA
pulse sequence [140], the delays are already present, and removing the parentheses
to record the carbonyl chemical shift in a 4D experiment will be more sensitive and
highly advantageous, if FDM is to be used.

In closing, it is interesting to note that the time it takes to identify M random-
frequency peaks accurately in an N-dimensional experiment depends on M but not N
when FDM is employed. Indeed, as local spectral crowding is the only limiting factor
once sufficient SNR is achieved, increasing the dimensionality of the experiment, so
that the resonances are dispersed as widely as possible in frequency space, may result
in a shorter overall experiment. For backbone assignment experiments on proteins
with known primary structure, the expected value of M is known beforehand, so that
the time required to obtain a converged high-dimensional FDM spectrum should be
predictable, and scale with M. With the SNR of the first increment and the value of
M in hand, it may be possible to semi-automate the data acquisition of even quite
complex experiments. This assertion should be tested in a future series of 3D, 4D,

and 5D experiments that are specifically designed with the method in mind.
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