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Abstract

Two dimensional electron spin resonance (2D ESR) spectroscopy is a unique experimental 

technique in probing protein structure and dynamics, including processes that occur at 

microsecond time scale. While it provides significant resolution enhancement over the one-

dimensional experimental set up, spectral broadening and noise make extraction of spectral 

information highly challenging. Traditionally, two-dimensional Fourier transform (2D FT) is 

applied for the analysis of 2D ESR signals, although its efficiency is limited to stationary signals. 

In addition, it often fails to resolve overlapping peaks in 2D ESR. We propose a time-frequency 

analysis of 2D time-domain signals in this work, which identifies all the frequency peaks by 

decoupling a signal into its distinct constituent components via projection on the time-frequency 

plane. The method utilizes 2D Undecimated Discrete Wavelet Transform (2D UDWT) as an 

intermediate step in the analysis followed by signal reconstruction and 2D FT. We have applied 

the method to a simulated 2D double quantum coherence (DQC) signal for validation and a set of 

experimental 2D ESR signals, demonstrating its efficiency in resolving overlapping peaks in the 

frequency-domain, while displaying frequency evolution with time in case of non-stationary data.
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Introduction

Probing protein dynamics is at the heart of understanding their functions in important 

biological processes.1,2 Studying protein dynamics experimentally requires a design that 

is capable of capturing processes whose rates vary between nano to millisecond time 

scales. Two dimensional nuclear magnetic resonance (2D NMR) is frequently used in 

determination of protein structure and dynamics, by probing exchange between different 

chemical environments. Such experiments are suitable for studying exchange processes 

which take place over a time scale of millisecond and slower. On the other hand, two 

dimensional electron spin resonance (2D ESR or 2D ELDOR) is uniquely suited to study 

much faster real time exchange processes occurring at nanosecond to microsecond time 

scales.3-8 Many proteins and biomolecules undergo transitions and conformational changes 

in this time scale. In both 2D NMR and 2D ESR, exchange phenomena are reflected 

through the development of crosspeaks in two dimensional frequency-domain spectra. Using 

nitroxide spin labels, 2D ESR can provide snapshots of both site-specific dynamics and 

local flexibility of a spin label that is placed at a selected residue on a protein, enabling 

its dynamics, ordering and relative orientation to be determined in a precise manner.9-13 In 

principle, 2D ESR can effectively characterize the complex dynamics of proteins occurring 

at different time scales by using a large range of magnetic fields and frequencies.14,15 The 

most compelling cases are of GPCR and transmembrane proteins, for which experimental 

data are not available. The reason for that has been the data analysis limitations in studying 

such systems by 2D ELDOR based on the complexities of the spectra.

Stationary time-domain data is abundant in physical sciences and hence, Fourier transform 

(FT) has become a natural choice in producing frequency-domain spectra for all types 

of time-domain signals. However, for non-stationary data, where the frequencies are time-

dependent, application of FT results into significant loss of information. In NMR, there are 

approaches for analyzing non-stationary signals related to studying reaction mechanisms 

and fast signal acquisitions, among others.16-19 In this paper, we present a time-frequency 

analysis of non-stationary 2D signals for separating overlapped peaks. In case of 2D ESR 

frequency-domain spectra, the data analysis becomes challenging due to the presence of 
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overlapped and hard-to-distinguish peaks. Two-dimensional Fourier transform (2D FT), 

which is applied traditionally in the analysis, often fails to achieve desired results due 

to its inability to achieve the necessary separation between the peaks. Time-frequency 

analysis20-27 is a reliable way for separating the distinct peaks. It decouples a signal into its 

distinct constituent components by projecting it on the time-frequency plane. The short time 

Fourier transform (STFT)20,21,24 can carry out such analysis, but it is restricted in spectral 

resolution, similar to FT, due to fixed window length.

Wavelet transforms are powerful methods for time-frequency analysis due to its flexible 

window length and its applicability to multi-dimensional signals. The advantages of using 

wavelet-based spectral analysis in both ESR and nuclear magnetic resonance (NMR) 

spectroscopic studies in one-dimensional experiments have been established,28-37 where 

one can reliably decouple different spectral components, including noise, in separating 

individual peaks. In this work, we present a 2D undecimated discrete wavelet transform38,39 

(UDWT)-based approach that can effectively identify and separate overlapping peaks in 2D 

ESR signals. The current applications of UDWT are primarily based on noise and/or artifact 

removal, algorithm for which is usually applied either on time or frequency domain.40 In 

our approach, we use 2D UDWT to simultaneously study the time-frequency to decouple 

overlapped peaks. In this process, a 2D time-domain ESR signal is divided into multiple 

2D time-domain signals, each associated with distinct peaks and regions in the spectra. The 

spectral peaks are then revealed by taking 2D FT of each 2D time-domain signal. It is 

worth mentioning that the method is general, and can be applied to other 2D signals such as 

NMR,41,42 infrared spectroscopy,43,44 FRET45,46 among others.47,48

Methods

Description of 2D ESR Data

We used two different types of 2D ESR signals for the time-frequency analysis in this work: 

(A) simulated 2D double quantum coherence (DQC) data and (B) experimental 2D ELDOR 

data. The 2D DQC signal is generated for a pair of S = 1 ∕ 2, I = 1 ∕ 2 spin probes, such as 
15N-nitroxides, with a 6-pulse sequence and a 256-step phase cycling49,50 in solid state. In 

case of 2D DQC, the two-dimensional Fourier transform (2D FT) of a signal is expected 

to produce the dipolar interaction between the pair of nitroxides and the nitroxide spectrum 

along the frequency axes (fdip, fecho).

The DQC data was simulated for a pair of S = 1 ∕ 2, I = 1 ∕ 2 spin probes (15N-nitroxide) 

in the solid state using the method described here.51 Figure 1 shows the schematic diagram 

of a typical 6-pulse sequence and the selected coherence pathway. The time interval, tDQ, 

is kept fixed (20 ns in this case), while the dipolar signal and the nitroxide echo are 

recorded over tdip = tm − 2 tp and techo = t3 − t2. The dipolar evolution time, tm = tp + t2, and the 

echo window tw were set to 2 μs and 0.4 μs, respectively. The two parameters t2 and tp are 

varied such that their summation tm remains constant,50 which is the dipolar evolution time. 

The DQC time-domain signal was calculated by varying tdip between ± (tm − tw ∕ 2) with a 

time increment of 25 ns and techo between ± tw with a time increment of 1 ns. We used three 

sets of 2D ELDOR experimental data in this work. The first two experiments used the spin 
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label, di-tert-butyl nitroxide (DTBN) in a synthetic phospholipid (DMPC) with mixing times 

of 100 and 400 ns at 40 C. The other 2D ELDOR experimental data is for perdeuterated 

tempone (PDT) in water recorded at 20 C with a Tm = 600 ns. For both the samples, the 

time-domain signals were recorded by incrementing t1 from a minimum value of 30 ns to its 

final value by a step-size of 4 ns over 64 steps, while varying t2 from 0 to 1.024 μs with a 

step-size of 1 ns.

Two Dimensional Undecimated Discrete Wavelet Transform (2D UDWT)

The 2D UDWT is performed on the 2D time-domain ESR signal, which yields N 
decomposition levels (N = min(RowLengtℎ, ColumnLengtℎ)), where each decomposition level 

contains: 1) Approximation component, 2) Horizontal component, 3) Vertical component, 

and 4) Diagonal component. This leads to 4 × N wavelet components of 2D time-domain 

data, each representing distinct time-frequency resolutions. The Approximation components 

represents the low frequency information of both rows and columns of 2D time-domain data. 

To start with, the Approximation, Horizontal, Vertical and Diagonal components for an input 

2D signal (X) of dimension (P × Q) can be defined as

Approximation component:

A1
C[k, c] = ∑

c = 1

Q
∑

n = 0

L − 1
l[n]X[k + n, c] (1)

A1[r, k] = ∑
r = 1

P
∑

n = 0

L − 1
l[n]A1

C[r, k + n] (2)

Horizontal component:

H1
C[k, c] = ∑

c = 1

Q
∑

n = 0

L − 1
l[n]X[k + n, c] (3)

H1[r, k] = ∑
r = 1

P
∑

n = 0

L − 1
ℎ[n]H1

C[r, k + n] (4)

Vertical component:

V1
C[k, c] = ∑

c = 1

Q
∑

n = 0

L − 1
ℎ[n]X[k + n, c] (5)

V1[r, k] = ∑
r = 1

P
∑

n = 0

L − 1
l[n]V1

C[r, k + n] (6)
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Diagonal component:

D1
C[k, c] = ∑

c = 1

Q
∑

n = 0

L − 1
ℎ[n]X[k + n, c] (7)

D1[r, k] = ∑
r = 1

P
∑

n = 0

L − 1
ℎ[n]D1

C[r, k + n] (8)

where A1
C, H1

C, V1
C and D1

C are the intermediate components, after passing low or high 

pass filter through each column of the 2D signal, while A1, H1, V1 and D1 represent 

the Approximation, Horizontal, Vertical and Diagonal components. The parameters l[n]
and ℎ[n] are low and high pass signal decomposition filters, respectively. L is the length 

of both the filters. Figure 2 shows the 2D UDWT process. The low and high pass 

signal decomposition filters l[n] and ℎ[n] are composed from Coiflet-3 wavelet, because 

it maximizes the separation between overlapping peaks.

The decomposition level-1 has a broader low time-frequency range, which reduces to 

narrower range as the decomposition level increases. Hence, it provides time-frequency 

evolution of the 2D input signal. The Horizontal component represents the low frequency 

information at each column and high time-frequency information at each row, with 

frequency band reducing at subsequent decomposition levels. On the other hand, the Vertical 

component yields the high frequency information for each column and low frequency 

information for each row. The Diagonal component provides high frequency information for 

both row and column. The Approximation, Horizontal, Vertical and Diagonal components 

at the jth-level of decomposition starting with the Approximation component from the 

(j − 1)th-level are given by

Approximation component:

Aj
C[k, c] = ∑

c = 1

Q
∑

n = 0

L − 1
l[n]Aj − 1[k + n, c] (9)

Aj[r, k] = ∑
r = 1

P
∑

n = 0

L − 1
l[n]Aj

C[r, k + n] (10)

Horizontal component:

Hj
C[k, c] = ∑

c = 1

Q
∑

n = 0

L − 1
l[n]Aj − 1[k + n, c] (11)
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Hj[r, k] = ∑
r = 1

P
∑

n = 0

L − 1
ℎ[n]HJ

C[r, k + n] (12)

Vertical component:

Vj
C[k, c] = ∑

c = 1

Q
∑

n = 0

L − 1
ℎ[n]Aj − 1[k + n, c] (13)

Vj[r, k] = ∑
r = 1

P
∑

n = 0

L − 1
l[n]VJ

C[r, k + n] (14)

Diagonal component:

Dj
C[k, c] = ∑

c = 1

Q
∑

n = 0

L − 1
ℎ[n]Aj − 1[k + n, c] (15)

Dj[r, k] = ∑
r = 1

P
∑

n = 0

L − 1
ℎ[n]DJ

C[r, k + n] (16)

The 4 × N wavelet components yield a comprehensive set of 2D time-domain ESR signals 

that can be utilized to identify and represent the overlapping peaks.

Peak-Separation via Time-Frequency Analysis

With 4 × N 2D wavelet components representing various time-frequency signals associated 

with 2D time-domain ESR data, the Fourier spectrum belonging to each of them can be 

obtained using following steps:

1. Apply undecimated discrete wavelet transform on the 2D time-domain ESR 

signal, yielding N number of 2D Approximation, Horizontal, Vertical and 

Diagonal components each, where N is the maximum number of decomposition 

level.

2. Reconstruct the 2D time-domain signal from each component by inverse discrete 

wavelet transform, while zeroing the remaining 2D Approximation, Horizontal, 

Vertical and Diagonal components.

3. Take 2D FT of each of the reconstructed time-domain signals for the time-

frequency analysis, yielding 4 × N 2D spectra.

As the spectral location of each peak remains the same, one can observe the evolution and 

presence of each peak from decomposition level-1 to decomposition level-N, and from low 

frequency Approximation component to high frequency Diagonal component. Because of 
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the distinct time-frequency provided, the overlapped peaks in the original spectrum can be 

distinguished by visually inspecting the 4 × N FT spectra. The process can be streamlined 

by first observing the 2D FT spectra associated with decomposition level-1 and in the 

sequence order of Approximation, Horizontal, Vertical and Diagonal. And following the 

same procedure to the next decomposition level 2D FT spectra. This allows the visual 

correlation between all the spectra, as well as demonstrates how an initial 2D FT overlapped 

spectra decomposed into its constituent components. The process is illustrated in Figure 3.

Results and Discussion

Time-Frequency Analysis of 2D DQC Data

We validate the efficacy of the 2D UDWT time-frequency analysis by applying it on 

the simulated 2D DQC signal with known frequency components. This is an example of 

stationary data where 2D FT is used for analysis. Hence, in this case, it is possible to 

obtain the frequency components along each of the frequency axis by averaging the spectra 

along the complementary axis. Our goal is to resolve the frequency components by a direct 

analysis of the two-dimensional data using the time-frequency analysis. Figure 4 shows the 

two-dimensional time-domain signal and the magnitude mode frequency-domain spectrum 

obtained by the application of 2D FT. Along the dipolar frequency axis, two pairs of peaks 

are expected, at ±4.9 MHz (relatively high intensity) and at ±9.8 MHz (low intensity), 

respectively. At decomposition levels of 1 and 2 in Figure 4, the Vertical components 

separate the low intensity peaks from the rest of the spectra and make them clearly visible. A 

further resolution near the zero-field splitting can be seen at level 3, which might be highly 

relevant in case of other types of 2D data analysis. The peaks corresponding to the nitroxide 

spectrum along the echo dimension get resolved in the Vertical component at decomposition 

level 2 as well. This demonstrates that the time-frequency analysis can effectively detect 

the frequency components from both stationary and non-stationary two-dimensional time-

domain data and providing significant resolution enhancement over the corresponding 2D 

FT analysis.

Time-Frequency Analysis of 2D ELDOR Data

2D ELDOR captures dynamic changes up to micro-second timescale by varying the mixing 

time, Tm and analyzing the changes in the frequency-domain. The major barrier of this 

approach has been poor resolution of closely located peaks in the frequency-domain and the 

effect of spectral noise at longer timescales, precluding the detection of low intensity peaks 

or minor but critical changes in the frequency-domain spectra. The 2D ELDOR spectra of 

DTBN in DMPC with Tm of 100 ns and 400 ns are shown in Figure 5. The evolution of the 

frequency-domain spectra with increasing Tm can be seen in the 2D FT analysis. However, 

the highlighted region (red rectangle) in both the cases show overlapping of the central peaks 

and determination of exact peak positions become highly uncertain. For the signal with Tm

of 100 ns in Figure 5 (1), the decomposition of the Approximation component at level-2 

(1B) produced two sets of peaks along the Approximation and Vertical components at level 

3 (1C, 1D). The separation of peaks in that region can be seen with an increased Tm of 400 

ns, Figure 5 (2) in the 2D FT spectrum and in the corresponding time-frequency analysis. 

It should be noted that at decomposition level-4 in both the cases, the peaks are further 
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decomposed into two sets of peaks, appearing at the same location in the frequency-domain 

with slightly altered relative intensities. Time-frequency analysis enables probing of such 

minute details, inaccessible to the Fourier transform based analysis, which is crucial in 

studying protein dynamics and utilizing the full potential of 2D ELDOR studies.

The consistency of the time-frequency analysis is illustrated for the 2D ELDOR study 

of PDT in water, shown in Figure 6. It can be seen that in the Approximation (C, D) 

and Vertical (G, H) components at decomposition level −3 and 4 start showing spectral 

resolution in comparison to the 2D FT spectrum. Two distinct sets of cross peaks are 

revealed along the Vertical components G and H in Figure 6.

Conclusions

We presented a time-frequency analysis of 2D ESR signals for efficient detection of 

the distinct peaks in 2D ESR signals. The time-frequency analysis revealed peaks in 

the frequency-domain which were undetectable by the traditional Fourier transform-based 

analysis. The method achieves significant resolution enhancement in the frequency-domain 

through decomposition of the time-domain data along the time-frequency plane. We applied 

the method to simulated 2D DQC and experimental 2D ELDOR signals; the former being 

used as the test case with known frequencies and the corresponding analysis validated 

the accuracy of the results obtained by the time-frequency analysis. Similar treatment of 

the 2D ELDOR data resulted into peak separation and resolution enhancement, both of 

which are key achievements in utilizing the unique potential of such studies to reveal 

critical protein dynamics. Further, this work lays the foundation for simulation-independent 

2D ESR spectral analysis, which is essential to study complex proteins and their tertiary 

structure. This study can be extended to the analysis of any 2D time-domain data and use 

of more advanced techniques, such as the wavelet packet transform for further resolution 

enhancement.
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Figure 1: 
Schematic presentation of (A) 2D ELDOR and (B) 2D DQC pulse sequences and the 

corresponding coherence pathways. In case of 2D ELDOR, td corresponds to the dead-time 

and the mixing time (Tm) is kept constant in an experiment, while in 2D DQC experiments, 

tDQ is kept constant.
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Figure 2: 
Two dimensional undecimated wavelet decomposition for the time-frequency analysis of a 

2D input signal using predefined low-pass (l[n]) and high-pass (ℎ[n]) filters. Each column 

of the input data is first passed through l[n] and ℎ[n], yielding two output matrices, 

followed by repeating the process for each row of the two output matrices, producing the 

Approximation, Horizontal, Vertical and Diagonal components. For subsequent levels of 

wavelet decomposition, the process is repeated on the Approximation coefficients.
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Figure 3: 
Resolution enhancement of 2D ESR signal by time-frequency analysis. Traditional 2D FT of 

the signal produces the frequency-domain spectra (top right). In the time-frequency analysis, 

the time-domain data is decomposed by the wavelet transform using Coiflet-3 wavelet, 

followed by reconstruction and application of the 2D FT. The spectral decomposition 

at level-1 and −2 are shown for illustration. Beyond level −1, only the Approximation 

component from a level is decomposed further and at each level, majority of the spectral 

information gets distributed between the Approximation and the Vertical components.
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Figure 4: 
Time-frequency analysis of 2D DQC data using Coiflet-3 wavelet. The magnitude mode 

2D FT spectrum is shown on the right and the 2D FT of the reconstructions from the 

Approximation and Vertical components at different decomposition levels are shown on 

the left. Decoupling of peaks along both the dipolar and echo dimensions are evident at 

decomposition level 2 and 3.
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Figure 5: 
Time-frequency analysis of the real 2D ELDOR signals of DTBN in DMPC at 40 C 

with mixing time, Tm = (1) 100 ns and (2) 400 ns, respectively. Spectral reconstruction at 

decomposition levels of 1 to 4 are shown for the Approximation (A–D) and the Vertical 

(E–H) components. Spectral resolution is achieved in the region of (1) ±25 MHz and (2) ±20 

MHz (red rectangle) along both the frequency axes at level 3 and 4.
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Figure 6: 
Time-frequency analysis of the real 2D ELDOR signal of PDT in water at 20 C with a 

mixing time, Tm = 600 ns. Spectral reconstruction at decomposition levels of 1 to 4 are 

shown for the Approximation (A–D) and the Vertical (E–H) components.
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