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Abstract—There has been a boost in optoelectronic device tech-
nology that can leverage strengths of both optical and electronic
worlds to support high-voltage and high-speed operation. It is
critical to characterize the RF performance from the measured
signals of these devices in order to evaluate their performance,
optimize their designs and also aid in better understanding of the
device physics. Conventional curve-fitting models either fail to fit
measured signals with high accuracy or provide limited, if any,
information about the device physics. Here, we propose a Prony-
based curve-fitting method to characterize RF pulse measurements
from such optoelectronic devices. The performance of the overall
algorithm on measurement data shows high accuracy, with the
capability to extract key pulse parameters such as full width at half
maximum and rise time. Additionally, the capability of the method
to extract time constants associated with semiconductor traps can
help in better understanding of optoelectronic device physics.

Index Terms—Curve fitting, Gaussian distribution, optoele-
ctronic devices, Prony method, RF signals, signal analysis.

I. INTRODUCTION

THERE has been a boost in optoelectronic devices that com-
bine the strengths of both optical and electronic worlds:

specifically the speed of light with the power handling capability
of wide bandgap semiconductor materials [1]–[3]. This technol-
ogy will be capable of operating at 100 s of GHz with bandwidths
of 10 s of GHz, output power in the 100 s of watts within a
compact form factor [4]. Thus, it will be relevant for various
applications such as wireless communication, cyber security,
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radar, electronic warfare, remote sensing and non-destructive
characterization using Terahertz radiation [5]–[8].

Curve-fitting techniques are required to characterize the per-
formance of the optoelectronic devices from the measured sig-
nals to optimize their designs and also aid in better understanding
of the semiconductor device physics from the measured signals
of these devices [9], [10]. Conventional models based on polyno-
mial or logarithmic basis fail to fit the signals with high accuracy
due to their non-monotonic, under-sampled nature, continuously
varying slopes due to damping factors, presence of noise and
higher-order perturbation in the signals [11]. While recently de-
veloped fitting techniques, such as Gaussian process regression
and machine learning techniques can provide a high accuracy fit,
these are data-based techniques and thus provide no information
and understanding about the device physics [12]–[14].

Prony’s method is a parametric method to fit a sum of
damped complex exponentials to the measurement data [15]–
[17]. Prony’s method is a powerful signal processing and system
identification technique as it offers the advantages of identifying
damping coefficients apart from frequency, phase, and amplitude
and is thus superior to Fourier analysis [18]. While Prony’s
method was invented by Gaspard de Prony in 1795 to solve
a recovery problem in physical chemistry [19], the strengths of
this technique have been lately exploited in several applications
over the past few decades including radar signal processing,
super-resolution, signal deconvolution, parameter estimation,
filter design and electrical power system electromechanical
modes identification [20]–[24].

In this work, we propose a Prony-based curve-fitting method
to characterize RF pulse measurements from optoelectronic
devices. The measurements are obtained from a novel photo-
conductive semiconductor switch device that operates as a high
frequency, high power RF source or amplifier [25]. Based on the
semiconductor physics of optoelectronic devices, the RF pulse
output of such devices has a rising half, which is a function
of the input Gaussian pulse, and a decaying half that is repre-
sentative of exponential time constants of the carrier lifetime
in the semiconductor. Thus, a Gaussian fitting approach is used
to fit the rising half of the signal followed by a Prony fitting
approach to fit the decaying fall of the signal [11], [26]. Key
RF parameters, such as full width at half maximum (FWHM),
bandwidth, rise time, fall time and gain of the measured signals
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Algorithm 1: Prony fitting method.

Input: Measured data: ymeas(t)
Output: Fitted curve: yfit(t), Prony time constants (τ )

1: Create a k × k Hankel matrix H from ymeas(t)
2: Find Prony order (p) from eigen value distribution of

H
3: Form polynomial matrix X from Z-transform of (3)
4: Find αk in the time domain by obtaining roots of

matrices derived from Z(ytrap) and X 1

5: Find amplitudes ck from inverse Z-transform
operations.

can be extracted from the fitted curves and used to characterize
the performance of the devices. Additionally the capability of
the method to extract multiple time constants due to long tails
associated with semiconductor traps can help in better under-
standing of the device physics [27]. The overall efficiency of
the method is demonstrated by obtaining high accuracy fitting
of varied waveform shapes. The effect of the system order on
the fitting accuracy, as well as the robustness of the proposed
fitting technique towards measurement noise, sampling rate and
repeatability is demonstrated.

The key novelty of this approach over existing curve-fitting
techniques is the development of an algorithm that can directly
compute the system order to determine how many dominant
traps are present in the semiconductor and then optimize the ma-
terial growth and device fabrication to optimize those dominant
traps. Unlike different non-linear, iterative least squares-based
curve-fitting approaches that are computationally intensive and
are complicated to implement, the proposed algorithm is non-
iterative and easy to implement [28]. Further, the algorithm
shows its capability to accurately characterize under-sampled
RF signals corresponding to the optoelectronic devices. The
algorithm is fully automated to analyze large volumes of data for
extensive device testing and optimization over a broad design
space. Finally, the algorithm is fine-tuned to handle the com-
plexities of RF pulse measurements from optoelectronic devices
such as long decaying tail, pulse distortion, non-monotonicity,
measurement noise and under-sampling.

II. PRONY-BASED ALGORITHM

An RF pulse ymeas(t) generated by 1the photoconductive
switch [25] consists of a rising main peak followed by a slowly
decaying fall [29], [30]. The overall curve-fitting algorithm to
extract the fitted curve yfit(t) can be divided into two primary
steps, 1: fitting the rise of the signal (ymain(t)) and 2: fitting the
fall of the signal (ytrap(t)). The overall objective of the algorithm
is to minimize the root mean square error ε between ymeas(t)
and yfit(t) normalized by the peak voltage (vp) of ymeas(t) and
expressed as a percentage. It is given by

ε =

√(∑i=n
i=1 (yfit(i)− ymeas(i)) /n

)2

vp
, (1)

1Roots can be real αk as well as complex αk + jωk .

where yfit = ymain + ytrap and n is the number of time steps.

A. Gaussian Fitting

ymain(t) is computed using a Gaussian distribution function
expressed as

ymain(t) = Ae−
(t−tp)2

2σ2 , where 0 < t ≤ tp, (2)

where A is the peak value of the signal, tp is the time instant at
the signal peak, and σ2 is the calculated variance of the Gaussian
distribution function.

B. Prony Fitting

Prony’s method is utilized to fit a sum of damped complex
exponentials to ytrap(t) expressed as [31]

ytrap(t) =

p∑
k=1

ckz
n
k , where tp < t ≤ tn, (3)

where zk = e−αk .The three unknowns that need to be computed
are the kth damping coefficient αk, the amplitude of kth com-
ponent ck, and the order of the prony fit p. The mathematical
foundations of the Prony method have been discussed in details
in [20], [32]. For the sake of brevity, we skip the mathematical
equations and outline the steps in an algorithmic framework
(Algorithm 1) [33].

Fig. 1 shows the implementation of the Prony-based algorithm
on a measured RF pulse signal. A typical transient RF waveform
measured by the photoconductive semiconductor switch device,
subjected to an input pulse waveform [25], is shown in Fig. 1(a).
As mentioned before, the rising signal is fitted using a Gaussian
distribution function (Fig. 1(b)), while the decaying tail signal
is fitted using the Prony’s method (Fig. 1(c)) [27]. The order
of the Prony fit (p) is computed based on Step 2 of Algorithm
1 and was chosen to be 3, as shown in the inset of Fig. 1(c).
The final fitted curve yfit(t) is closely matched with ymeas(t).
Some of the higher-order data fluctuations in the signal tail
are not captured in yfit(t) due to the lower-order of the Prony
fit.

III. EFFECT OF ORDER OF PRONY FIT

In this section, we study the effect of Prony order on the
fitting accuracy. The order of the Prony series (p) can be found
out from its eigen value decomposition, given by eigen(H) ≈ 0.
It is important to note that the calculation of p does not require
plotting the eigen values of H , but based on an automated error
criterion, given by [20]

eigen(H) ≤ δ, (4)

where δ is chosen such that λk decays to 0.1% (30 dB) of its
highest eigen value. The automated calculation of p helps deter-
mine how many dominant traps are present in the semiconductor
and their frequency response, which can be used to optimize
the material growth and device fabrication to optimize those
dominant traps.

The above principal is tested using a pulsed measurement of
a fabricated optoelectronic device. The waveform is a broad,
non-monotonic pulse (FWHM∼2 ns) with significant distortion
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Fig. 1. Overall approach of the curve-fitting method: (a) RF pulse measured ymeas(t) by an optoelectronic device showing the rising main peak followed by
a slowly decaying fall with long tail, the input laser pulse fed to the device is shown in the inset. (b) Fitting the rise of the signal (ymain(t)) using a Gausian
distribution function. (c) Fitting the fall of the signal (ytrap(t)) using Prony fitting, (d) Overall fitting performance of yfit(t) = ymain(t) + ytrap(t).

Fig. 2. Effect of order of Prony series on the fitting accuracy of a measured
waveform: (a) Plot of the eigen values λ if the Hankel matrix vsk for various sizes
of H matrix, p can be determined from the condition stated in (4), (b) Fitting
results show that the major exponential decay can be captured by low-order
Prony series, higher-order fluctuations and non-monotonic oscillatory trends in
the measured data are captured by higher-order of Prony series.

in the tail in the form of high-order oscillations along with a
slow, second peak as shown in Fig. 2(b). The eigen value plot
in Fig. 2(a) show smaller drop of λ with increasing order from
p = 3 to p = 10. The results of Prony fitting show that while
the Prony fit with lower-orders (p = 1, 5) captures part of the
major exponential decay, higher-order Prony fits (p = 10, 20)
are not captured. However, higher-order Prony fits (p = 25, 50)
can capture the non-monotonic oscillatory trends, as well as
the second peak. This result demonstrates the robustness of the
curve-fitting method towards different types of optoelectronic
signals with varying pulse dynamics such as pulse width varia-
tion and higher-order distortions.

IV. CHARACTERIZATION OF RF PULSES

Fig. 3(a) shows a comparison of fitting accuracy of an RF pulse
measurement between Prony and two different techniques. Since
the laser input is a Gaussian pulse while the output pulse has a
decaying tail, both Gaussian and exponential fitting techniques
are considered. Fig. 3(a) shows that while the rising pulse is
well characterized by all three techniques, the decaying tail is
not accurately fitted with a double Gaussian fitting due to the
slope associated with the unique shape of the waveform, and
also not accurately fitted with a single exponential fitting due
to higher-order perturbation in the signals. On the other hand,
a second-order Prony series provides a more accurate fit, with
an 8% improvement in error over the other techniques (Table
I). While techniques such as Gaussian process regression can
provide high accuracy fit, these are data-based techniques and
thus do not correlate the extracted fitting parameters with the
underlying device physics.

Fig. 3. Performance of the fitting method: (a) Comparison of fitting accuracy
between a conventional double Gaussian fitting method and the proposed Prony
method, (b) RF pulse and its parameters (tw, vp, tr, tf ), (c) Key RF performance
metrics FWHM (tw) and peak voltage (vp) obtained from the Prony fitting
technique. Table I shows a comparison of the fitting error, ε, between the
two fitting methods in Fig. 3(a). Higher accuracy of the proposed method is
demonstrated. Table II shows the extracted RF performance metrics obtained
from the fitting results of the measured data plotted in Fig. 3(a).

After an accurate fitting is achieved, key RF parameters such
as pulse width (tw), bandwidth (Ω), rise time (tr), fall time (tf )
and vp of the measured signals are extracted from the fitted
curves. tw is expressed as the FWHM of the pulse, tr is measured
as the time delay for a signal to move from 20% of vp to 80% of
vp during the rise of the signal, tf is measured as the time delay
for the signal to move from 80% of vp to 20% of vp during the
fall of the signal. These parameters are shown in Fig. 3(b). Ω
is expressed as 1/tw [34]. The RF parameters obtained for the
measured waveform in Fig. 3(a) is shown in Table II and correlate
well with prior experiments and simulations, thus verifying
the reliability of the approach [25], [35]. The algorithm has
been automated to analyze large volumes of data in order to
analyze the effect of different experimental parameters on the
device’s performance. As an example, the effect of increasing
the strength of electric field on the device was studied using
the algorithm. tw and vp were extracted after performing fitting
analysis from 50 experimental measurements, and plotted in
Fig. 3(c). The analysis shows the correlation between tw, vp
and the applied electrical voltage, as well as the variability in
the measured parameters, represented by the error bars. This
information can be used to optimize experimental settings as
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Fig. 4. (a)–(e) 5 repeated under-sampled measurements corresponding to the
same device, (f) Raw data from the first 3 measurements (Samples 1,2, 3) plotted
on top of each other showing that there needs to be time shifting to properly align
the data, (g) Aligned data waveform after time-shifting and its corresponding
Prony fitting model, (h) Fitting accuracy of the Prony fitting model for the
remaining 2 measurements (Samples 4, 5).

well as the design of the device to achieve the device’s ideal
performance.

V. SEMICONDUCTOR PHYSICS FROM PRONY CONSTANTS

The Prony time constants (τ from Table II) extracted for the
photoconductivity measurements of an optoelectronic device
reported here are representative of the carrier lifetime in the
semiconductor. The zeroth-order mode of Prony series, corre-
sponding to the largest time constant in the system (say τ1),
contains both bulk and surface contributions [36]. That is,

τ−1
1 = τ−1

bulk + b1D, (5)

where τbulk is the bulk lifetime, b1 is a constant (related to
the amplitude of the mode), and D is the carrier diffusivity.
For samples with dominant surface recombination, the surface
recombination velocity of carriers can be determined by mea-
suring the lifetimes of two samples with different thicknesses
and similar surface treatment.

The Prony time constants can also be used to interpret the
defect properties, i.e., the activation energy and cross-section
of the defect, in the semiconductor. The Prony method can be
used to extract the time constants from measurements at various
temperatures to reveal defect-specific information [12], [13]. For
electrons, the defect properties are found using [37]

τtT
2 =

exp Ea

kBT

σtγ
, (6)

where τt is a Prony time constant, T is the sample temperature,
Ea is the activation energy of the defect state, σt is the electron
capture cross-section, and γ is a material-specific constant. An
Arrhenius plot of the emission process (i.e., ln(T 2 × τt) versus
1/kBT ) provides information on the activation energy of the
trap, (Ec − Et), and σt.

VI. REPEATABILITY AND UNDER-SAMPLING

In this section, we demonstrate the robustness of the Prony
fitting technique towards noise, sampling rate and repeatability.
Figs. 4(a)–(e) shows five repeated under-sampled measurements
corresponding to an optoelectronic device [25]. We use the first
three measurements to create a well-sampled data and generate

the Prony fitting model. This model is then used to test the fitting
accuracy for the remaining two measurements.

The lack of data points covering the rise and fall of the signal
lead to under-sampled waveforms due to the sampling limits
imposed by Nyquist criterion. While the individual raw data
waveforms are under-sampled, with five points covering the
rise and fall of the signal, the waveforms can be combined to
have more data points representing the signal, thus reducing
under-sampling. Due to time delays associated with each mea-
surement, the waveforms do not properly align, as seen from
the raw data from the first three measurements (Samples 1,2,3)
plotted on top of each other (Fig. 4(f)). With respect to a reference
measurement, the time delays for the remaining measurements
are manually calculated and a “time shifting” approach is ap-
plied to align the signals as follows: gn(t) = fn(t+ en), where
fn(t) is the raw waveform, gn(t) is the time-shifted waveform,
en is the time shift and n is the corresponding measurement.
After performing time-shifting, the final data waveform shows
perfect time-alignment, with its corresponding Prony fit model
accurately fitting the waveform (Fig. 4(g)). While the example
shows manual alignment, this process will be automated using
a least-squares-based correlation technique as part of future
work [38].

The remaining two measurements (Samples 4, 5) are plotted
on top of the Prony fit model in Fig. 4(h) and shows highly
accurate fitting of the data points especially along the rise and
fall of the signal. This demonstrates the anti-noise and repeatable
calculation properties of the Prony algorithm. It is critical to
mention that the additional higher-order fluctuations due to
measurement noise along the fall of the signal is intentionally
not fitted using higher Prony order, so that the approach does
not fit the noise component of the signal and reduce overfitting.
Some additional strengths and limitations of the approach are
shown in a supplementary figure.

VII. CONCLUSION

A Prony-based curve-fitting technique is developed to char-
acterize RF pulse measurements from optoelectronic devices.
The algorithm is described and demonstrated with fitting of
different experimental waveforms. While lower-order Prony
fitting captures the major exponential decay, fluctuations along
the decaying tail are progressively captured by higher-order fit-
ting. Based on the experimental datasets analyzed, the proposed
approach performs better than other curve-fitting techniques
with an 8% improvement in error. The approach extracts the
time constants associated with semiconductor traps that provides
understanding about the device physics that other curve-fitting
techniques do not capture. The robustness of the fitting technique
towards noise, sampling rate and repeatability associated with
experimental measurements are discussed discussed to provide
a holistic understanding about its performance. Future work will
be focused on automated processing of repeated measurements
to accurately fit under-sampled signals. Additionally, upgrades
to the algorithm to deal with higher-order oscillations in the sig-
nal tail will be investigated [39], [40]. Finally, while the current
technique can only process uniformly sampled data, techniques
to process non-uniformly sampled data will be developed [41].
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