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Abstract In this paper, the transfer function of a passive waveguide-based
terahertz pulse shaper is achieved using the time domain data provided by
the full-wave simulation of the structure. The fractional order of the transfer
function is determined based on the time response resulting from an arbi-
trary excitation of the proposed pulse shaper. The full-wave electromagnetic
numerical analyses are applied to attain the time-domain output data of the
helical gold-ribbon dielectric-lined waveguide as the terahertz pulse shaper. In
order to verify the simulation results, the proposed device has been examined
using two different numerical methods which are the Finite Element Method
(FEM) and the Finite Integral Technique (FIT). A good agreement was found
between the results of FIT and FEM methods. The use of the system transfer
function to analyze the structure is preferable to the full-wave simulation be-
cause of saving the execution time. Once the transfer function is determined,
one could apply it for the subsequent time-domain analysis of the pulse shaper
with various inputs.
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1 Introduction

Advances in the field of terahertz (THz) science and technology have made
impressive contributions to a variety of research areas including physics, ma-
terial science [1]-[4], chemistry [5], and electrical engineering [6]-[9] for several
decades. Recently, Veli and et al. [10] present diffractive layers as a modular
pulse shaping network, which is used to shape an arbitrary broadband input
terahertz pulse into square pulses with temporal-width using deep learning
technique. After deep learning-based training of the machine, the thickness
profiles of the resulting diffractive layers have been determined. Their pro-
posed diffractive networks have been synthesized with various square terahertz
pulses with duration from 10.58 ps to 15.69 ps. One essential drawback of such
structures is bulky size of the pulse shaper (four layers with 3 cm space dis-
tance between sequential layers) which is not applicable to incorporation with
compact semiconductor terahertz sources. Recently, in our previous work [11],
we demonstrated a tunable THz pulse shaping technique utilizing the positive
group velocity dispersion (GVD) region of a dielectric-lined circular waveguide
loaded with a helical graphene ribbon. The results presented in [11] indicated a
feasibility of tunable pulse compression applications by using the graphene rib-
bon. Here, we made a step forward for a passive fixed pulse-shaper by replacing
the helical graphene ribbon with a gold ribbon. Compared with our previous
work [11], the pulse shape is greatly improved by reducing the pedestal and
ringing. Moreover, in order to prove the validity of the numerical analysis, the
proposed device has been examined using Finite Element Method (FEM) and
the Finite Integral Technique (FIT). The achieved results of FIT and FEM
methods are in close agreement. The need for system identification in engi-
neering is interesting [12], because of its ability to describe phenomena, which
are not able to be fully explained by analytic approaches in complex prob-
lems. Fitting a transfer function (TF) or complex impulse response (CIR) is
often used in modern wireless communications in order to characterize wireless
channels [13]-citeR16. The advantage of such a response is to improve the per-
formance of the channel with monitoring the transient responses of the system
to various input signals over time-efficient signal processing operations. Exam-
ples include the analyses of electromagnetic waves in the presence of complex
geometrical boundaries between normal and dispersive materials inducing a
transient effect on propagating waves. System identification, which represents
the transfer function, allows a great deal of flexibility in building mathemati-
cal models by using measurements of the system’s input and output signals in
terahertz spectrum [17]-[19]. Although transfer functions are generally used in
the analysis of systems such as single-input single-output filters in the fields of
signal processing, control theory, and communication theory, it could also be
applied to provide comprehensive system models of electromagnetic problems.
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Fig. 1 3D geometry and side view of an internally dielectric-coated hollow-core waveguide
loaded by a helical gold ribbon.

2 Model Geometry and Materials

Figure 1 sketches the passive waveguide-based terahertz pulse shaper. A gold
ribbon of thickness tgold (1 µm), width w (41 µm), and pitch size p (126 µm)
is helically wrapped and inserted inside a metalized dielectric tube with inner
radius R of 100 µm and thickness td of 8.5 µm. By carefully choosing the
geometric parameters and the dielectric material, an optimum condition for an
arbitrary dispersion profile, large mode confinement with minimum mismatch,
and propagation loss can be achieved. High-density polyethylene (HDPE) is
used for the dielectric tube given its good THz transparency (n = 1.524, and
α = 0.2 cm−1 at 1 THz [20]). The dielectric tube is completely covered by a
gold film layer as a metal cladding. Gold is modeled with the Drude parameters
as follows: ǫ∞ = 9.1, ωp = 1.38 × 1016 rad/s, and Γ = 1.075 × 1014

Hz [21].

3 Numerical Modeling Methods for Time-Domain Data Acquisition

Numerical techniques could be useful in theoretical studies of more challenging
electromagnetic problems such as complex structures where exact analytical
solutions are difficult to obtain. In this paper, our proposed device has been
analyzed using FEM and FIT in order to prove the accuracy of the numerical
analysis. Figure 2a,b show the transmittance and absorption coefficients of the
proposed device across the whole operating bandwidth (2.14–2.34 THz) for the
transverse electric dominant mode (TE11). The phase difference between the
input and the output signals of the 2-port device is expressed by the phase
of the transmission coefficient (S21) as depicted in Figure 2c. The phase of
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the transmission coefficient, which is numerically calculated using both afore-
mentioned numerical methods, demonstrates the dispersion characteristics of
the signal transmission. In fact, it determines how the input signal is delayed
when it travels between the input and output ports of the device in the desired
frequency spectrum. A passive pulse compressor can be designed in a portion
of electromagnetic spectra where the normalized group velocity (Vgr/c) profile
has a large negative gradient [22]-cite, R23, where c denotes the speed of light
in free space. Vgr is inversely proportional to group delay (GD) when the prop-
agation length (L) is constant as given in Equation (1). On the other hand,
GD is defined versus the phase of the transmission coefficient (θ) as stated
in Equation (2) [24]-[25].

Vgr

c
=

1

300

L(µm)

GD(ps)
(1)

GD(ps) = −
1

360

∂θ(deg)

∂f(THz)
(2)

As shown in Figure 3a, the proposed structure shows the normalized group
velocity profile with a relatively large negative gradient in the frequency range
of fLo to fHi which is equal to 2.14–2.34 THz. Furthermore, we provide a
comprehensive time-domain analysis that verifies the overall pulse-compression
performance of the proposed device. Figure 3b depicts the output envelope
waveforms of the proposed device based on a chirped-input signal obtained
using FIT and FEM The chirped-input signal is a y-polarized chirped sine
function, as stated in Equation (3):

Ey =
{

E0sin(2πfHit− µt2), if t ≤ T00, andotherwise (3)

where fHi is the upper-band frequency of the negative slope of the GV profile
(2.34 THz), T0 is the input pulse width, E0 is the electric field amplitude, and
µ is the chirp factor. The chirp factor for a uniform input pulse spectrum in
the negative slope of the GV region from fLo to fHi, 2.14–2.34 THz, can be
calculated using Equation (4):

µ =
π(fHi − fLo)

T0
(4)

As the simulation results exhibit, there is good agreement between the
results of FIT and FEM methods over the entire operating bandwidth (2.14–
2.34 THz). Based on theory, it is evident that the energy of electromagnetic
waves in a dispersive medium travels in a group velocity profile, which is
dependent on the frequency just as our proposed structure is, which is shown
in Figure 3a. Therefore, if such a dispersive structure is excited by using a
linearly down-chirped pulse like Ey, which is introduced in Equation (3), it
can be expected in a group velocity profile with negative gradient in terms of
the frequency spectrum the front pulses with lower group velocity travel with
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Fig. 2 (a) Transmittance, (b) absorption spectra, and (c) the phase of S21 of the proposed
device using Finite Integral Technique (FIT) and Finite Element Method (FEM).

larger delay of Td,Hi than the tail of the input pulses with delay of Td,Lo as
described in Equations (5) and (6) [26].

Td,Hi =
L0

V |fHi

(5)

Td,Lo =
L0

V |fLo

(6)

If the input chirped-pulse duration is chosen as (T0 = Td,Hi − Td,Lo),
one can expect that the tail of the input pulse travel will overtake the front
one. Based on the numerically obtained information of group velocity, it is
shown in Figure 3a that we obtained the optimal traveling length of L0 as
579µm. Figure 3a compares the normalized group velocity and the group de-
lay of the proposed structure with those reported in [11]. It is clearly seen
that the graphene-based pulse shaper in an equal bandwidth around its cen-
ter frequency, as shown in Figure 3a, is lower ∆Vg than the Au-based one.
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Fig. 3 (a) Group delay and normalized group velocity extracted from the phase of the
transmission coefficient using FIT method for the proposed structure (solid line) and the
zero-biased graphene-based structure reported in [11] (dashed line), and (b) the output
envelope waveforms of the proposed device based on a chirped-input signal using two differ-
ent numerical approaches of FIT and FEM, compared with output signal of a zero-biased
graphene-based one [11].

This effect leads to the longer optimal length (720 µm), and consequently, more
transmission loss in the graphene-based pulse shaper. This comparison reveals
how the material dispersion contributes to the total chromatic dispersion of
the proposed structure. On the other hand, the simplicity is very important
in microscale optical device fabrication. The main challenge in our previous
work reported in [11] was the design complexity due to the use of graphene and
the bias facilities including SiO2 spacer and gold-bias electrodes. Therefore, a
compact and simple structure able to be incorporated with fibers, signal pro-
cessors, terahertz time-domain spectroscopy (THz-TDS) systems, and etc. is
introduced in this work to relax the structure complexity. Moreover, Figure 3b
shows that the compressed pulse at the optimal position of the output probe
(L0) of the proposed structure has a narrower-shaped pulse with the lower
pedestal compared with that of the zero-biased graphene-based structure in-
troduced in [11]. As shown in Figure 4, the maximum compressed pulse shape
is obtained at the output of a y-polarized electric field, which is located at the
distance of 575 µm from the input reference plane of the proposed device. Fig-
ure 4a shows the traveled input pulses just after traveling 50 µm, about 10% of
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the optimal length while Figure 4b,d illustrate the probe outputs located at
525 µm and 625 µm, before and after the optimal position (L0 = 575 µm).
These figures clearly show how the probe output signal starts to grow to a
peak at the tail position before the optimal position, while after passing the
optimum length, the temporarily narrowed pulse peak starts to downgrade.
The 3D demonstration of the spatial-temporal electric field distribution along
the proposed waveguide device can be used to characterize the field confine-
ment performance for future applications such as material detection sensors or
time-domain spectroscopy (TDS). Figure 5 gives a comprehensive description
of the y-polarized electric field distributions at the optimal probe position in
three important moments of the compressed pulse duration, assigned as tA,
tB , and tC , which correspond to peak, pedestal, and ringing positions (see Fig-
ure 5a). As depicted in Figure 5b–d, the field distribution of the peak moment
(tA) is significantly more confined than pedestal (tB) and ringing (tC) mo-
ments. This ensures the proposed device can be employed as an efficient pulse
shaper for various pulse-based THz applications including fast data commu-
nications, TDS, and imaging. Another important conclusion from the electric
field distribution would be the mode purity of the proposed structure at the
fundamental propagation linear polarized mode pattern of circular waveguide
(TE11).

In the remainder of this section, we briefly show the effects of each param-
eter of the proposed structure on the power transmission and the dispersion
performance. Figure 6a shows how the thickness of the Au-ribbon, as heli-
cally varying dispersive boundary conditions, influences the GV profile of the
proposed structure as well as the insertion loss. The dispersion characteris-
tics of the structure have more dependence with tgold in the lower part of
the operating frequency band than elsewhere. Moreover, the return loss of the
structure can be tuned effectively within the target operating bandwidth in
order to reach the lowest value with the highest uniformity. Figure 6b shows
the internal dielectric coating thickness td has no significant effect on the GV,
especially in the region with negative gradient, while the insertion loss has
been kept lower than −0.4 dB. The dispersion and transmission performance
of the proposed structure have significant sensitivity to the most important
parameters of the helix which are the gold ribbon width, w, and the pitch size
p, which can be seen in Figure 6c–d. Figure 6c illustrates the GV profile is
more sensitive to the gold ribbon width below the optimum value, while with
a slightly wider ribbon, the GV profile remains unchanged around the center
frequency. In addition, for a larger or shorter pitch size, the negative gradient
of GV becomes steeper with a down-frequency shift.

In order to ensure that the transient (ringing and pedestal) section has
no significant effect on the overall time domain output pulse response, the
proposed structure has been simulated in three different fixed lengths of 800
µm, 1000 µm, and 1400 µm, as shown in Figure 7a–c. The resultant output
signals at the optimal position from the input port, L0, have been achieved by
applying a unique input signal defined with Equation (3). The outcomes show
stable responses without any significant deformation which could be used for
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Fig. 4 The output y-polarized E-field probe signals at various positions of the proposed
structure (a) front position (z = 50 µm), (b) before, and (d) after optimal length (575 µm),
and finally, at (c) L0.



Terahertz Waveguide-Based Pulse-Shaper System Analysis and Modeling 9

Fig. 5 The electric field distributions at the optimum positions and the corresponding peak
time positions of (b) tA, (c) tB , and (d) tC as marked on (a) the probe signal output.
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Fig. 6 Effect of (a) gold-ribbon thickness, (b) dielectric thicknesses, (c) helix width and
(d) pitch size of the helix on the insertion loss and the normalized group velocity (Vg/c).

example for high speed board-to-board interconnecting THz systems [27]. We
can also show that when the structure is excited by an input signal consisting of
two sequential chirped pulses, the transient section has no significant effect on
the final output compared with that of the single input pulse. This achievement
confirms the applicability of the structure to high speed data communications
(see Figure 8).

The next section will describe how to estimate the transfer function of the
proposed structure from the time-domain simulation response.

4 Transfer Function Estimation

A transfer function is an important notion in signal processing, which allows
one to relate an output signal and an input. This section focuses on the estima-
tion of the general transfer function of the proposed device. In pulse shaping,
knowledge of the transfer function makes it possible to achieve the temporal
output pulse from any arbitrary input pulses. By incorporating the full wave
time-domain simulations (obtained in the previous section) and the numeri-
cal transfer function estimation approach, it becomes possible to extend the
application of the system theory to a wider range of optical problems. The pro-
posed waveguide-based structure is assumed as a linear time invariant (LTI)
system which is stable and can be described by a transfer function of the form
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Fig. 7 The output signal at the optimal position 575 µm for three different lengths of (a)
800 µm, (b) 1000 µm and (c) 1400 µm of the proposed structure.

Equation (7):

H(s) =
b0 + b1s

β1 + ...+ bmsβm

a0 + a1sα1 + ...+ ansαn

(7)

where b0, b1,..., bm, a0, a1,..., an are the coefficients to be estimated, and β0,
β1,..., βm, α1, α0,..., αn are the positive real valued exponents. The proposed
identification approach is based on the transfer function estimation using the
input/output temporal data which are generated in the full-wave transient
simulation of the proposed waveguide under a chirped-input signal. In this
work, the MATLAB signal processing toolbox was employed to estimate the
transfer function coefficients given in Table 1 based on the obtained time
samples of the compressed signal. Figure 9 presents the input-chirped signal
and the results of the estimated transfer function and those obtained by the
FEM simulation. It is noteworthy that the coefficients of the numerators and
denominators of H(s) with four zeros and nine poles are determined so that the
highest similarity between the FEM output , Figure 9b, and the reconstructed
one by using H(s), Figure 9c, has been achieved.

The accuracy of applying the estimated transfer function for calculating
the output waveform can be verified based on the responses of the proposed
structure to two different input signals. The first one is a nonchirped sinusoidal
pulse while µ is set to zero and fHi is replaced with the center operation
frequency of f0 ((fHi+fLo)/2) in Equation (3) and the second one is the well-
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Fig. 8 (a) The excitation input signal consisting of two sequential chirped pulses,
and (b) corresponding output signal at the optimal position of 575 µm, computed using
FEM.

known broadband Gaussian pulse which is defined as Equation (9). Figure 9a,b
show a time-domain validation test of H(s) introduced by the coefficients given
in Table 1. A good agreement between the full-wave results achieved by the
FIT simulation and those of applying the equivalent system function, H(s), is
observed.

Ey =

{

E0 e−((t−0.5T0)/τ)
2

sin(2πf0t), if t ≤ T0

0, otherwise
(8)

where τ is 2 ps for an appropriate bandwidth compatible with the proposed
structure and T0 is set to 8 ps, the same as previously used in Equation (3).
As shown in Figures 10a,b, this approach has great accuracy and could re-
place the full-wave simulation analysis which is very time consuming. In fact,
the TF estimation with the features of the wideband and memory-efficient
analysis could be applied in conjunction with other complicated model esti-
mation techniques such as Transmission-Line (TL) models and narrow band
equivalent circuit models.

The accuracy of applying the estimated transfer function for calculating
the output waveform can be verified based on the responses of the proposed
structure to two different input signals. The first one is a non-chirped sinusoidal
pulse while µ is set to zero and fHi is replaced with the center operation
frequency of f0 ((fHi+fLo)/2) in Equation (3) and the second one is the well-
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Fig. 9 (a) Chirped-input signal, (b) reference output signal obtained from the FEM analy-
sis, and (c) output signal obtained from estimated transfer function model of the proposed
device.

Table 1 The coefficients of the numerators and denominators of the estimated transfer
function (βm=m, and αn = n, where m and n are integer numbers 1, 2, . . . ,9).

b0 b1 b2 b3 b4

-7.17 × 10113 2.8 × 10100 - 2.7 × 1088 4.9 × 1074 -2.5 × 1062

b5 b6 b7 b8 b9

1.4 × 10115 6.7 × 10102 1.3e × 1090 5.3 × 1077 4.7 × 1064

a0 a1 a2 a3 a4

1.4 × 10115 6.7 × 10102 1.3 × 1090 5.3 × 1077 4.7 × 1064

a5 a6 a7 a8 a9

1.5 × 1052 7.0 × 1038 2.0 × 1026 3.8 × 1012 1
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Fig. 10 A validation test of the estimated transfer function H(s) in terms of two different
input signals of (a) Gaussian, and (b) sinusoidal pulses, respectively, with the corresponding
output waveforms obtained from the FEM analysis of the proposed structure.

known broadband Gaussian pulse which is defined as Equation (9). Figure 9a-b
show a time-domain validation test of H(s) introduced by the coefficients given
in Table 1. A good agreement between the full-wave results achieved by the
FIT simulation and those of applying the equivalent system function, H(s), is
observed.

Ey =

{

E0 e−((t−0.5T0)/τ)
2

sin(2πf0t), if t ≤ T0

0, otherwise
(9)

where τ is 2 ps for an appropriate bandwidth compatible with the proposed
structure and T0 is set to 8 ps, the same as previously used in Equation (3).
As shown in Figures 10a-b, this approach has great accuracy and could re-
place the full-wave simulation analysis which is very time consuming. In fact,
the TF estimation with the features of the wideband and memory-efficient
analysis could be applied in conjunction with other complicated model esti-
mation techniques such as Transmission-Line (TL) models and narrow band
equivalent circuit models.
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5 Conclusions

This paper provides a standard procedure to examining the performance of a
waveguide-based terahertz pulse shaper by introducing the transfer function
of the device. The main advantage of this model identification method is that
by using a transfer function, the output of the structure can be easily ob-
tained under different input signals in both time and frequency domains. The
transfer function was calculated based on the obtained input/output time sam-
ples of the full-wave simulations of the proposed THz waveguide-based pulse
compressor. The zeros and poles of the transfer function is determined and a
close match between the FEM output and the reconstructed output using the
estimated transfer function is obtained.
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