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Dispersion, which originates from the total frequency responses of materials, devices
and transmission lines, makes envelope distortion of signals inevitable in transmission
systems. In this study, we investigate the group delay distortion of a signal due to the
presence of dispersion in transmission systems, and propose an approach to eliminate
the distortion by compensation based on engineered material dispersion. We demon-
strate theoretically and experimentally that utilizing the anomalous frequency response
of a dispersive material, envelope distortion of a signal passing through a given trans-
mission system can be fully compensated. Compared with previous researches on
dispersion compensation using grating compressors or chirp compressors in optics
and non-Foster circuits in microwave bands, the proposed approach is robust and
scalable to other frequency bands. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4980148]

I. INTRODUCTION

Signal distortion is one of the major limiting factors for transmission distance and accuracy in
communication and measurement systems.1,2 Among various sources of signal distortions, group
delay is the most common and important, as it degrades the quality of communication by causing
amplitude distortion.3–5 It appears as different group delays when a transmission system has different
group velocities for every frequency component of a signal.6–9 The group velocity represents the
velocity at which the envelope of a signal passes through a system. In transmission media, it is
described as vg =c/(n+ωdn/dω), where c is the speed of light in free space,ω is the angular frequency
and n is the refractive index. As the refractive indexes of all media depend on frequency, i.e., being
dispersive, group delay distortion is unavoidable and referred to as dispersion distortion.10–16 Previous
researches have shown that front velocity, rather than group velocity, is the velocity that characterizes
the transmission speed of information and always equal to c.17–20 Nevertheless, the group velocity
could be subluminal, superluminal or even negative. Due to the discrepancy between group and
front velocities, the corresponding difference between front and group delays makes the transmitted
signal inevitably distorted.21 Since transmission systems are generally in normal dispersion regions
where group velocity is smaller than c, group delay distortions are caused by the lagging group
delay.22–24

So far, various dispersion compensation schemes have been proposed to eliminate group delay
distortion in optical fiber transmission. Examples include grating compressors, chirp compressors,
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digital compressors, and in-line amplifiers.25–29 The fundamental principle is to realize an anomalous
frequency dispersion with a group velocity of larger than c and thus a leading group delay. This can be
used to neutralize the lagging group delay in the original system. However, materials or devices with
an anomalous dispersion are not readily available at most frequency bands. In the microwave band,
active circuits with non-Foster elements have been used to compensate for dispersion to broaden
the operation bandwidth of radio frequency devices such as electrically small antennas and artificial
media.30,31 Nevertheless, such active circuits are highly unstable and could hardly operate properly
in a cascade configuration.

II. THEORETICAL ANALYSIS

Based on the advances of research on metamaterials that are promising to obtain anomalous
dispersion at many frequency bands, we propose a universal approach to eliminate group delay
distortions in an arbitrary transmission system by engineering material dispersion. We experimentally
designed an anomalously dispersive material, whose electromagnetic response can largely eliminate
the group delay distortion of a signal passing through a given system. Theoretical analysis, full-wave
simulation and experimental measurements agree well with each other. Compared with dispersion
compensation based on active elements, the proposed approach is robust and can be easily expanded
to other frequency bands.

Without loss of generality, let us consider a nonmagnetic dielectric slab with a thickness of
L. As shown in Fig. 1(a), its relative permittivity is described by the classical Lorentz model:
εr = 1- ωp

2/(ω2+iγω-ω0
2), where ω0, ωp and γ are the resonance, plasma, and damping frequencies,

respectively. Such a model offers an intuitive and accurate description of both normal and anomalous
frequency dispersion. Under a normal incidence of a plane wave, its “transfer function” takes the
form of H(ω)=eiωnL, where n=

√
ε is the refractive index. The group velocity is vg = c/(n+ωdn/dω),

and the corresponding group delay is Tg = L/vg = L×(n+ωdn/dω)/c. Meanwhile, the front velocity is
vf = c and the front delay is T f = L/c. Inside the frequency band marked in grey, the dielectric slab can
be considered as an anomalously dispersive medium. Its real part of refractive index decreases with
frequency, making a superluminal or even negative group velocity. In such a case, a leading group
delay Tg < L/c can be observed when an amplitude-modulated wave packet with spectra limited in
this anomalous region passes through the slab. On the contrary, in the other frequency bands, the
refractive index exhibits a normal dispersion and consequently makes a lagging group delay. In either
case, the amplitude envelope of the transmitted wave packet would distort due to the discrepancy
between group and front delays (Tg , T f ).

For a quantitative demonstration, we performed full-wave simulation to show the the prop-
agations of a Gaussian wave packet in both normally and anomalously dispersive media, using
the commercial Maxwell equation solver, CST Microwave Studio TM. For the normally dispersive
medium A and anomalously dispersive medium B, the relative permittivities in the frequency band
from 0.9ω1 to 1.1ω1 are modeled with the Lorentz model and shown in Fig. 1(b). The thicknesses

FIG. 1. Theoretical analysis. (a) Real and imaginary parts of the permittivity of a Lorentzian medium with a resonance
frequency ofω0. (b) Permittivity of normally dispersive medium A (top panel) and anomalously dispersive medium B (bottom
panel). (c) Normalized demodulated amplitude envelopes of a Gaussian wave packet passing through slab A, slab B and a
cascade of slab A and slab B.
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of both slab A and slab B are equal to 0.5 λ1, where λ1 is the wavelength in free space corre-
sponding to ω = ω1. For comparison, the same wave packets propagating in the air with the same
distance are also presented, as shown in Fig. 1(c). We can see that, the peak of Gaussian packet
passing through slab A comes later than that in the air, with obviously distorted amplitude enve-
lope. Such a distortion is induced by the lagging group delay. However, for slab B, the peak comes
earlier due to the leading group delay, also with obvious distortion. This means that the amplitude
envelope of the transmitted wave would be distorted in both normally and anomalously dispersive
systems.

Note that the lagging or leading group delays in two systems is the essential factor in the amplitude
envelope distortion, thus such envelope distortion may be eliminated by compensating the lagging
group delay with a leading one, or vice versa. In the bottom panel of Fig. 1(c), we show the amplitude
envelopes of Gaussian packets passing through cascaded slab A and slab B. No obvious distortion is
observed, showing the feasibility of dispersion compensation to eliminate the group delay distortion
in dispersive systems.

III. SIMULATED DEMONSTRATION

For an experimental demonstration, both normally and anomalously dispersive media should
be fabricated. Here, we use the conventional sub-wavelength metamaterial resonators, i.e., split ring
resonator (SRR) and rod, to achieve the desired dispersive media. As shown in the left panel of
Fig. 2(a), SRR is used as a magnetic resonator under the incidence of an x-polarized magnetic field,
to construct the normally dispersive medium. The metallic SRR pattern is printed on a 1.0-mm-thick
FR4 substrate (εr=4.3 and a loss tangent of 0.02) with dimensions of a = 11 mm, b = 11 mm, and
c = 15.8 mm. By periodically arranging such unit cells into an effective medium, the retrieved effective
refractive index is shown in the right panel. It possesses a normally, highly dispersive region below
the resonance frequency with a subluminal group velocity. Similarly, to construct an anomalously
dispersive medium, we use a unit cell with a copper-coin slice and two parallel wires as its smallest
building block, as shown in Fig. 2(b). Such a unit cell has been reported to achieve a metamaterial
with both negative refraction and quasi-zero refraction.32 The structure parameters are optimized as:
a = 11 mm, b = 11 mm, and c = 15.8 mm, to obtain a wideband anomalous dispersion. Similarly, we
retrieve its effective refractive index in the right panel of Fig. 2(b). The real part of refractive index
is positive but decreasing with frequency in the band from 5 GHz to 5.3 GHz, corresponding to an
anomalously dispersive region with negative group velocity. Note that high loss would exist in the
anomalously dispersive region based on the Kramers-Kronig relations.33

FIG. 2. Design of normally and anomalously dispersive media and simulation results. The unit cells for normally (a) and
anomalously (b) dispersive media and their refractive indexes. (c) Full-wave simulation of sinusoidal wave packets passing
through an empty waveguide, and waveguides with normally dispersive medium, anomalously dispersive medium and both
normally and anomalously dispersive media.
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Considering that there is no obvious rising edge for a Gaussian pulse, we simulate the prop-
agation of sinusoidal packets in these dispersive media. Meanwhile, for the ease of experimental
verification, all artificial media are placed in a rectangular waveguide (WR430 with a cross section of
47.55× 22.15 mm2) in the simulation and a 5-GHz carrier modulated with a 50-ns sinusoidal envelope
is chosen to serve as the incident packets. For comparison, four configurations are simulated.

In the first configuration, the empty waveguide without any sample is measured. The transmitted
wave packet is shown as the yellow curve in Fig. 2(c), without observable distortion. In the second
configuration, the designed normally dispersive medium consisting of 2 unit cells in both cross-
sectional directions and 12 unit cells in the propagation direction is placed in the center of the
waveguide. The received wave packet is shown as the blue curve. Compared with the results for
empty waveguide, the rising edge of the first wave packet is obviously distorted, due to the re-
shaping of envelope arising from the subluminal group velocity.21 In the third configuration, the
designed anomalously dispersive medium consisting of 2 unit cells in both cross-sectional directions
and 1 unit cell in the propagation direction is placed inside the waveguide. The red curve shows the
transmitted signal. Similarly, obvious distortion exists in the rising edges of the first wave packet due
to the re-shaping of envelope caused by the leading group delay.21

Finally, in the fourth configuration, both normally and anomalously dispersive media are cascaded
along the propagation direction in the waveguide, and the transmitted wave packet is shown as the
green curve. It can be observed that the original distortions of the rising edge in the first packet has
disappeared. Meanwhile, the phase of the envelope keeps pace with that in the empty waveguide,
showing the feasibility of eliminating the distortion in dispersive transmission systems.

IV. EXPERIMENTAL VERIFICATION

In the experimental verification, we fabricated two artificial materials using standard printed
circuit board (PCB) photolithography, as shown in Fig. 3. All physical dimensions are the same as
those in the simulation. First, a standard rectangular waveguide based algorithm is used to retrieve
the effective parameters of the fabricated sample.34–37 As shown in Fig. 3, the top panel shows the
retrieved effective refractive index of the normally dispersive medium and the bottom one shows the
result for the anomalously dispersive medium. We can see that the top one has a normal dispersion
in all considered band while the bottom one has an anomalous dispersion from 5 GHz to 5.25 GHz.
Although the resonance frequencies of both artificial media have shifted, the overall results are
consistent with simulated ones.

In the measurements, we also implemented four configurations by placing different samples in
the waveguide. Fig. 4(a) shows the experiment setup. A 5.18-GHz carrier provided by a microwave
signal generator (Keysight E8257D) is modulated by a 10-MHz sinusoidal signal as the input source.
After passing through the waveguide, the modulated signal is detected by a coaxial detector (Herotek
DZR185AA) with the direct current removed by a DC block (Mini-Circuits BLK-18-S+). Synchro-
nized by the trigger signal, the demodulated envelope is displayed and sampled using a high sampling

FIG. 3. Fabricated samples and retrieved refractive indexes for normally (right top panel) and anomalously (right bottom
panel) dispersive media.
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FIG. 4. Experiment setup and measured results. (a) Experimental setup. (b) The demodulated envelopes of signals pass-
ing through the empty waveguide (yellow curve) and the waveguide containing normally dispersive medium (blue curve),
anomalously dispersive medium (red curve) and both normally and anomalously dispersive media (green curve).

rate digital oscilloscope (Tektronix TDS 3054C). To remove the random noise, a digital Chebyshev
low-pass filter is used to filter the raw data.

The yellow curve in Fig. 4(b) shows the envelope of the signal passing through the empty
waveguide, which can be used as the original signal wave form. The blue and red curves show the
envelopes when placing the normally dispersive medium and the anomalously dispersive medium
in the waveguide, respectively. We can see that compared with the one for empty waveguide, the
envelope phase is lagging with a 2.8-ns group delay for the normally dispersive medium and leading
with a -2.6-ns group delay for the anomalously dispersive medium. However, when cascading both
artificial media together in the waveguide, the lagging group delay due to the normally dispersive
medium and the leading group delay due to the anomalously dispersive medium cancel with each
other, resulting in a significantly reduced total group delay of 0.2 ns compared with that in the empty
waveguide. In the previous analysis, we have demonstrated that the distortion of wave packet in
dispersive systems is caused by the unequal group delay and front delay. The measured compensated
group delay in our experiments thus indicates that distortion would be significantly reduced after
passing through the dispersion compensation system.

V. CONCLUSION

In this study, we investigated group delay distortion of signals transmitting in dispersive systems,
and demonstrated the feasibility to eliminate the group delay distortion by introducing an additional
dispersive system with an inverse group delay. Our theoretical analysis, simulation and experimental
results are consistent with each other. Compared with previous literatures on dispersion compensation
using grating compressors or chirp compressors in optics and non-Foster circuits in microwave bands,
the proposed approach using artificial material with desired dispersive response to eliminate group
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delay distortion is robust and scalable to other frequency bands. It may be also used to expand the
bandwidth of traditional metamaterial.
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