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Abstract ─ Metamaterials intrigue many exciting 
applications in the broad electromagnetic spectrum 
ranging from microwave to optics. However, many 
of the envisaged applications still remain in theory, 
largely because of the intrinsic loss and dispersion 
associated with passive metamaterials. 
Incorporating active devices or media into 
conventional passive metamaterial structures for 
loss compensation, as well as dispersion control, is 
very attractive and may finally enable many desired 
applications. In addition, because of the added 
design degree of freedom in active metamaterials,
new and rich physical phenomena and insights can 
be discovered. In this paper, we review the recent 
progress in the realm of active, gain-assisted 
metamaterials. Physical limitations on loss and 
bandwidth of metamaterials are firstly discussed. 
Recent experimental efforts in transmission-line 
and volumetric metamaterials with net gain in the 
microwave and optical regime are then examined. 
The idea of utilizing non-Foster active devices to 
reduce the dispersion and achieve broad bandwidth 
is also presented. Finally, one of the important 
issues of active metamaterial design, stability, is 
briefly discussed. 

Index Terms ─ Active metamaterials, gain, 
negative index. 

I. BACKGROUND ON 
METAMATERIALS AND 

APPLICATIONS 
Metamaterials are artificial composite 

materials that often involve periodic structures to 
achieve unconventional and advantageous material 
properties. The earliest study of artificial materials 
for manipulating electromagnetic waves dates back 
more than 100 years [1]. In 1967, Veselago 

theoretically studied materials with simultaneous 
negative permittivity (-�) and permeability (-�) [2], 
and predicted some unique properties such as the 
negative refractive index, opposite directions of the 
phase velocity and Poynting vector (the left-
handedness of the wave propagation), the reversed 
Snell’s law, and the reversed Doppler effects. 

The first experimental demonstration of 
Negative Index Metamaterial (NIM) with 
simultaneous -� and -� (sometimes referred to as 
DNG, double negative) is conducted at microwave 
frequency (10.5 GHz). The designed NIM 
comprises a 2-D array of wires and Split Ring 
Resonators (SRRs) (see Fig. 1 (a)) [3]. Thereafter, 
various metamaterials including single negative (�-
negative, ENG and �-negative, MNG) [4], near-
zero index [5] and gradient index [6] materials have 
been studied. Another type of realization of 
metamaterials is based on the microwave 
transmission line theory [7-9], as shown in Fig. 1 
(b). A simple analogy between the circuit model 
and the effective permittivity and permeability is 
described in [10,11]. 

CLLR

CR LL

(a) (b)

Fig. 1. Two most commonly studied metamaterial 
examples: (a) a wire (provides -�) and SRR 
(provides -�) array (figure adapted from [3]), and 
(b) a unit cell of composite Left-Hand/Right-Hand 
Transmission Line (CLRH-TL). 
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The unique properties of NIMs and other 
metamaterials lead to many exciting applications; 
for example, “invisible cloaking” [12-14], “perfect 

lens” [15,16], nanoplasmonics [17,18], electrically 
small antennas [19], highly directional antennas 
[20,21], leaky wave antennas [22], coupled-line 
couplers [10], phase shifting lines, broadband balun 
[11], etc. Despite of the large variety of intriguing 
applications, intrinsic loss and narrow bandwidth 
associated with existing metamaterials significantly 
hamper the wide implementation of metamaterials 
in practice. 

Many theoretical studies assume lossless or 
low-loss scenario, which is hardly to achieve in 
reality. For example, at optical frequencies, all the 
demonstrated passive NIMs have large loss 
accompanying the negative refractive index. Even 
at microwave frequencies, especially for some 
typical resonant-type metamaterials, loss is still a 
problem and severely degrades or even completely 
eliminates the advantages of metamaterial based 
components and applications such as “cloaking” 

devices and electrically small antennas. Another 
example is the “perfect lens” [15], a slab with a 
refractive index 1��n which overcomes the 
diffraction limit; however, the predicted “perfect 
image” cannot be realized unless the NIM slab is 
completely lossless [23]. 

Another bottleneck is the limited bandwidth. 
Metamaterials are intrinsically dispersive because 
of the causality requirement, thus only present 
interesting effective medium properties within a 
narrow bandwidth. Take the “cloaking” for 
example. It would be much less useful that the 
object inside the metamaterial layers would only be 
invisible for a single frequency, compared to a true 
broadband “cloaking” device. Also, for data 
communication or sensor applications, wide 
bandwidth is also desirable for high data rate and 
resolution. 

Loss and dispersion are inherent in the 
constitutive parameters of natural materials [24,25] 
and even more so for NIMs, due to causality 
requirement. Some theoretical studies attempt to 
prove whether a lossless and dispersionless NIM 
violates any fundamental physics, and if it did not, 
what the optimal bandwidth with low loss one can 
achieve given a target constant material property, 
such as 1��n for the ‘perfect lens’ application 

[26]. The loss generation in NIM can be divided 
into the dissipative loss due to the constitutive 

material properties [27,28], and the radiation loss 
[29] due to the shape and geometry of the unit cell 
structure. Various practical approaches to 
“passively” reduce the loss, for example, advances 
in fabrication, tailoring the shape and geometry 
[30,31], and the use of a stack of alternating 
negative and positive index layers [32], have been 
investigated but complete loss elimination remains 
elusive. 

II. ACTIVE METAMATERIALS 
The idea of incorporating gain device or 

medium into metamaterial structure to compensate 
the loss is quite natural and attractive [33,34]. First, 
losses associated with conductors, dielectrics and 
radiation can be compensated by the availability of 
gain. Second, with the additional gain as a design 
tradeoff, more bandwidth may be realized [35].
With consistent efforts on theoretical studies, 
fabrications and experimental validations,
significant progress in active metamaterials has 
been made in recent years. Active metamaterials, 
recognized as the next stage of the technological 
revolution in metamaterials, also enables some new 
applications to appear on the horizon of 
possibilities, such as optical data processing and 
quantum information applications [36]. 

The term “active metamaterial”, from an 
engineering point of view, is used to distinguish it 
from conventional passive metamaterial, such as 
SRR, fishnet structure, and CLRH-TL constructed 
from only passive constituents; i.e., metals and 
dielectrics. The word “active” can be either noted 

as embedding an energy source in the structure to 
ameliorate some undesirable properties, such as 
loss and dispersion, or adding an external control to 
realize tunable or other special functionalities. 
Some examples of the latter category include 
semiconducting varactors controlled impedance 
surfaces for antenna applications [37,38],
electronically reconfigured magnetic-resonant 
metamaterial for phase modulator [39-42] and 
transistor-based nonreciprocal metamaterial for 
isolating functionality [43]. In this review, we will 
focus on the first category of active metamaterials 
for loss compensation and dispersion management 
only. 

In the microwave regime, negative resistance 
elements can be implemented into the passive unit 
cell structure of a metamaterial to achieve loss 
compensation and even amplification [44-48]. Such 
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negative resistance elements can be realized by 
active devices, such as resonant tunneling diodes, 
Gunn diodes, lambda diodes, negatron and 
transistor-based circuits [49,50], which have been 
widely applied in oscillator, amplifier, and mixer 
designs. A detailed review on a resonant tunneling 
diode based active CLRH-TL metamaterials will be 
given in Section IV. 

In the optical regime, active gain media are 
well-established in lasers and optical amplifiers 
[51]. Loss compensation, steady-state net 
amplification, and nanoscopic lasing in optical 
frequencies become possible via the incorporation 
of gain materials adjacent to or within NIM 
structures [52-56]. We will also present a brief 
review on state of the art in optical active 
metamaterials in Section IV, although the main 
focus of this paper is on microwave active 
metamaterials. A more detailed review on active 
optical metamaterials can be found in [57] and [58]. 

Recently there have been increasing interests in 
designing non-dispersive metamaterials using 
“non-Foster” elements [59-64]. A non-Foster 
element is a negative inductance or negative 
capacitance realized by active electronic circuits 
[65,66]. Such circuits have been widely 
investigated in the designs of voltage controlled 
oscillators, active filters, amplifiers, and more 
recently electrically small antennas [67-69]. 

In the following sections, we begin by 
concisely reviewing some theoretical constraints on
the properties of passive metamaterials, explaining 
why a dispersionless negative index metamaterial 

with negligible loss is not achievable and how to 
estimate the bounds of loss and bandwidth for
metamaterials. We then give an overview of proof-
of-concept realizations of gain-assisted active 
metamaterials. In the interest of brevity, we focus 
on the microwave regime, and briefly introduce the 
development of active optical metamaterials. The 
novel direction of non-dispersive active 
metamaterials by implementing active negative 
impedance circuits is reviewed next. We then 
present a brief discussion on stability issues of 
active metamaterials as all active circuits and 
materials are prone to instability. Finally, we 
conclude by an outlook of the important challenges 
that remain to be addressed in the future.

III. LOSS AND DISPERSION OF 
METAMATERIALS 

A. Inevitable loss or dispersion 
A straightforward method to prove a linear 

passive NIM with negligible loss has to be 

dispersive is by using a simplified Poynting’s 

theorem [70]. Assuming a low-loss system with ε
and μ such that ε''<<|ε'| and μ''<<|μ'|, and consider a 

wave of a relatively narrow bandwidth in 

comparison to the bandwidth over which ε(ω) and 
μ(ω) changes appreciably, the time-averaged 

internal stored energy can be calculated by [24,25]:
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where ω0 is the central frequency of the narrow 

band signal. If ε and μ are not frequency dependent, 

i.e., dispersionless, the above Eq. (1) becomes to:
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By the law of the increase of entropy, we must have

0�U for a passive medium. Therefore, the values 

of ε and μ in Eq. (2) cannot be both negative, which 

seems to contradict to the existence of NIMs. This 

leads to an important conclusion that dispersion 

cannot be neglected for a passive NIM. In other 

words, for a passive NIM with negligible loss, 

dispersion is unavoidable.

The second important question is whether a 

lossless NIM is achievable in principle. Reference 

[71] is one attempt to study the lower bound on the 

loss of NIM by imposing Kramers-Kronig relations 

on ε(ω)μ(ω), in which it asserts that “any loss 

compensation or significant reduction at and near 

the observation frequency will lead to the 

disappearance of the negative refraction itself due 

to the dispersion relation dictated by the causality.” 

This statement caused a number of objections and 

later has been proved to be inaccurate [72-78]. A 

consensus is reached that negative refractive index 

is achievable at a single frequency with arbitrarily 

low loss. This point has been confirmed by a 

number of experimental results [46-48,52-56], 

which we will review in detail in Section IV. 

Reference [73] has further pointed out that a passive 

low loss NIM is achievable only if there is large loss 

or large dispersion immediately below the 

observation frequency, or, there are singularities at 
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real frequencies.

B. Bounds for loss and dispersion of passive 
metamaterials 

The derivation of bounds on dispersion and loss 

of passive NIMs is a nontrivial problem. For an 

analytical function at the upper half plane, the 

Hilbert transform gives the relationship between the 

real part and imaginary part of the function; i.e., 

Kramers-Kronig relations, yielding:
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where P denotes the Cauchy principal value. 

Causality in a linear dispersive medium implies 

that, )(t� and  )(t� have to be zero for 0 
t  and real 

values for 0�t  . Therefore, in the frequency 

domain, for permittivity, it yields:

)(**)( ���� �� . (4)
Furthermore, at very high frequency, the electrons 

behave like they are free, yielding the constraint of 

high-frequency asymptote:
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Permeability also follows the same causality 

arguments as the permittivity in Eqs. (3)-(5). In 

addition, assuming a passive system, we have:
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Using the above physical constraints, [75] 

derives the limitation of the bandwidth of passive 

NIMs by constructing and bounding Herglotz 

functions. Equation (7) gives a lower bound of loss 

within a finite bandwidth or an upper bound of 

bandwidth with a fixed loss for a passive medium.
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where εm is the targeted permittivity, ε� is the high-

frequency asymptote which equals to 1, and 

012 /)( ��� ��B is the relative bandwidth with 0�
as the center frequency. Take a medium with 

targeted 1��m�  as an example. For a deviation 

between the realized and targeted permittivity of 

1%, the calculated maximum relative bandwidth is 

1% for the lossy case, and approximates 0.5% for 

the lossless case.

For the case of an insulating medium, i.e., 

without static conductivity, the constraint can be 

further restricted to be:
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where εs is the static permittivity (the low-

frequency asymptote).

C. Active metamaterial for loss compensation/ 
gain and dispersion control 

The consideration and analysis in III.A and
III.B have led to the conclusion that a passive 
metamaterial cannot be simultaneously lossless and 
non-dispersive, and lower bound of loss and upper 
bound of bandwidth exist. However, with the 
incorporation of gain device/medium (or 
effectively, external energy source) in a
metamaterial structure, the limits derived 
previously for passive metamaterials are no longer 
valid. Although, there have been controversies on 
the causality of an effective medium 
simultaneously with a negative refractive index and 
a net gain [71-78], many theoretical and 
experimental studies have been reported with the 
goal to achieve complete or even over 
compensation (i.e., gain) of loss for NIM over a 
wide frequency spectrum from microwave to optics 
[46-48,52-56]. In fact, based on the causality 
inherently described by the energy conservation, 
the condition for achieving a NIM with zero loss or 
gain from Poynting’s theorem can be derived

[79,80]. In the following sections, some of the 
interesting loss compensated metamaterials and 
broadband metamaterials utilizing active 
device/medium are reviewed. 

IV. GAIN-ASSISTED METAMATERIALS 
Incorporating active constituents with gain into 

metamaterials has been recognized as a promising 
technique for compensating losses. There have 
been sustained theoretical and experimental efforts 
to reduce or eliminate the loss associated with 
metamaterials. In this section, we review a number 
of these works with a focus on experimental 
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validations [45-47,56,81-83]. 

A. Active transmission line metamaterials 
loaded with resonant tunneling diodes

Conventional microwave transmission line can 
be regarded as a 1-D homogeneous medium and 
modeled by cascading a number of unit cells with 
dimension much smaller than the wavelength. The 
equivalent circuit of the unit cell of a conventional 
transmission line can be expressed as a set of a
series distributed inductance and a shunt distributed 
capacitance, which always leads to a positive phase 
velocity in the direction of energy flow. This 
characteristic can be classified as the Right-Handed 
Transmission Line (RH-TL). On the contrary, a unit 
cell of a Left-Handed Transmission Line (LH-TL) 
consists of a series distributed capacitance and a
shunt distributed inductance, leading to a negative 
phase velocity. A pure LH-TL does not exist due to 
the unavoidable parasitics at high frequencies.
Instead, a more realistic design of CLRH-TL is 
usually studied that exhibits negative phase velocity 
(LH) at low frequency range and positive phase 
velocity (RH) at high frequency range [84-86]. A
bandgap generally exists between the LH and RH 
frequency region which is named as unbalanced. 
The gap would disappear, if the cutoff frequencies 
of LH and RH coincide (balanced). Such unique 
properties of CLRH-TLs are utilized in a number of 
applications, including leaky-wave antennas, 
compact coupled-line coupler, phase shifters, sub-
wavelength resonators, distributed mixer/ 
amplifiers [10,11,22,87-91], etc. Because of the 
non-resonant nature of both permittivity and 
permeability, similar to a Drude medium, a CLRH-
TL metamaterial exhibits larger frequency range of 
effective negative refractive index and lower loss 
compared to the resonant volumetric metamaterial 
[89]. Nevertheless, when frequency increases,
losses in conductor and dielectric and due to 
radiation will inevitably increase. Moreover, 
lumped elements are essential components for this 
kind of transmission lines. At higher frequencies 
(i.e., higher than a few GHz), high quality lumped 
elements (especially inductors) are rare and limited 
in their achievable values. 

Consider a unit cell of a CLRH-TL as shown in 
Fig. 2 (a), in which the series resistance R and the 
shunt conductance G representing the distributed 
losses. If a negative resistance and/or a negative 

conductance can be incorporated in the unit cell 
(i.e., R<0 and/or G<0), a CLRH-TL with loss 
compensation and even amplification could be 
realized. Figures 2 (b) and 2 (c) plot the calculated 
real part (�) and imaginary part (�) of the 
propagation constant (�=�+j�) of a CLRH-TL 
design with the following parameters: LR=1 nH,
CL=1 pF, LL=1 nH, CR=1 pF, G=0 S, and R from -
100 to 100 �. 

LR CL R

G LL CR

(a) 

(b) 

(c) 

Fig. 2. (a) Equivalent circuit model of a unit cell of 
a CLRH-TL metamaterial, (b) calculated 
attenuation constant � (�>0-loss, �=0-lossless, 
�<0-gain), and (c) phase constant � (�>0-RH, �<0-
LH) (figure adapted from [45]). 

It can be observed in Figs. 2 (b) and 2 (c), that 
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positive R leads to loss while negative R provides 
gain while the phase propagation constant � is not 
impacted much by the value of R. Thus, for this 
simple example, negative index of refraction and 
gain are achieved simultaneously by incorporating 
an ideal negative resistance in the unit cell. 

This above concept has been confirmed 
experimentally. In [46], a CLRH-TL at microwave 
frequency with net gain by incorporating a
Germanium tunneling diode (General Electric 
TD261) at the unit cell level is implemented and 
tested. This tunneling diode has a pronounced 
Negative Differential Resistance (NDR) region, as
can be observed in its I-V curve plotted in Fig. 3 (a). 
As the schematic of the unit cell in Fig. 3 (b) shows, 
a series interdigited capacitance (CL), a shunt 
narrow line with a shorting via (LL), and the 
tunneling diode device connected in series are used 
to implement the active CLRH-TL. It is 
demonstrated that the addition of the DC pumped 
diode not only maintains the left handedness, but 
also provides gain. In the design procedure, a 
passive CLRH-TL is first realized with appropriate 
equivalent circuit parameters to guarantee left-
handedness in the interested frequency band. Then 
the tunneling diode with NDR behavior is added 
into the unit cell design to compensate for loss and 
provide gain while maintaining left-handedness of 
the transmission line. Three prototypes of one, two 
and three unit cells are studied experimentally. 

A photo of the fabricated one unit-cell active 
CLRH-TL is shown in Fig. 3 (c). Two-port S-
parameters of the fabricated samples are measured 
using a vector network analyzer. The complex 
propagation constant � can be extracted from the 
measured S-parameters by Eq. (9), where p is the 
unit cell length and N is the number of unit cells of 
the CLRH-TL under consideration. The sign in Eq. 
(9) is determined according to [90]. An alternative 
method for extracting the propagation constant �
involving finding the Nth root of the ABCD matrix 
of the CLRH-TL [87] is also applied and the same 
propagation constant � for all three cases (1, 2, and 
3 unit cells) are obtained (note that the time 
dependence convention ej�t-�z is used here). 

��
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�

� ��
�� �

21

221121121

2
1cosh1

S
SSSS

Np
� . (9) 

(a) 

Fig. 3. (a) Current voltage relation (I-V curve) of 
the Germanium tunneling diode. The differential 
negative resistance appears at 0.15-0.3 V. (b)
Schematic of a designed active CLRH-TL unit cell 
in microstrip configuration incorporating the 
resonant tunneling diode. The dimensions are: 
a=2.5 mm, d=1.5 mm, l=9.7 mm, w=1 mm, s=0.2
mm, ls=5.9 mm, r=0.3 mm. (c) Photo of a fabricated 
single unit cell of the active CLRH-TL (figure 
adapted from [46]).

Figure 4 shows the simulated (Fig. 4 (a)) and 
measured (Fig. 4 (b)) propagation attenuation 
constant � and phase constant �, and the extracted 
material effective index of refraction (Fig. 4 (c)). 
The simulated results are obtained from the 

(b)

(d)

(b)

(d)

(b)

(c)
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combination of full-wave electromagnetic models 
of the passive parts of the CLRH-TL and the 
equivalent circuit model of the tunneling diode. It 
can be observed from Fig. 4 (a) that for all three 
cases of one, two and three unit cells, the simulated 
propagation constants are identical with 
simultaneous negative � (negative index) and 
negative � (gain) from 1.75 GHz to 2.75 GHz. 

Compared to the passive CLRH-TL without the 
tunneling diode in [46], this active CLRH-TL is 
unbalanced with a lower transition frequency due to 
the extra parasitics of the tunneling diode. It is also 
observed from Fig. 4 (b), that for the single unit cell 
case, the measured � is negative from 1.75 GHz to 
2.75 GHz while the measured � is also negative, 
indicating left-handedness with gain in that 
frequency range. The corresponding effective index 
of refraction n is calculated and plotted in Fig. 4 (c). 
From 1.75 GHz to 2.75 GHz, the real and imaginary 
part of n is negative and positive correspondingly, 
indicating negative index with gain. For the two- 
and three-unit cell cases, negative � are observed 
from 1.75 GHz to 2.75 GHz as well, quite similar 
to the single unit cell case. Most importantly, 
simultaneous negative � and negative � are also 
experimentally confirmed, although in narrower 
frequency ranges, from 1.75 GHz to 2.2 GHz and 
from 1.75 GHz to 2.1 GHz for the two- and three-
unit cell cases, respectively. The similar behavior of 
the propagation constants for the one-, two- and 
three-unit cell cases confirm that this active CLRH-
TL can be considered as an effective negative index 
material with gain. The differences in the measured 
propagation constants (especially for the 
attenuation constant � which is due to the negative 
resistance associated with the tunneling diode [45]) 
for the three cases are likely due to the non-
uniformity of the diodes in each unit cell. 

(a) 

(b) 

(c) 

Fig. 4. (a) Simulated and (b) measured propagation 
constants of the active CLRH-TL incorporating 
tunneling diodes with one, two and three unit cells; 
(c) extracted refractive index from the measured 
one unit cell results with a time dependence 
convention ej�t-�z (figure adapted from [46]).

Another interesting aspect of this active 
metamaterial transmission line is that the negative 
resistance value can be controlled by the bias 
voltage. Figure 5 plots the measured S21 of the one-
unit cell structure under different bias voltages from 
0.21 to 0.25 V. It is observed that with different bias 
voltage (thus different -R values), the level of loss 
compensation/gain can be controlled. Besides 
demonstrating the existence of NIM with gain in a 
finite bandwidth, the nonlinear power dependence 
and harmonics generation of the active CLRH-TL 
is also measured. It is observed that at low input 
power level (i.e., Pin -35 dBm) the active CLRH-
TL behaves linearly without significant harmonics 
generation. However, at higher input power, 
nonlinearity clearly sets in that leads to gain 
compression and harmonics generation. More 
detailed results can be found in [46]. 
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It is very important to point out that since all 
active devices and gain media are inherently 
nonlinear, it is crucial to consider the nonlinearity 
and power handling capability in active 
metamaterial design and associated applications. 
Furthermore, similar to any other active 
components design, especially power amplifiers, 
stability issues of active metamaterials are of 
critical importance and can be challenging. 
References [92-94] study the wave propagation in 
nonlinear composite medium, and experimentally
demonstrate the spatiotemporal dynamics of active 
metamaterials, including the generation and 
propagation of solitons for the backward-wave 
regime. 

Fig. 5. Measured transmission S21 of the one-unit 
cell active CLRH-TL with the tunneling diode 
biased from 0.21 to 0.25 V. The level of loss 
compensation/gain can be controlled by the bias 
voltage. 

B. A balanced active CLRH-TL metamaterial 
As discussed previously, the first active CLRH-

TL incorporating tunneling diode is unbalanced due 
to the parasitics of the diode. In [47], an active 
CLRH-TL is designed to achieve the following 
goals which are of practical importance for many 
applications: balanced response with the diode 
parasitics taking into account; symmetric unit cell 
structure (i.e., S11=S22); and to evaluate the effect of 
number of unit cells on the CLRH-TL properties. 

Figure 6 (a) shows the schematic layout of the 
improved design. Instead of using a series inter-
digital capacitor as in [46], two lumped-element 
capacitors are placed symmetrically in the unit cell. 
The shunt inductor is also split into two 
symmetrically while the tunnel diode is placed at 
the center of the unit cell to maintain symmetry. 
The values of the equivalent circuit model elements 

and the associated dimensions are determined to 
obtain balanced response. According to the 
equivalent circuit model parameters, the estimated 
transition frequency is about 3.87 GHz. 

Figures 6 (b) and 6 (c) plot the extracted phase 
constant � and attenuation constant � from 
simulated S-parameters for different number of unit 
cells, respectively. It is observed that left-
handedness (or NRI) with gain is achieved from 2 
to 3.83 GHz, with the transition frequency at 3.83 
GHz, consistent with the equivalent circuit model 
estimation. The propagation properties of the 
CLRH-TL with different number of unit cells are 
mostly identical, demonstrating the validity of 
treating them as uniform transmission lines, or, 
effective media. 

As a potential application, the performance of 
passive and active versions of a single unit-cell 
zeroth order resonator antenna based on the CLRH-
TL is also compared. The benefit of the active 
CLRH-TL unit cell is demonstrated in terms of 
radiated power [47]. 
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(c) 

Fig. 6. (a) Schematic layout of a balanced and 
symmetric active CLRH-TL unit-cell design; 
simulated (b) phase constants � and (c) attenuation 
constants � of 1, 2, 3, 5 and 10 unit cells of the 
balanced active CLRH-TL (figure adapted from 
[47]).

C. Active volumetric metamaterials 
The merit of a volumetric metamaterial is its 

convenience of frequency scaling. For example, 
SRR structures have been demonstrated from 
microwave to optical frequencies. In microwave 
frequency, loss compensation can still be achieved 
by embedding active devices such as tunneling 
diodes into the conventional sub-wavelength 
metamaterial unit cells. An active metamaterial 
with embedded microwave tunnel diodes exhibits a 
band-limited Lorentzian dispersion with an over-
compensated loss (gain) and a negative refractive 
index is demonstrated in Fig. 7 [79]. It shows 
examples of sub-wavelength wire and SRR cells 
with embedded tunneling diode. This kind of active 
metamaterial design is very interesting because of 
its versatility. For example, by incorporating the 
NDR diode in the wire (permittivity)/SRR 
(permeability) part of the unit cell, activeness 
associated with the permittivity/permeability can be 
selected independently. Therefore, various model 
systems can be realized to investigate the rich 
physics related to active metamaterials.

Besides NIMs, other types of metamaterials 
incorporating active devices have also been studied. 
Reference [44] experimentally demonstrates an
active SRR metamaterial unit cell with a control of 
different combinations of the real part and 
imaginary part of the permeability, which is 
achieved by embedding surface mount amplifiers, 

voltage controlled phase shifters, and a pair of 
sensing and driven loops. Despite of the “bulky” 

and complicated active loads, the unit length is still 
much smaller (~ λ/10) than the wavelength, taking 
advantages of the integrated circuit technology. The 
results show that 1

� is achieved near 590 MHz, 
and � 

 can be tuned from positive to negative 
values including zero by controlling the bias 
voltage of the phase shifter. 

Fig. 7. A schematic example of a NDR diode-
loaded metamaterial unit cell to compensate loss or 
provide gain while maintaining its negative 
permittivity (left) or negative permeability (right). 

D. Optical gain-assisted metamaterials 
At optical frequencies, NIMs are usually built 

from noble metal such as silver or gold. The 
material loss is severe, which plagues their potential 
applications in optics. Other known sources of loss 
in optical metamaterials stem from surface 
roughness, size effect, quantum effect and chemical 
interface effects. There are a number of reported 
theoretical studies with various gain models which 
predicts drastic improvement on loss compensation 
[95-97]. Reference [58] uses the Maxwell-Bloch 
methodology and transformed Poynting’s theorem 
to predict that a steady-state net gain can be 
achieved when the pumped gain is bigger than the 
dissipation loss and smaller than the sum of 
dissipation and radiation loss. If there was no 
radiation loss, the two thresholds coincide, hence, 
suggesting only lasing light but not amplification 
would be possible. Techniques investigated 
experimentally include optically pumped gain 
media such as organic dyes, quantum wells and 
quantum dots, and nonlinear optical parametric 
amplification [52-58,81-83]. 

Reference [56] demonstrates an extremely low-
loss optical NIM using organic dye molecules 
pumped by a laser pulse. A delicate “double-fishnet” 

structure is fabricated from two layers of silver with 
air or solvent as the spacer and alumina pillars as 
support. Epoxy doped with Rhodamine 800 dye 
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material is coated on the structure afterwards. The 
sample is at first characterized by transmission and 
reflection measurements in the far field. The 
negative refractive index is obtained from 720 nm 
to 760 nm. A pump-probe experiment is then 
conducted to show a progressively increased 
transmission of the sample with pumped laser 
compared to the case without the pump, which 
proves that the loss compensation is provided by the 
dye material. The associated Figure-of-Merit (FOM 
= Re{n}/Im{n}) is increased from 1 to 26 with the 
pump wavelength of 737 nm, and to the order of 106

with the pump wavelength of 738 nm (Re{n}=-1.26 
and Im{n}=1×10-6), but the whole system still 
remains in lossy state. 

Another useful technique to compensate the 
loss is to employ semiconductor gain materials, 
such as quantum dots and quantum wells, into the 
passive structures [80-82]. The advantage of using 
semiconductor gain materials is the long life time 
and stable performance compared to the dye 
materials. Reference [81] reports a gain-assisted 
magnetic metamaterial based on an array of SRRs 
fabricated on an InGaAs quantum well layer, 
pumped with 810 nm laser pulse. The transmission 
of the quantum well with SRRs changes 
substantially larger than the case of the quantum 
well alone, which indicates a strong local-field 
coupling between SRRs and the quantum well. 

Although there have been many reports on 
optical active metamaterials for loss compensation, 
it is worth to point out that, to our knowledge, there 
has not been experimental demonstration of NIM 
with steady state net gain so far. This can probably 
be attributed to the challenges in fabrication 
requirements at optical wavelengths. 

V. ACTIVE METAMATERIALS FOR 
DISPERSION CONTROL 

Non-dispersive metamaterials (or more 
precisely, metamaterials with broadband response) 
have received increasing attentions in microwave 
regime in recent years [59-64]. Reference [35]
firstly predicts the existence of non-dispersive 
metamaterials with active inclusions in 2001. The 
active inclusions involve the use of negative 
capacitance or inductance based on active feedback 
devices, which does not obey the Foster’s reactance 

theorem (Fig. 8), therefore, named as non-Foster 
elements. Non-Foster elements can be realized by 
transistors, operational amplifiers, as well as 

negative resistance devices [65,66]. Although there 
are many different circuit configurations, the 
underlying mechanism is likely the same. That is all 
of them are using some positive feedback systems, 
therefore, the circuit is easily unstable. One 
common non-Foster configuration is based on 
Linvill’s circuit, which is a pair of cross-coupled 
transistors, as shown in Fig. 9. The circuit has the 
same configuration as a typical oscillator; however, 
the only difference is non-Foster element is 
operating at its stable region. 

Fig. 8. The reactance behavior of negative 
capacitance and negative inductance compared 
with normal positive capacitance and inductance 
obeying Foster’s reactance theorem.

ZL

Fig. 9. A schematic of a negative impedance circuit 
example based on Linvill’s configuration. The 
output impedance approximates to be Zin=-ZL. 

Reference [60] experimentally demonstrates a
transmission line type of a one-dimensional 
epsilon-near-zero metamaterial with negative 
capacitance, as shown in Fig. 10 (a). The 
measurement results verify the broadband behavior 
of the relative permittivity (from 0.27 to 0.37) 
within the frequency range of 2 to 40 MHz, 
spanning a bandwidth of 20:1. 

A typical transmission line type of one-
dimensional epsilon-near-zero metamaterial 
comprises a transmission line periodically loaded 
with shunt inductances, of which the effective 
permittivity can be expressed as: 

)1(1)( 2
0 zL

C
p

pr
!

��
��

�� , (10) 
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where Cp is the distributed shunt capacitance per 
unit length and Lp is the shunt inductance per unit 
length. A broadband epsilon-near-zero material is 
designed by paralleling negative capacitance -CN,
so that: 

)(1)(
0 z

CC N
pr !
��

�
�� . (11) 

Therefore, the dispersion in the effective 
permittivity can be cancelled within a broad 
bandwidth. 

Figure 10 (b) shows a schematic of another type 
of non-Foster metamaterials SRR with a negative 
inductance load. An approximated expression of 
effective permeability of the split-ring resonator 
without the negative inductance load is given as 
[90]: 

,
)/(i/11

1 2eff LRLC
F

��
�

��
�� (12) 

where F is a factor related to the dimensions of the 
unit cell structure. If the gap reactance -1/ωC is 
replaced by a negative inductance -ωLN, the 
frequency dependency of the effective permeability 
would be cancelled (assuming negligible resistance 
and parasitics), yielding a broadband negative 
permeability medium, 
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Fig. 10. (a) (left) An equivalent circuit model of a 
unit cell of a conventional epsilon-near-zero 
metamaterial transmission line, and (right) a 
broadband epsilon-near-zero metamaterial 
transmission line by replacing the periodic loaded 
inductance with a parallel negative capacitance [60];
(b) (left) a prototype of a SRR metamaterial with 
negative permeability, and (right) a scheme of a 
broadband SRR by embedding a negative 
impedance circuit at the gap. 

VI. STABILITY ISSUE 
Stability is one of the most challenging aspects 

in the design of active NIM incorporating devices 
or media with gain. For simplification, we consider 
an ideal infinite large system without boundary 
conditions. Two types of instability may exist in 
such an active system, namely absolute instability 
and convective instability. Absolute instability 
means that the EM fields blow up with time at each 
point of the space, while in the case of convective 
instability the fields at each point do not blow up 
with time but field grows along the propagation in 
space [98]. If the analytical function of the 
constitutive material properties are given, the 
medium is considered to be absolutely instable if 
ε(ω)μ(ω) contains poles or odd-order zeros in the 
upper half side of the complex plane. If an accurate
equivalent circuit model of an active metamaterial 
was given, circuit stability analysis methods, for 
example, the normalized determinant function 
method [99] can be implemented. For “non-Foster” 

metamaterials, the internal stability of the active 
load (e.g., negative capacitance and inductance) as 
well as the overall stability of the whole system 
needs to be examined [100,101]. For example, a 
Linvill’s negative impedance circuit may be 
internally unstable due to the feedback loop of the 
circuit configuration, and it highly depends on the 
load impedance. The parasitics of the non-Foster 
elements also have a severe impact on the stability 
and the performance. Therefore, a thoughtful 
design must include the consideration of the 
operating frequency, the cutoff frequency of the 
active devices, bias conditions and many others.

VII. SUMMARY AND OUTLOOK 
There has been significant progress on the 

research of active metamaterial recently, including 
the understanding of fundamental limitations, 
fabrication and experiment techniques. Active 
metamaterials will not only pave the way for 
realizing low loss and broadband metamaterials and 
enabling many proposed electromagnetic 
applications such as “perfect” lens, “cloaking”, and 
electrically small antennas, but also may lead to 
new and exciting physical insights and phenomena 
beyond the realm of passive metamaterials. Various 
challenges such as stability and nonlinearity are still 
currently being addressed. Further development of 
active metamaterials greatly depends on the 
advances in fabrication as well as the application 
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demands. 
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