
From the example in the previous section, enhancing efficiency
for convolution in the presence of nonlinear terminations is crucial,
since it takes up most of the run time. Although we only confine
ourselves to the S-parameter application here, other parameters
such as the Z or Y matrix, preferred for RLC circuits, can also be
used easily. Moreover, this algorithm can be directly incorporated
into multiconductor transmission lines (MTL) terminated with
nonlinear loads [1] as well.

REFERENCES

1. A.R. Djordjevic, T.K. Sarkar, and R.F. Harrington, Analysis of lossy
transmission lines with arbitrary nonlinear terminal networks, IEEE
Trans Microwave Theory Tech MTT-34 (1986), 660–666.

2. J.E. Schutt-Aine and R. Mittra, Scattering parameters transient analysis
of transmission lines loaded with nonlinear terminations, IEEE Trans
Microwave Theory Tech 36 (1988), 529–536.

3. E. Hairer, C. Lubich, and M. Schlichte, Fast numerical solution of
nonlinear Volterra convolution equations, SIAM J Sci Stat Comput 6
(1985), 532–541.

4. E. Hairer, C. Lubich, and M. Schlichte, Fast numerical solution of
weakly singular Volterra equations, J Comp Appl Math 23 (1988),
87–98.

5. D.M. Pozar, Microwave engineering, 2nd ed., Wiley, New York, 1998.
6. W.H. Press et al., Numerical recipes in C, 2nd ed., Cambridge Press,

Cambridge, UK, 1999.

© 2003 Wiley Periodicals, Inc.

NEAR-FIELD IMAGING BY NEGATIVE
PERMITTIVITY MEDIA

W. T. Lu and S. Sridhar
Department of Physics
Northeastern University
Boston, MA 02115

Received 2 May 2003

ABSTRACT: The imaging of the near field by a slab of negative permit-
tivity medium is discussed. The performance of this flat lens is limited by
the working wavenumber k0 and the slab thickness d. For k0d �� 0.937,
the resolution of the flat lens can be smaller than the wavelength and de-
pends logarithmically on 1/k0d. The electric field is finite everywhere, but
will diverge algebraically as one reduces k0d3 0. © 2003 Wiley Periodi-
cals, Inc. Microwave Opt Technol Lett 39: 282–286, 2003; Published on-
line in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.11191
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1. INTRODUCTION

The idea of negative refraction came to life when Veselago [1]
pointed out the possible existence of negative-index media (NIM)
without violating Maxwell’s equations. Based on the idea of neg-
ative refraction, Pendry [2] proposed that a flat slab of such a
medium can focus an object on the other side of the slab. Not only
the far field (which constitutes of propagating plane waves), but
also the near field of an object can be focused through such a slab.
This enables one to circumvent the diffraction limited resolution
and allows for subwavelength imaging. The proposal of this “per-
fect lens” led to growing interest and also initiated some contro-
versy [3–5]. It is now becoming clear that the idea of a perfect lens

is physically sound [6, 7] and also experimentally feasible in
systems such as metamaterials [8, 9] and photonic crystals [10].

Pendry also noticed that a flat slab of material which has
negative permittivity (� � 0) can act as a lens to focus the near
field. The near-field optical technique has been pushed to have a
spatial resolution of about 20 nm [11] at optical frequencies. In this
paper, we discuss the near-field imaging of this lens with negative
permittivity � � 0. To have the best focus of the near field, it is
desirable for the slab to have permittivity �(�) � �1 at a certain
frequency. As required by causality, no material can have static
permittivity �(� � 0) � �1. Only at a certain nonzero frequency
�0 and nonzero wave number k0 � �0/c, � � �1 can this be
realized. This will happen when one crosses a resonant frequency
in the case of plasma �(�) � 1 � �2/�p

2, with �p the plasma
frequency. This flat lens with � � �1 will amplify the P-polarized
evanescent waves, thus the diffraction limit of the ordinary lens
which only focuses propagating waves, will be broken. In order to
focus the S-polarized near field, one needs material with negative
permeability �(�) � �1. As pointed by Landau [12], at very high
frequencies such as at optical frequencies, �3 1. So, a flat lens of
any medium is not likely to focus the S-polarized near field in
optical frequencies.

The presence of nonzero k0 will put strong restrictions on the
performance of the lens. As k0 3 0, the lens will focus more
details of the near field. In this paper, we discuss in depth the
limitation of the superlens due to finite k0. Shen and Platzman
considered the imaging of a point dipole [13]. Here, we give a
detailed discussion through the example of the imaging of two-
spike source, which was also discussed by Pendry [2]. The diver-
gence of the field in the limit k0 3 0 will also be discussed.

2. SLAB REFRACTION OF P-POLARIZED PLANE WAVES

To begin with, we consider a plane wave with P-polarization. The
incident electric field is given by

E0�kx� � eikxx�ikzz�kxẑ � kzx̂�. (1)

Let the thickness of the slab be d. In our coordinate system, the z
axis is along the direction from a vacuum to the slab and the x axis
is along the interface, as shown in Figure 1. We place a source at
z � 0, the first interface of the slab at z � d/ 2, and the second at
z � 3d/ 2. At this moment, we treat the slab as ordinary dielec-
trics. The field configuration of the slab refraction can be obtained
using standard methods [14]. The reflected and transmitted electric
fields arePACS numbers: 78.20.Ci, 41.20.Jb, 42.25.-p, 42.30.-d.

Figure 1 Sketch of a flat lens with � � �1, � � 1, and slab thickness
d
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Er�kx� � RPeikxx�ikz�d�z���kxẑ � kzx̂�, (2)

Et�kx� � TPeikxx�ikz� z�d��kxẑ � kzx̂�, (3)

with the reflection and transmission coefficients

RP �
�1 � T2��

1 � �2T2 , TP �
�1 � �2�T

1 � �2T2 , (4)

and

� � ��kz � krz�/��kz � krz�, T � exp�ikrzd�. (5)

Here kz � �k0
2 � kx

2 is the z component of the wave vector in
vacuum and krz � �n2k0

2 � kx
2 is that inside the slab. The electric

field inside the slab is

Es�kx� �
eikxx�ikzd/ 2�ikrz� z�d/ 2�

1 � �2T2 � �1 � �

�
�1 � �T2eikrz�d�2z��ẑ

� �1 � ���1 � �T2eikrz�d�2z��
kz

kx
x̂�. (6)

The propagating plane waves will become evanescent when
kx 	 k0, so that kz is purely imaginary, that is, kz � i �kx

2 � k0
2.

These near-field waves cannot propagate and will decay exponen-
tially around the object in the vacuum along the z axis. For those
evanescent waves, the magnetic field is exponentially small, com-
pared with the electric field. Thus, practically, there is only electric
field, as in the electrostatic case. The energy density of the incident
evanescent plane wave around the source in the vacuum is u �
e2ikzz/4�.

The above expressions of the slab refraction is valid for arbi-
trary � and �. For NIM with � � �1 and � � �1, since krz � kz,
the denominator of � in Eq. (5) is zero; thus, � 3 
. The
evanescent wave will be amplified since the transmission coeffi-
cient TP � exp(�kx

2 � k0
2d) will grow exponentially with the

slab thickness and increasing kx. This amplifying factor will com-
pensate the decay in the vacuum such that at a distance d/ 2 away
from the second surface of the slab, Tpexp(ikzd) � 1. Hence all
the evanescent waves will be amplified through the slab and a
perfect image of the object at z � 0 is obtained at z � 2d.

3. PROPERTIES OF TRANSMISSION AND REFLECTION
COEFFICIENTS FOR EVANESCENT WAVES

Here we consider a slab with � � �1 and � � 1. A slab of metal
at certain frequencies will have this property. Although this lens
will not perfectly focus all the evanescent waves, it can recover
part of the evanescent waves under certain conditions. The slab
will still be able to achieve subwavelength imaging. Since in this
case the index of refraction is purely imaginary with n � i, the z
component of the wave vector for the evanescent wave is krz �
i �kx

2 � k0
2. To proceed, we define 	 � kx/k0, which is greater

than unity for evanescent waves. From the expression of � in Eq.
(5), one obtains � � �(	2 � �	4 � 1) � �1. Unlike in the case
for NIM with � � �1 and � � �1, here � is finite.

We first look at the property of TP. From the expression in Eq.
(3) of Et(kx), one can see that if Tpexp(ikzd) � 1, then Et(kx)
with z 
 2d will be exactly the same as E0(kx) with z 
 0. Here
the factor exp(ikzd) is the damping factor, due to the propagation
of the evanescent waves in the vacuum. Since � � 0, TP will
diverge at �T � �1. This condition can be re-expressed in terms
of 	 in the following equation:

k0d � �ln�	2 � �	4 � 1��/�	2 � 1. (7)

The maximum of the function on the right side of above equation
is about 0.937 261 at 	 � 2.356 574. So if k0d 	 0.937, �1 �
� exp(ikrzd) � 0, there is no singularity in Tp with Tpexp(ikzd)
being negative, as can be seen in Figure 2(a) with k0d � 1.0. Even
though the maximum of �Tpexp(ikzd)� can be much larger than 1,
�Tpexp(ikzd)� is not very flat. Evanescent waves with different kx

will have different amplifying factors. For a source with many
component of kx, the transmitted evanescent waves will be se-
verely distorted. So there is no subwavelength imaging for k0d 	
0.937. On the other hand, if k0d � 0.937, Eq. (7) will give two
solutions, 	1 and 	2, for 	 with 	1 � 	2. If k0d �� 0.937, one has
	1 3 1 and 	2 � �2 ln(k0d)/k0d. If kx 	 kx

max 
 	2k0 � �2
ln(k0d)/d, except in the vicinity of kx

max, Tpexp(ikzd) decays
exponentially to zero with increasing kx. More specifically, for kx

		 kx
max, one has �T 3 0, so that Tp � 4	4e�kxd. Details of the

object with high Fourier components kx 	 kx
max will be lost in the

imaging process. What is amplified through the slab is a finite
range of Fourier components, kx � (kx

min, kx
max) with kx

min 
 	1k0.
Within this range, except in the vicinity of kx

min and kx
max,

Tpexp(ikzd) is very flat and Tpexp(ikzd) � 1. This can be seen in
Figure 2(b) with k0d � 0.1. In the neighborhood of k0d � 0.937,
the lens cannot focus, even though some components of the eva-
nescent waves do become amplified through the slab.

The reflection coefficient RP has similar behavior as TP. From
the expression of TP and RP, the difference between them is TP �
RP � (T � �)/(1 � �T). Since �T � 0, there is no singularity
in TP � RP. The difference will diverge exponentially for eva-
nescent waves with kx 3 
. The behavior of RPexp(ikzd) for
different values of k0d is shown in Figure 3. For finite k0d ��
0.937, RPexp(ikzd) is flat with nonzero values for kx

min �� kx ��
kx

max. This is due to the mismatch of the surface impedance
between the vacuum (��/� � 1) and the slab (��/� � i).
Unlike the behavior of TP, which decays exponentially for large
kx, the amplitude of RP increases as �RP� � 2	2 for kx 		 kx

max

with k0d �� 0.937.

Figure 2 Plot of Tpexp(ikzd) for (a) k0d � 1.0, (b) k0d � 0.1
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4. NEAR FIELD IMAGING OF A TWO-SPIKE OBJECT

To illustrate the performance of the above lens, we take as an
example the two-spike object [2]. The electric field is

E0 ��
0




dkxvkxe
ikzz�ẑ cos kxx � ix̂

kz

kx
sin kxx�, (8)

with the coefficient vkx
given by

vkx � �4/�kx�sin kxa cos kxb. (9)

Here, 2b is the distance between the two spikes and 2a is the
individual spike width. The waves will propagate freely in the
vacuum for kx � k0. Since kz is purely imaginary for evanescent
waves with kx 	 k0, the near field part of E0 of the two-spike
object is real as expected, which is illustrated in Figure 4.

The transmitted near field can be obtained by the integration of
Eq. (3) with vkx

/kx over kx. For the source shown in Figure 4, the
transmitted near field is shown in Figure 5 with k0d � 0.1. The
reflected field and the field inside the slab can also be obtained
similarly. The near field distribution in the vicinity of the slab with
k0d � 0.1 is shown in Figure 6. One notices that there is quite a
lot of field accumulated around the two surfaces. The amplitude of
the field around the two surfaces reaches about 40, as compared
with that of the source, which reaches 1 (this will be explained
subsequently).

The imaging performance for slabs with different values of k0d
is shown in Figure 7. One can see that, as the value of k0d is
increased, the two spikes at the imaging plane z � 2d will be less
distinguishable. When the value of k0d is close to and beyond
0.937, the slab lens loses the power to amplify evanescent waves
and the two spikes disappear.

In order to address the issue of singularity of the near-field
imaging, we consider the electrostatic limit k0 3 0. In this limit,
we assume that � � �1 still holds, even though the law of
causality will be violated. Subsequently, one has kz � krz � ikx.
As a result, � 3 
, and we obtain

E0 �
2

�
� 	

�

�ẑ � ix̂�arctan
a

z � i�x � b�
,

Et �
2

�
� 	

�

�ẑ � ix̂�arctan
a

z � 2d � i�x � b�
. (10)

Figure 3 Plot of Rpexp(ikzd) for (a) k0d � 1.0, (b) k0d � 0.1

Figure 4 The near field of the two-spike object, E0z (top) and E0x

(bottom) with a � 0.2, b � 1, d � 1, and k0d � 0.1

Figure 5 Transmitted near field of the two-spike source (Fig. 4), Etz

(top) and Etx (bottom), for z 
 2d
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Here, we use the following integral:

�
0




dk
sin ka

k
e�k� � arctan

a

�
, (11)

for any complex � with �� 	 0.
The above expression for Et is only valid for z 
 2d. The

transmitted electric field Et diverges in the region with z � (3d/ 2,
2d). The reflected field Er diverges for z � (0, d/ 2). The field Es

inside the slab diverges everywhere except on the line z � d. The
field Es on this line is

Es �
2

�
� 	

�

�ẑ � ix̂�arctan
a

0� � i�x � b�
.

This means that one has a perfect image of the source in the middle
of the slab besides another one outside the slab. This scenario is
similar to the case of far-field imaging, except that here one has
subwavelength imaging.

For any physical material, the dielectric constant should always
be positive as one approaches the electrostatic limit. The presence
of nonzero k0 for � � �1 will remove the divergence which is due
to an accumulation of field along the two surfaces of the slab. For
small but finite k0d, the field is bounded and finite everywhere. As
one decreases k0d 3 0, the electric field will diverge. To check

the divergence, we consider for example the transmitted field Er at
z � d/ 2, where the field is more likely to diverge. Since

�Er� 
 �
1

�2 ln k0d

d�
e3�/ 2

�3 ��
�2 ln k0d




d��e��/ 2 
 �k0d��3,

the electric field around the first surface of the slab will diverge as
E � (k0d)�3. For the field around the second surface, we consider
Et at z � 3d/ 2. One has

�Et� 
 �
1

�2 ln k0d

d�
e�/ 2

�

 �k0d��1.

The electric field around the second surface of the slab will diverge
as E � (k0d)�1.

5. CONCLUSION AND DISCUSSION

In summary, we discussed the limitation of the lens made of a slab
with negative permittivity. For small k0d, the lens can focus
partially subwavelength details of the P-polarized near field of an
object. The resolution of the slab lens depends logarithmically on
(k0d)�1, since kx

max � �2 ln(k0d)/d. For fixed k0, in order for the
lens to pick up the high Fourier component of the evanescent
waves, one may reduce the slab thickness d such that k0d ��
0.937. Given the fact that the minimum thickness of a material
under normal condition is about d � 10�8 cm, the working
frequency of the slab lens will be �/2� � 5 � 1017 Hz, which
includes the optical frequency range. At �/2� � 3 � 1014 Hz with
slab thickness d � 100 nm, one has k0d � 0.1 and kx

max � 108

m�1, and a spatial resolution of about 60 nm can be obtained. In
the limit k0d 3 0, all the evanescent waves will be amplified;
thus, the slab lens will become perfect for near-field imaging. The
electromagnetic field is finite everywhere but will diverge alge-
braically in the limit k0d 3 0 on the surfaces of the slab lens.
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Figure 7 Images of evanescent waves in the plane at z � 2d with a �
0.2, b � 1, and d � 1 for different values of k0d � 10�4, 10�3, 10�2,
and 10�1

Figure 6 Near-field �Ez (top) and Ex (bottom) in the vicinity of the slab
for the two-spike object with a � 0.2, b � 1, d � 1, and k0d � 0.1
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ABSTRACT: A high-power dual-wavelength laser is constructed in two
fiber-loop mirror cavities by utilizing a common-gain medium. The output
power and side-mode suppression ratio (SMSR) of the lasers were investi-
gated for a bidirectionally pumped system. The outcome of the experiment
shows that two lasing signals can be obtained at the wavelengths of
1546.04 and 1550.64 nm at a less than 1-dB peak power difference, at peak
powers of 7.30 and 6.57 dBm, respectively. This result was obtained with-
out any intracavity attenuators. The side-mode suppression ratio of both
signals is around 46 dB. © 2003 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 39: 286–287, 2003; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.11192

Key words: dual wavelength; fiber laser; high power; loop mirror;
power difference

INTRODUCTION

Multiple-wavelength optical sources have been investigated as one of
the promising technologies for applications in wavelength division
multiplexed (WDM) systems. Many techniques have been employed
in designing a laser system emitting multiple wavelengths using
erbium-doped fiber laser (EDFL). Park et al. [1] used eight fiber-loop
mirrors (FLMs) to produce eight wavelengths. However, the output
power of all the channels is not equal and is relatively low. Another
technique to produce multiple wavelengths involves the use of a twin
core erbium-doped fiber (EDF) [2]. The output wavelengths are
selected by using fiber Bragg gratings (FBGs). However, the EDF
used is a highly specialized fiber that is costly, and the output power
reported with this technique is relatively low. Another approach is to
use a periodic filter to produce multiple wavelengths [3]. To prevent
single-frequency lasing, a frequency shifter is introduced in the ring
cavity. It requires two gain media to compensate the loss introduced
by the frequency shifter. This approach is rather complicated. A
high-power output dual-wavelength laser is also reported in [4].
However, the output is taken from two fibers, instead of one. Re-
cently, a linear cavity configuration using cascaded FBG and EDF has
been reported [5]. The output power of the multiple lasers is consid-
erably high; however, this technique does not deploy a single EDF
coil. Furthermore, the reflectivity of the FBGs are used to create an
equal net gain of the laser system at multiple wavelengths.

In this paper, a new and simple configuration utilizing FLMs with
an intraloop tunable bandpass filter (TBF) is proposed. The signals
share most of the cavities, thus reducing the cavity discrepancy. This
includes a common section of EDF to provide amplification for both
lasing wavelengths. In this configuration, the two signals have almost
equivalent characteristics in terms of power and side mode suppres-
sion ratio (SMSR) at certain wavelengths. The 1-dB difference peak
power produced by this system is higher than previously reported
results for a system employing relatively low pump power, and short
EDF with low-ion concentration.

EXPERIMENTAL CONFIGURATION

The setup for this experiment follows a dumbbell-shaped config-
uration, as shown in Figure 1. The left side of the dumbbell has
been modified, such that it consists of two FLMs. The amplified
spontaneous emission (ASE) signal will only pass through it in one
direction via a three-port circulator. The directivity loss for port
3–1 is around 65 dB, which is enough to prevent the signal from
taking the shortcut through it. Two other ports have 1-dB insertion
loss each. Therefore, the ASE signal enters the loop from port 2–3
and propagates through the TBF and out of the loop via port 1–2.
A fused fiber coupler is used to obtain the laser output at the 20%
port. The EDF used is 10-m long with a core diameter of 2 �m and
erbium concentration of 440 ppm. Both of the TBFs have a 3-dB
passband of 1 nm and tunable from 1525 nm to 1565 nm.

On first pass, the ASE is equally split into the two loops. In
each loop, most of the ASE signal will be filtered out, and only the

Figure 1 Configuration of the dual wavelength bidirectional pumped
dumbbell EDFL
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