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ARTICLE INFO ABSTRACT

Keywords: Lenses made of negative refractive index metamaterials can overcome the diffraction-limited resolution of im-

Coherent detection aging at working distances in the far-field. This paper describes a novel negative index metamaterial (NIM) lens

i:nses a1 imaging sensor system for subwavelength microwave nondestructive evaluation (NDE) using homodyne detec-
etamaterials

tion measurements. The split-ring resonator (SRR) - wire based NIM lens is optimized to work at 6.3 GHz
(wavelength A = 48 mm). Coherent homodyne detection scheme provides a simple, low-cost, and highly sensitive
NIM lens imaging sensor system that can be used in the field under practical conditions. Imaging of an omni-
directional source using negative refraction is shown using the proposed system. A focal spot of size 0.62A was
obtained in the image plane of the metamaterial lens with a source to image distance of 1.67A. The focal spot
position was further shifted in the azimuthal plane by simple movement of the source. The study demonstrates
unique focus-scanning capability of NIM lenses for target localization without the need for complex tuning
mechanisms. The feasibility of the system to image subwavelength defects inside dielectric materials in reflection
mode is also investigated for its potential application as an NDE sensor. Defects comprising subwavelength hole
of diameter 0.25) and a groove of dimensions 0.31A x 0.1A placed at the focal plane of the lens was imaged using
the proposed sensor system.

Microwave imaging
Nondestructive testing

1. Introduction

Microwaves are widely used in a variety of imaging and sensing
applications due to their ability to penetrate non-conducting or dielec-
tric materials. Biomedical imaging for cancer cell detection, character-
ization of dielectric fluids, security screening for concealed weapons
detection, ground penetrating radar and remote sensing for geological
objects, structural health monitoring and nondestructive testing [1-7]
are some of the applications of microwaves. Microwave imaging can be
implemented in far-field and near-field modes depending on the dis-
tance between the source and test object. In far-field mode, the imaging
resolution is limited by the physics of diffraction [8]. Objects smaller
than the operating wavelength A are generally not detected in far-field
since a conventional lens cannot focus waves onto an area smaller
than A\2. In contrast, near-field microwave imaging sensors can provide
subwavelength resolution. However, the probe working distance is
limited to proximity of the object (in order of A/10) for near-field im-
aging [9]. Use of lenses made of negative refractive index metamaterials
can bridge the gap between the two imaging modes by providing
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subwavelength resolution beyond the diffraction limit at far field
working distances [10].

Idea of negative refractive index materials was discussed as early as
beginning of the 20th century when Schuster showed that negative
refraction takes place at the boundary of two media, one supporting a
forward wave and the other one a backward wave [11]. Present-day
research in metamaterials was stimulated by the theoretical work of
Veselago et al. in the 1950s [12-14] and later by the realization of
engineered metamaterials by Smith et al. at the turn of the century
[15-18]. Since then, metamaterials have been extensively researched as
means of controlling the propagation of EM waves ranging from mi-
crowave to optical frequencies [19]. They are engineered materials
which consist of a periodic arrangement of subwavelength scatterers or
unit cells. An incident EM wave will be myopic to the inhomogeneity of
such periodic materials if the periodicity is much smaller than the
wavelength. Based on effective medium theory, the unit cell size a
should be less than A/4 for such inhomogeneous periodic materials to
behave like a homogenous medium with an effective permittivity and
permeability [20,21]. The unit cells of metamaterials have also been
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referred to as meta-atoms in view of their analogy to atoms of conven-
tional materials. The effective EM properties of metamaterials depends
on the design and arrangement of unit cells in contrast to material
composition in atomic scale like that of dielectric materials. Hence, they
can be tailored to have specialized EM characteristics including negative
refractive index that is useful in novel lensing applications. Pendry
showed theoretically in Ref. [22] that a slab made of negative index
metamaterials (NIM) can act as a “perfect lens” for a diverging source as
both the propagating and evanescent wave components of the EM field
will contribute to the resolution of the image. Although losses associated
with engineered metamaterials makes it impossible to realize perfect
lensing conditions [23,24], sub-diffraction imaging using NIM lenses is
still achievable as shown by various studies [25-28].

This paper describes the design of a novel NIM lens imaging sensor
system for microwave NDE of subwavelength defects. Existing literature
on using metamaterials for microwave NDE has mostly involved meta-
material inspired structures for near field sensing applications [29-36].
One prior study on using NIM lenses for far-field microwave NDE was
done by Shreiber et al., where they presented the detection of sub-
wavelength defects at a working distance of 1.9\ [37]. However, the
NDE measurements was performed using a Vector Network Analyzer
(VNA) in a semi-anechoic environment, which may not be practical for
industrial implementation. The NIM lens was embedded in microwave
absorbers to isolate the transmitter and receiver. Moreover, high fre-
quency amplifiers were required since the directivity of diverging
sources is weak and engineered NIM lenses are highly dispersive struc-
tures. This paper presents a system using homodyne measurement
techniques with NIM lenses to provide a NDE imaging system that can be
used in the field. Using the proposed system, subwavelength defect
imaging of dielectric materials in transmission mode has already been
reported [38,39].

This contribution focuses on imaging of subwavelength defects in
reflection mode to demonstrate the feasibility of the system for imaging
in single side access. Reflection mode microwave NDE results of sub-
wavelength defects using NIM lenses are reported for the first time in
literature. Reflection mode imaging provides a practical system that can
be deployed in the field as in most instances, there is single side access to
the samples under test. Further, 2D NDE scans are reported in this paper
to demonstrate the ability of the proposed system for imaging defects in
addition to detection capabilities reported in Ref. [38]. The lens design
is similar to Ref. [38] but scaled to work at a higher frequency band. The
resolution of the lenses is dependent on the operating wavelength.
Therefore, a shorter wavelength design is considered in this study to
demonstrate the scalability of the NIM lens designs for detection of
smaller defects in composite samples. Fig. 1 presents the schematic of
the proposed microwave NDE sensor for imaging of subwavelength
defects. A transmitting monopole antenna is placed in the front focal
plane of the NIM lens. The diverging waves from the antenna are bought
to focus by the lens at its second focal plane where the dielectric material
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Fig. 1. Proposed microwave imaging sensor system.
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under test is positioned. The reflected rays from the dielectric material
can be sampled at the front focal plane in reflection mode to collect high
spatial frequency information and image subwavelength defects.
Coherent homodyne detection provides stable access to the information
encoded in the phase data by supressing the excessive noise components
[40,41]. High signal to noise ratio associated with such synchronous
detection allows the implementation of dispersive NIM lenses in free
space under practical conditions without the use of amplifiers or mi-
crowave absorbers. Demodulating the image signal into a measurable dc
signal also reduces the complexity of the imaging system and hence
provides a rapid, low cost solution [42].

The paper is organized as follows. Section 2 briefly discusses the
working principles of NIM lenses and how they can be used to overcome
the resolution limit of conventional lenses. Section 3 presents the unit
cell simulation study and experimental validation of the metamaterial
lens design. In section 4, microwave imaging results obtained using the
proposed system is reported. Source imaging as well as subwavelength
defect imaging results are presented in this section.

2. Principles of metamaterial lens imaging

An object is visible because it either emits or scatters EM radiation.
The problem of imaging an object is concerned with reproducing the EM
field distribution of the object in an image plane. Consider a 2D
monochromatic object in the x-y plane placed at z = 0. The field dis-
tribution y(x,y,z) of the object in free space can expressed as a super-
position of all possible elementary plane waves given by the 2D Fourier
spectrum

+00
wix,y,2) = // Wi (e, k) &/ H05H0) g ik, m

where y(ky, ky) are the spatial frequency components of the object.

Maxwell’s equations tell us that k, = ,/”Eif -k - ki, where o is the

frequency of the source and c is the speed of light. For spatial frequencies

K4k < o, k, is real, leading to propagating waves of the field in the z

direction. As we move out of the object plane along the z direction, the
field distribution will change. As a consequence, the Fourier spectrum
on the observation (image) plane will no longer resemble the object
Fourier spectrum. The function of a lens is to apply phase correction to
the radiative Fourier components of the object so that the fields reas-
semble to a focus, and an image of the object appears at the focal plane
of the lens. However, for larger values of transverse wave numbers,
corresponding to high spatial frequency, i.e. (k2 + kf, > %2) , kg is
imaginary leading to non-propagating evanescent waves. These
evanescent waves, containing the higher spatial frequency information,
attenuate exponentially with distance from the object. Conventional
lenses can focus only the propagating waves and the evanescent wave
spectrum of the object field is essentially removed from images in the
far-field. Since propagating waves are limited to k2 +k§ < ‘g—f , the
maximum resolution Ar achievable by a conventional lens image is
given by

_2m  2zc

Apm—=""=) 2
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and the diffraction limit manifests itself as an image smeared over an
area of approximately one wavelength in diameter. It was shown in
Ref. [20] that a slab made of negative refractive index material can act
as a “perfect lens” as it can amplify the evanescent wave components
along with bringing into focus the propagating waves. Fig. 2 describe the
working principles of a negative refraction lens. Negative refraction
through the flat lens will bend the diverging rays from an object towards
optical axis. The rays will converge once inside the lens, and then at a
focal spot outside the lens where an image of the object will be formed
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Fig. 2. NIM lens working principle (a) Focusing of propagating waves (b) Amplification of evanescent wave components.

(Fig. 2a). In addition to bringing into focus the propagating rays, the
evanescent wave components will also be amplified by the negative
index slab, and the high spatial frequency information can be recovered
in the image plane (Fig. 2b). Hence, a perfect image of the object can be
obtained at the focal plane of such a lens as all the Fourier components
will contribute to the resolution of the image. Using geometric optics, it
can be shown that an object placed at a distance d; (front focal length)
from a slab of thickness t with an arbitrary negative refractive index n
will be bought to focus at a distance d, (second focal length) given by
Ref. [43],

n cos(0)r

d2 =
n?> —n? sin (0)

—d 3

where n; is the refractive index of the surrounding medium and 6 is the
angle of incidence (Fig. 2a).
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The conditions under which perfect imaging will occur is given by
E=—&, [ = —H (4)

where ¢ and y are the dielectric permittivity and magnetic permeability
respectively of the negative index slab, and ¢ and p, are the corre-
sponding quantities of the surrounding medium. The refractive index, n
of any material is given by

n= t/ue %)

The negative square root in the calculation of n is chosen in equation
(5) when both ¢ and y are negative to account for propagation of
backward waves in negative index medium [44]. Therefore, the
refractive index n of a perfect lens in free space equals —1 and equation
(3) reducestod, =t—d;.

Although in theory a perfect image reconstruction of an object can be
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Fig. 3. NIM Lens effective medium implementation on PCB technology. The periodic arrangement of SRR-wire unit cells will exhibit negative refractive index
frequencies to specific incident wave polarization over a prescribed range of frequencies.
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obtained in this way using a lossless n = —1 slab, it is impossible to
achieve these idealized conditions in practice. Losses associated with
engineered metamaterials degrades the perfect resolving capabilities of
NIM lenses. However, overcoming the diffraction barrier is still
achievable using engineered NIM lenses [45]. The EM metamaterial
concept was extended to acoustic engineering as well [46], with several
studies demonstrating subwavelength imaging using acoustic meta-
material lenses [47,48].

3. Metamaterial lens design

A NIM can be implemented in the microwave frequencies as an
effective medium using a periodic array of SRR and wire unit cells
(Fig. 3). A periodic array of the SRRs will behave like a magnetic plasma
in the microwave frequencies under the excitation by an external mag-
netic field parallel to the axis of the SRRs [16]. The effective perme-
ability of an SRR array is given by

2
wmp

?

(@) =1~ ®)
where o, is the magnetic plasma frequency and w is frequency of the
excitation field. Equation (6) shows that x4 is negative for frequencies
® < wmp and propagating wave modes are prohibited in this frequency
band due to the negative y,; of the SRR medium.

A periodic array of the thin metallic wire elements under the influ-
ence of a time-varying electric field, can mimic an electric plasma at
microwave frequencies [17]. The effective relative permittivity of such
an array in the presence of an external electric field parallel to the wires
is given by

2

w,
o )

eqr(@)=1—

where wy, is the electric plasma frequency of the wire medium, and w is
frequency of the excitation field. Equation (7) shows that the real part of
€. has negative values for frequencies @ < wg,. This causes the wire
medium to prohibit propagating modes in that frequency range.
Combining both the SRR and wire elements in a periodic array gives
rise to a metamaterial medium having simultaneous negative y,; and .

over a certain range of frequencies [15]. A left-handed (E, H and ?
form a left-handed triplet) transmission band occurs within the previ-
ously overlapping forbidden bands of negative y,; and negative .. The
combined array behaves as a medium having an effective negative
refractive index in this transmission band, and the transmission peak is
referred to as a left-handed peak.

3.1. Unit cell simulation

Since the EM characteristics of a metamaterial is determined by its
unit cell, a NIM can be designed by simulating an infinite array of the
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unit cells using periodic boundary conditions [49]. Commercial finite
element method (FEM) solver Ansys HFSS was used to design and
optimize the SRR-wire unit cell. The unit cell model of the NIM lens
design along with the incident wave polarization is shown in Fig. 4a. The

H field is polarized into the plane of the SRRs (z direction) while the E
field is polarized parallel to the wires (x direction) to generate the
required EM response for negative refractive index. The Perfect E and
Perfect H boundary conditions of HFSS were applied on the y-z and x-y
boundaries of the unit cell model, respectively, to mimic an infinite
array of unit cells and ensure correct polarization of the incident wave.
Wave ports were assigned on the z-x boundaries to excite the model with
a plane wave and obtain the S-parameters of the metamaterial design.
The unit cell is optimized to operate around 6.3 GHz on a 0.6 mm thick
FR4 (¢ = 4.4) PCB substrate. The dimensional parameters for the unit
cell model are: a =4 mm, r = 0.9 mm, t = 0.4 mm, w = 0.4 mm, g = 0.2
mm, ¢ = 0.2 mm (Fig. 3b). The distance between consecutive PCB layers
is set to be 3.4 mm. The simulated scattering parameters for the unit cell
design using Ansys HFSS is shown in Fig. 5a. A transmission band is
obtained around 6.3 GHz with a transmission peak of —1.08 dB. To
verify the left-handed nature of the transmission band, EM parameter
retrieval from the simulated S parameters is performed. The parameter
retrieval method is based on the well-established Nicholson Ross Weir
method and is described in the Appendix of [38]. The extracted EM
parameters are also plotted in Fig. 5. The real part of the refractive index
for the proposed NIM lens is —3.33 at the operating frequency of 6.3 GHz
(Fig. 5b). The real part of y and ¢ are simultaneously negative in this
band (Fig. 5¢ and d), rendering the refractive index n to be negative
(equation (5)).

3.2. Experimental validation

An NIM lens, consisting of Ny = 20, N, = 10 and N, = 30 unit cells,
was fabricated for experimental validation of the lens design. Fig. 6
presents the fabricated metamaterial lens. Each PCB layer consists of
20 x 10 unit cells and 30 such layers were stacked at intervals of 3.4 mm
using 3D printed holder with slots. The final dimensions of the lens are
80 mm (1.671) x 40 mm (0.831) x 100 mm (2.08)). The thickness t of the
fabricated lens in direction of incident wave propagation is 40 mm.

Frequency sweep measurements were performed at the beginning
using an Agilent EBO70B VNA to experimentally determine the left-
handed transmission peak of the fabricated lens. Two wideband, dou-
ble ridged horn antennas (TDK HRN-0118) were used as the transmitter
and receiver to ensure correct polarization of the incident EM waves. A
large metallic screen with a window of the size of the lens was used to
perform the measurements (Fig. 7a). The magnitude of Sy; parameter
calibrated with free space measurements are shown in Fig. 7b. A left-
handed peak transmission of —1.5 dB is observed around 6.3 GHz.
Conventional right-handed transmission band is obtained above 9.5
GHz. The refractive index of the lens is positive in that frequency region
as shown in Fig. Sc.

SRR

e

(a)

(b)

Fig. 4. NIM Lens unit cell (a) Ansys HFSS model (b) Schematic.
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Fig. 6. Fabricated metamaterial lens.

4. Microwave imaging experiments

Once the left-handed peak frequency of the metamaterial lens was
determined experimentally using a Network Analyzer, single frequency
measurements using the homodyne detection system was done to
perform imaging experiments. The RF signal generator was used to
excite the experiment setup at left-handed peak frequency of 6.3 GHz
with an output power of 10 dBm. The received signal intensity distri-
bution was measured as a voltage reading in the order of 1 mV by the
DMM. The voltage distribution in space will be proportional to the
image field distribution and therefore can be visualized to obtain the
desired image. Details of operation of coherent homodyne detection are
presented in the appendix section. The units of the color bar in all the

reported imaging results correspond to the raw voltage (in Volts)
recorded by the DMM.

4.1. Source imaging

Source imaging experiments using a transmitting monopole antenna
was done to obtain the focal spot and verify negative refraction focusing
by the flat NIM lens. The source imaging experiment setup and sche-
matic is shown in Fig. 8. A monopole antenna produces an azimuthally
symmetric field pattern, as does an ideal isotropic radiator. Diverging
rays from the monopole antenna will be bought to focus by the NIM lens
as described in Fig. 2. A quarter wavelength monopole was used as the
receiving probe to sample the EM field. The receiving probe was
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mounted on a computer controlled scanner to measure the field distri-
bution after the waves pass through the lens. The scanning was done in
the y-z plane with a step size of 5 mm in both directions.

Fig. 9a plots the imaging results with the source antenna placed 5
mm (d; ) away from the NIM lens. A focal spot is observed around 35 mm
(d2) which corresponds to the image of the monopole in the azimuthal
plane. The experiment is performed in free space by removing the NIM
lens to validate the negative refraction focusing by the lens. The free
space image results (Fig. 9b) show the diverging radiation pattern of the
source as expected. The cross-range intensity profiles for the two cases
are plotted in Fig. 9c. The full width at half maxima (FWHM) for the
focal spot is found to be 30 mm (0.62A). The FWHM at the focal plane
without the lens is 67 mm (1.39A) indicating resolution enhancement by
a factor of 2.24 (Agns/Afree) is achieved with the lens.

The focal spot position of a NIM lens can be adjusted in the cross-
range and down-range directions by moving the source object. This is
an added novelty to the operation of NIM lenses, as focal spot scanning
can be achieved without any complex tuning methods [50]. The source
was first moved away from the NIM lens and kept at a distance of 15 mm
(d1). The focal spot in this case is found to be at 20 mm (dy), clearly
indicating a shift in the down-range direction (Fig. 10a). The focal spot
moves closer to the lens as the source is moved away from the lens,
which is consistent with the imaging theory discussed in Section 2
(equation (3)). Also, laterally shifting the source shifts the focal spot
laterally. This was demonstrated by moving the source right of the op-
tical axis (along z direction) by 10 mm. The imaging results for this case

show a cross-range shift of the focal spot by approximately the same
distance (Fig. 10b). These results signify that the NIM lens system can be
used for source (or defect) localization techniques as well when the
position of the source is unknown. It is important to note that the
focusing performance degrades as the source is moved away from the
optical axis, as seen in the comparison in Fig. 10a and b. This is due to
the increase of diffraction effects from the edges of the lens as the source
is moved towards the sides. Therefore, the range of movement of the
focal spot is restricted by the thickness of the lens in the down range
direction (equation (3)) and by the aperture of the lens in the cross range
direction (edge effects).

4.2. Subwavelength defect imaging

The capability of proposed system for microwave NDE of sub-
wavelength defects beyond diffraction limit is demonstrated in this
section. The schematic of experimental setup for microwave NDE in
reflection mode is shown in Fig. 11. The reflected waves from the ma-
terial under test placed at second focal plane (d; distance from lens) can
be imaged at the first focal plane (d; distance from lens), where the
transmitter and receiver are placed. Subwavelength defects inside the
dielectric sample can be imaged by performing background subtraction
of signals from a healthy sample. The measured voltage difference at the
focal plane will correspond to the contributions due to the defect and
can be plotted in a 2D graph to obtain the image of the defect. Two sets
of NDE experiments are performed on two types of subwavelength
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defects: holes and grooves.

A drilled hole of diameter 12 mm (0.251) in a glass fiber reinforced
polymer (GFRP) composite sample is tested first. The GFRP sample is of
dimensions 100 mm x 100 mm with a thickness of 8 mm. The experi-
ment setup is shown in Fig. 12a and the sample schematic is shown in
Fig. 12b. A similar sample without any drilled hole is treated as the
healthy sample for obtaining the baseline signal for subtraction (inset of
Fig. 12a). The receiver is scanned in the first focal plane (x-z at d;) near
the source with a step size of 2 mm in both directions. The imaging result
for the drilled hole is reported in Fig. 13a. The presence of sub-
wavelength defect is clearly imaged as indicated by the maxima (loca-
tion y = 35 mm, z = 50 mm) of the image. The probe to defect standoff
distance is 80 mm (1.67)), which is in the far-field. The experiment was
performed without the NIM lens to demonstrate that the subwavelength
defect is not detectable in the far-field at large stand-off distances. The
imaging result in free space is shown in Fig. 13b. No detectable variation
in measurements is observed in this case and the subwavelength defect
goes undetected.

INIM l.nn" i

I'x mongpelc

Next, imaging study of a groove of subwavelength dimensions was
performed. The sample under test is composed of a Teflon block of di-
mensions 150 mm x 150 mm and a thickness of 30 mm, mounted on an
aluminum sheet to simulate a metal-composite joint [51].
Metal-composite joints are prone to disbond defects since air gaps can be
introduced in the bonding epoxy layer during manufacturing or usage.
Microwaves offer an attractive solution to NDE of such disbonds in metal
composite joints and has been undertaken by various studies [52-54].
The purpose of this study is to show that subwavelength grooves, which
are not typically detectable in the far-field, can be imaged using the
proposed system. The simulated disbond is created by machining a
groove of dimensions 15 mm (0.311) x 5 mm (0.1)) along the entire
length of the sample. The experiment setup and sample schematic are
presented in Fig. 14. Similar to the earlier experiment, the sample with
defect is placed at the second focal plane of the lens and the receiver is
scanned in the first focal plane with a step size of 2 mm. A Teflon sample
without any groove is treated as the healthy sample. Similar to the
earlier experiment, the sample with defect is placed at the second focal

100 mm

o

(b)

Fig. 12. (a) Experiment setup for subwavelength hole imaging (b) GFRP composite sample under test.
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plane of the lens and the receiver is scanned in the first focal plane with a
step size of 2 mm. A Teflon sample without any groove is treated as the
healthy sample (inset of Fig. 14a) for baseline subtraction. The defect
image results with the lens are plotted in Fig. 15a. A stretched out
maxima is observed at the center, indicating the presence of the groove.
The NDE experiment is repeated without the lens and the corresponding
results are shown in Fig. 15b. Absence of any discernible maxima in free
space measurements further validate that subwavelength defects in
dielectric materials, which are undetectable in far-field, can be imaged
using a properly designed NIM lens.

5. Conclusions

Metamaterials exhibiting negative refractive index can act as
“superlenses”, which can achieve resolution capabilities beyond
diffraction limits. Such a lens not only focuses the propagating wave
modes emitting (scattering) from a source (object), but also amplifies the
evanescent wave modes, which contain sub-diffraction information of

(b)

Fig. 14. (a) Experiment setup for embedded groove imaging (b) Teflon with attached metal sample under test.

the object. The recovery of evanescent wave modes in the image plane of
NIM lenses allows subwavelength source resolution at distances beyond
the near-field of the object.

This paper presents a novel experimental implementation of such
NIM lenses using coherent homodyne detection measurements for Mi-
crowave NDE applications. High SNR associated with synchronous
detection provides a NIM lens imaging sensor system that can be used in
the field at far-field distances under practical conditions. The meta-
material lens design is described followed by its implementation as
subwavelength defect imaging sensor. Source imaging as well as sub-
wavelength defect imaging results beyond the diffraction limit is
experimentally reported using the proposed sensor system. Discussion
on unique focal spot scanning capability of NIM lenses is also presented
to demonstrate their added novel advantage over other lens designs.

Future work will include further experimental testing of defect
detection range of the system. The resolution of NIM lenses is limited by
the losses associated with such engineered structures. Lossy FR4 PCB
was used to demonstrate proof of concept as it is inexpensive and readily
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Fig. 15. Imaging results (a) with lens (b) without lens.

available substrate material. Using lower loss substrate materials will
significantly improve the resolution of the system and will be under-
taken as future work. On the other hand, the sensor to object stand-off
distance can be increased further by increasing the thickness of the
lens. However, increasing the thickness will increase the losses and
hence the resolution will degrade. The stand-off distance for this study
was limited to 1.67). It is predicted that by designing thicker lenses with
low loss unit cells, the stand-off distance for subwavelength imaging can
be further increased to multiple wavelengths. Additional plans are un-
derway to investigate this aspect as part of future work.
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Synchronous homodyne detection has been one of the most frequently used signal processing techniques for decades. It is a simple demodulation
technique that suppresses excessive noise components and provide stable access to information that is encoded into the phase of the received signal.
High signal to noise ratio associated with coherent homodyne detection allows lossy engineered NIM lens to be implemented in free space under
practical conditions without the use of amplifiers or microwave absorbers.

The operating principle of a homodyne detection system can be understood from the following equations. The sinusoidal output Vo of the RF

signal generator, which is used to excite the experiment setup and feed the LO port of the mixer is of the form
V1o = Vier (SIn @rest + O, (A1)

where, Vi, wrs and 6 are the amplitude, frequency, and phase of the RF signal generator output respectively. The received signal Vg at the RF port
of the mixer will be a sinusoid of the same frequency but different amplitude and phase given by

Vir = Ve (Sin Wrecl + arec) (A2)

where, V., and 6. are the amplitude, and phase of the received signal at the RF port respectively. The output Vs at the IF port of the mixer is the
product of the two sine waves given by,

1 1
Vir =VioVir Vip = Vi (SIn Orept + Orer) Viee (SIn yept + Orec) Vir = 5 Vrer Viee €OS ([Wref = Wrer |1+ Opec — gref) - Evref Viee €OS ([a)ref + @rep |+ Opec + 9ref) (A3)
It can be seen from equation (A3) that the first term is a DC signal of the form
1
Vbc = 7Vref Viee €08 (arer - eref) (A4)

2

Ve produced at the IF port of the mixer is read in by the digital multimeter which encodes the phase information of the received signal (image

10
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field) intensity.
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