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Abstract—We present the use of the cavity antenna model in
predicting the radiative loss, far-field polarization and far-field
beam patterns of terahertz quantum-cascade (QC) lasers.
Metal–metal waveguide QC-lasers, transmission-line metamaterial QC-lasers, and leaky-wave metamaterial antennas are
considered. Comparison of the fundamental and first higher order
lateral mode in a metal-metal waveguide QC-laser shows distinct
differences in the radiation characteristics. Full-wave finite-element simulations, cavity model predictions and measurements
of far-field beam patterns are compared for a one-dimensional
leaky-wave antenna. Lastly, an active leaky-wave metamaterial
antenna with full backward to forward wave beam steering is
proposed and analyzed using the cavity antenna model.
Index Terms—Cavity model, composite right/left-handed
transmission line, leaky-wave antenna, quantum-cascade (QC)
lasers, terahertz active metamaterials.

I. INTRODUCTION

T

ERAHERTZ quantum-cascade (QC) lasers are attractive
candidates as sources for many applications in terahertz
imaging, sensing, and spectroscopy, and have been demonstrated to operate at frequencies between 1.2 and 5.0 THz
(without the assistance of a magnetic field) [1]–[3]. The THz
QC-lasers that exhibit the best high-temperature operation are
based upon the so-called metal–metal (MM) waveguide, in
which the multiple-quantum-well active region is sandwiched
between two metal cladding layers, typically separated by
2–10 m [4]–[6]. This waveguide is characterized by low loss
and a strong overlap of the mode with the active region, even
when the transverse waveguide dimensions are scaled far below
the wavelength. Reducing the dimensions in this way is often
desirable to reduce power dissipation as well as to increase the
light-matter interaction strength [7]–[9]. Moreover, because of
its strong resemblance to a microstrip transmission line, it has
recently been proposed to use MM waveguides as a platform
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for the development of planar composite right/left-handed
(CRLH) transmission-line metamaterials (MTMs) [10], [11].
Soon after the demonstration of MM-waveguide QC-lasers,
it was recognized that the beam pattern from a conventional
cleaved-facet Fabry–Pérot (FP) ridge cavity produced a highly
divergent beam pattern, characterized by concentric rings in the
far-field [12]. This beam pattern was qualitatively explained
using an antenna model of a so-called wire laser [13]. This
model applies when the MM waveguide exhibits transverse dimensions much less than a wavelength, which models the wire
laser as a linear one-dimensional (1-D) array of isotropic radiators similar to the analysis of a dielectric traveling wave antenna
[14]. However, because the antenna model as implemented in
[13] neglects the details of the mode profile, as well as radiation from the ends of the “wire” cavity (i.e. the facets), this
model does not provide useful information such as the field polarization, the relationship of the far-field beam pattern to the
lateral modes, or quantitative estimates of radiative losses. This
was pointed out by Gellie et al., who used full-wave three-dimensional (3-D) electromagnetic simulations to show that as
expected a first higher-order
lateral mode resulted in a
far-field beam pattern that mirrored the lateral mode symmetry
mode, a
for a 130 m wide ridge [15]. Namely, for the
null is present in the center of the far-field beam pattern along
the axis of the ridge. Nonetheless, the use of 3-D full-wave simulations is computationally intensive, prohibitive for large structures, and provides limited physical insight.
In this work, we present the use of the cavity antenna model
for modelling the radiative properties of cavities, leaky-wave
antennas, and transmission-line MTMs that are based upon
MM waveguides. The cavity model is widely used to model
microstrip patch antennas in the microwave frequency range
[16]. It is based upon application of the field equivalence principle, where effective magnetic currents on the outer surface of
the cavity act as sources for the far-field radiation. Combined
with antenna array theory, we are able to predict far-field
beam patterns and polarizations, approximate cavity quality
factors, and associate these properties with individual surfaces
or structures of the waveguide.
The paper is organized in the following manner. In Section II,
a description of the cavity model and its implementation in
MM-waveguide QC-lasers is covered. A quantitative comparison for predictions for MM-waveguide resonator radiative
losses and beam patterns is made between full-wave finite-element simulations (Ansys’ HFSS) and the cavity model for
lateral mode in Section III. In Section IV, the
the
mode of a MM-waveguide QC-laser is also considered and shown to have desirable radiative properties as a
leaky-wave antenna. The application of the cavity model to the
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Fig. 1. A perspective and top view of the MM waveguide with its completely
,
tangential electric field profile and equivalent magnetic current sources
represented by double-headed arrows for: (a), (b) TM and (c), (d) TM
lateral modes.

MM-waveguide QC-laser operating in its
lateral mode as
a resonator and leaky-wave antenna is discussed. Comparisons
of its radiative loss (resonator) and beam patterns (leaky-wave
antenna) are presented with simulations and backed by measurements. Finally, in Section V, the cavity model is applied
to a proposed MTM antenna with backward-to-forward beam
scanning capability.
II. CAVITY MODEL
The cavity antenna model is based upon the use of Huygen’s
principle to formulate a simplified equivalent problem. The principle states, for a closed surface around the structure of interest,
the fields at a given observation point outside of the closed
surface can be found by considering radiation from equivalent
sources represented by the surface electric and magnetic surface
respectively, on the closed surface.
current densities, and
From the uniqueness theorem, knowledge of the tangential field
components on the closed surface gives the equivalent sources
according to
(1)
(2)
where is the surface normal. One can find the exact radiated
far-field of the structure by using the far-field integral expressions (8)–(14) located in the Appendix.
In analogy to the application of the cavity model to the patch
antenna, we make some approximations of the near-field components of the QC-laser. Specifically, we assume our structure
to have a large width-to-height ratio and that the height is much
less than the free space wavelength [16]. For this ideal situation,
fringing fields are negligible, the surface electric fields are tangential to the sidewalls and magnetic fields are normal to the sur. We assume an infinite ground plane, so that one
face so
can invoke image theory which doubles the equivalent magnetic
current source. Also, any electric surface current that is present
on the top surface of the metallic plate will not radiate efficiently
since it will cancel with its image. With these approximations,
the far-field beam pattern is given by only the equivalent magnetic currents.

The structure of interest is then modelled as an array of radiating equivalent magnetic current elements (see Fig. 1), where
the array factor is a function of the structure’s dispersion characteristics. For example, in a MM-waveguide FP QC-laser, the
modelled standing wave is a sinusoidal function with a guided
where
is the diswavelength
persive propagation constant. The array factor is then modulated
by this sinusoid. For the case of a leaky-wave antenna, the sinusoidal varying field profile also experiences a decaying field
factor given by its power attenuation coefficient , which then
dictates the envelope of the array factor along the direction of
mode propagation. For example, considering only the two sidemode as a
walls of a MM waveguide operating in its
leaky-wave antenna [see Fig. 1(c), (d)], first an array factor for
one sidewall is calculated (along the -direction) using
(3)
where
(4)
(5)
is the normalized element amplitude on the sidewall,
where
and are the far-field observation angles,
is the element
to element distance in the y direction, is the power attenis the propagation constant along the
uation coefficient,
is the main
leaky-wave antenna, is the element index,
is the free-space wave vector. This
beam scan angle, and
sidewall is then treated as one radiating source element modified
by the approriate array factor applied in the transverse direction
( -direction) to account for the other sidewall.
Using the cavity model’s calculated total radiated power and
the structure’s stored energy, the quality factor (radiative loss)
can be quantified as shown in the Appendix (22). The structure’s
time average stored energy is calculated by integrating the electric field within the boundaries of the structure. Of course, this is
an approximation since the stored near-field energy is neglected
with this method. However, this method does provide a good
qualitative understanding of design parameter effects on radiative losses and its accuracy does improve when the structure’s
ratio is large and height is much less than its free space
wavelength.
Our assumption of an infinite ground plane means that our
antenna model is most accurate for lasers with dry etched facets.
However, despite this limitation, we can still obtain insight for
THz QC-lasers with cleaved facets provided we consider the
following. First, the absence of a ground plane will reduce the
effective magnetic image current, which will decrease the radiated power from the facet. Second, the beam pattern will change
somewhat as radiation into the lower half-space (previously
screened by the ground plane) is now possible. However, as can
be seen from data reported in the literature ([12], [15]) the beam
pattern in the upper half space still exhibits the characteristic
fringe patterns that we will show is well described by the cavity
model. The cavity model is particularly useful for the emerging
designs for THz QC-lasers in MM waveguides with directive
beam patterns (such as leaky-wave antennas [17], second and
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third-order distributed feedback lasers [18], [19], and 2-D
photonic crystals [20]), which do not possess cleaved facets.
III. MODELING OF MM-WAVEGUIDE RESONATORS:
FUNDAMENTAL LATERAL MODE
We begin by applying the cavity model to a MM-waveguide
.
FP cavity oscillating in an axial mode with index
We first consider the radiative quality factor Q for the
mode as a function of cavity length using approximated analytic
expressions, the cavity model and a full-wave 3-D finite-element solution. The 3-D finite-element simulations for this paper
were conducted with HFSS for MM-waveguide QC-laser cavities with a 10 m or 5 m thick active region, 0.2 m thick
upper metal, 15 m ridge width, and an infinite ground plane.
A 15 m ridge width is selected in this study since its
mode’s cutoff frequency ( 2.7 THz with
) corresponds
to a frequency within the terahertz spectral range and is discussed in greater depth in a later section.
In order to obtain the appropriate magnitude of the sidewall
magnetic currents, an infinitely long structure is simulated using
the finite-element method to obtain the transverse waveguide
and
modes in the geometries
mode profile for the
of interest. In this way, the value of the transverse E-field at the
sidewalls can be related to the stored energy of the cavity. A
polynomial fit of the lateral field profile was used in the calculations for the equivalent magnetic current sources. The same
fitted lateral field profile was also used to calculate the stored
energy of the MM-waveguide resonator.
Additionally, for the MM waveguide cavities pictured in
Fig. 1, the termination is ideally open, and the E-field exhibits
an anti-node (maximum) at the facet. In realistic structures, the
termination deviates slightly from this condition resulting in a
slightly smaller facet field amplitude [21]. This is accounted
for by extracting the complex facet reflectivity from a 3-D
finite-element simulation and incorporated into the far-field
beam pattern calculations using the cavity model.
A. Radiative Losses
HFSS eigenmode simulations for MM-waveguide QC-lasers
resonating (cold cavity) in its
mode at 2.7 THz were con,
ducted for structures up to only an axial mode index of
mm, due to simulation size constraints—a limitation that does not exist for the implemented cavity model. Simulations were conducted with a lossless active region, and the
metallization was considered to be a perfect electric conductor,
therefore, the simulated quality factor reflects only loss associated with radiation. The facet reflectivity was calculated to be
0.84 and the confinement factor 0.79 from finite element simulations.
A nice feature of the cavity model is that it allows one to
study the contributions of each radiating component (sidewalls,
facets) separately. Fig. 2 illustrates this with the facet and sidewall radiative losses shown separately for a structure with a
of
m
m. The radiative losses from the sidewalls are at
least three orders of magnitude less than that of the facets—a
clear indication that even for MM-waveguide lasers with subwavelength dimensions and substantial evanescent field in the
mode, the facets remain the primary source of
air, for the
mode, the far-field rings in
laser emission. Hence for the

= 15

m and
Fig. 2. Quality factor of a MM-waveguide FP cavity with a w
h
m operating at 2.7 THz in its
mode as calculated using the
cavity model. Analytic calculations (16) and (18) provided in the Appendix
show close agreement with the cavity model and HFSS simulations.

= 10

TM

the beam pattern can be considered to originate from the interference of two dipole sources separated by distance . The strong
suppression of sidewall radiation is due to two effects: the partial near-field cancellation of the oppositely directed equivalent
magnetic current sources along the sidewalls and the far-field
that occurs for
cancellation of the rapidly oscillating
, when
. Adjacent data points correspond to a difference
. Oscillations in the quality
in MM-waveguide length of
factor with a period of three axial mode indices (corresponding
since the
) are therefore
to a total distance of
due to the constructive and destructive interference of the facets.
Lastly, as shown in the Appendix, we can also apply the cavity
model to derive analytic expressions for radiative Q in the limits
and
for the
mode (facets are
where
approximated to be ideal opens and an uniform lateral field profile is assumed). This allows us to identify scaling trends with
dimensions. The small discrepancy between the cavity model
and the analytic expressions is due to the nominally more realistic incorporation of the simulated lateral field profile and
facet reflectivities. The cavity model predicted Q is in good
general agreement with the full-wave 3-D simulations although
the cavity model consistently predicts a higher value for the
quality factor. This discrepancy results from the assumption that
fringing fields can be neglected. Indeed, our calculations show
a convergence between HFSS and cavity model simulations for
ratios. For example for
m
m (data
larger
not shown) the Q values calculated by HFSS are 80% of those
calculated by the cavity model, compared with 50% for the
m
m case shown in Fig. 2. Thus, while the
cavity model predictions for are at best semi-quantitative for
, they still provide qualitative insight. Furthermore,
THz QC-lasers with an active region thickness of 1.75 m have
recently been demonstrated [6], for which the cavity model will
be increasingly accurate for calculating radiative losses.
B. Beam Patterns
As a representative case, a comparison between the cavity
model predicted and simulated (using a HFSS driven modal simulation) far-field beam patterns for a MM-waveguide QC-laser

326

IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 2, NO. 3, MAY 2012



Fig. 3. A comparison of predicted far-field intensities by the cavity model and
HFSS simulation for a MM-waveguide with w
m and h
m
mode. (a) Cavity model: radiation due only
operating at 2.7 THz in its
to the two sidewalls. Far-field intensity due to the sidewalls is three orders of
magnitude less than that of the two facets. (b) Cavity model: radiation due only
to the two facets. (c) Cavity model: radiation due to two facets and sidewalls. (d)
HFSS simulation: radiation due to two facets and sidewalls. Field is primarily
polarized in  direction.

TM

= 15

= 10

with a
m
m and an axial mode index of
is shown in Fig. 3. We see that the radiation from the facets is
the dominant contribution—an observation which is consistent
with the cavity model’s prediction of
shown in Fig. 2, and is supported by the decomposed beam
patterns. Namely, the radiation pattern from the sidewalls [see
Fig. 3(a)] is expected to give a null along the longitudinal cut
of the structure since the equivalent magnetic currents along the
two sidewalls are in opposite directions, which leads to destructive interference of their far-field beam patterns directly above
). However, this is not seen in the
the laser ridge (at
overall beam pattern, which is dominated by interference of rapolarizadiation from the two facets, and exhibits strong
tion. The number of rings (fringe pattern) is directly related to
the length of the structure [13]. The radiation pattern predicted
by the cavity model matches very well with the full-wave firatio is close to
nite-element simulation even though the
one, illustrating that the far-field calculations are quite robust.
IV. HIGHER ORDER LATERAL MODE OPERATING AS A
LEAKY-WAVE ANTENNA
Unlike the fundamental
mode, the
mode exat which
. For certain
hibits a cut-off frequency
frequencies close to its cutoff, this mode propagates with an
, and can be made to couple radiaeffective index
tion into a directive beam according to the leaky-wave mechanism. To examine the radiative mechanisms of this in detail,
we first consider a MM-waveguide finite length resonator opmode. As a representative case, the radiaerating in its
tion from the facets and sidewalls of a resonator with a length
of
250 m is analyzed (Fig. 4). For operation within the

TM

Fig. 4. Quality factor versus effective index for MM-waveguide in its
mode with 250 m length. Various effective indices are obtained by varying
ridge widths from 15 m to 45 m while keeping h
m. Operating frequency is 2.7 THz. Field profile along facet and sidewalls assumed to be ideal
sinusoids with a normalized electric field amplitude of 1 V/m. Analytic calculations provided in (17) and (19) in the Appendix are derived with the same
approximations. Insets show the electric field profile in the lateral direction for
various ridge widths.

=5

light cone
, the cavity model predicts that the constructive radiation of the sidewall is orders of magnitude greater
than that of the facets due to the in-phase contributions from
). Only for effective indices
the two sidewalls (when
does the facet contribution become greater than that
of the sidewalls. This is a somewhat unexpected result. Since
the magnetic currents from the two sidewalls are in phase for
mode, the far-field beam pattern will have even syma
metry without a broadside null. However, for structures with
, the far-field beam pattern is expected to have a null
since the facets are the dominant radiating components and have
equivalent magnetic currents in opposite directions, as observed
in [15] for 130 m wide MM waveguides. This result indicates
that examination of the symmetry of the far-field beam pattern
alone is not sufficient to identify which lateral mode is lasing.
We will see in a later part of this section, the polarization of the
is unknown.
far-field beam pattern can be used instead if
We, therefore, propose the use of a MM waveguide in its
lateral mode as a leaky-wave antenna since it is associated with
mode
dispersive characteristics not achievable with the
such as strong radiative loss, which can be made to exceed unwanted ohmic and material losses for more efficient radiative
coupling.
A. Radiative Losses
The waveguide radiation loss is quite large for the MM wavemode; while this leads to more efguide operating in its
ficient radiative coupling, one would often like to reduce for
use as a laser or leaky-wave antenna. An obvious strategy is to
decrease the height to reduce the area of the emitting aperm was chosen for this analysis. A second
ture, hence a
strategy suggested by the cavity model is to introduce holes with
a sub-wavelength periodicity, , into the upper metallization.
mode can be anThen the MM-waveguide structure in its
m (see Fig. 5). The
alyzed as repeated unit cells of size
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TABLE I
RADIATIVE LOSSES FOR THE TM MODE IN ITS m = 0 (ZERO-INDEX)
RESONANCE WITH DIFFERENT LONGITUDINAL HOLE SIZES

Fig. 5. Dispersion curve for a MM-waveguide operating in its TM mode.
Two cases are considered; namely, a unit cell with and without holes. In the latter
case, a transverse (h ) and longitudinal (h ) hole dimension of h = 3 m
and h = 6 m is introduced into the unit cell (p = 8 m) to bring the
shunt resonant frequency from 2.75 to 2.63 THz. Eigenfrequencies are obtained
from unit cell eigenmode simulations with periodic boundary conditions corresponding to an infinitely long structure in HFSS. The circuit model for the case
without the hole (L = 2:7 pH, L = 2:5 pH, C = 1:3 fF) and with the
hole (L = 2:7 pH, L = 2:8 pH, C = 1:3 fF) are in close agreement with
the simulations.

addition of the holes has two effects. First, the dispersion relation is altered as illustrated in Fig. 5. Without the addition of the
mode has a cut-off frequency
holes, the MM waveguide’s
of 2.7 THz, or equivalently, a shunt resonant frequency given
by the transmission-line circuit model [10]
(6)

In the language of transmission-line MTMs, increasing the
hole size narrows the inductive path leading to a larger shunt
, and reduces the shunt resonant frequency
inductance
[17]. The change in the shunt capacitance is not substantial
since the electric field has a null in the center of the ridge
[see Fig. 6(a)].
In addition to controlling the shunt frequency, the hole size
also gives the designer a parameter to control the radiative
losses. This can be explained qualitatively using the cavity
model by considering additional equivalent magnetic currents
at the sidewalls of the holes [see Fig. 6(b)]. Components labeled
are the dominant in-phase components along the sidewalls
of the structure and contribute most to the radiated power. The
components have a negligible contribution due to their
quadrupole arrangement. As the hole size in the longitudinal
components are generated,
direction is made larger, larger
which leads to a destructive near- and far-field contribution
components; as a result the quality
relative to that from the
components are only
factor should increase. Lastly, the
present at the ends of the structure since they correspond with
the facets and have negligible contribution when operating
within the fast-wave region (see Fig. 4). A comparison of the
MM-waveguide cavity
radiative losses for an 80 m long
with varying hole sizes is presented in Table I. The calculated
quality factors confirm the trend in radiative losses qualitatively
explained by the cavity model. It is important to note that for

the finite length structure reported in Table I there will be a
slight shift in shunt frequency compared to that of an infinitely
long structure due to the loading effect of radiation from the
facets.
B. Beam Patterns
Operation within the leaky-wave bandwidth of the
mode is accompanied by a directive beam launched by the
antenna due to the small phase variation between radiating
elements as suggested by (3); similar microwave microstrip
line versions have previously been demonstrated [22]. As an
example, we compare cavity model predictions against an
experimentally measured beam pattern from a leaky-wave
m,
m,
antenna presented in [17], namely, with
m, and 3 m 3 m holes. Similar to Section III, from
field profile is extracted for
the unit cell simulation, the
calculation of the equivalent magnetic currents. Instead of a
standing wave pattern, the fields in the leaky-wave antenna
are modelled according to (3). The leakage/power attenuation
coefficient is obtained from HFSS scattering parameter simulations of the leaky-wave structure, in this case, 51 unit cells
long. Having these parameters, the radiation pattern for an
arbitrarily long device can be constructed with fairly good accuracy (Fig. 7) and as expected a directive, single beam far-field
pattern is observed. As the angle of emission is dictated by the
dispersion characteristic, the beam can in principle be steered
either by varying the frequency or transmission-line characteristics—for instance, by changing the hole size. The inset shows
the predicted scan angle as a function of frequency along with
the corresponding measured and cavity model prediction. The
cavity model also gives qualitative insight for polarization of
mode, the far-field
the far-field beam pattern. For the
pattern along the top of the ridge is expected to have primarily
components (transverse to the length of the ridge) due
to the in-phase equivalent magnetic current sources. Cavity
model predictions and HFSS simulations (Fig. 8 insets) confirm
this analysis and is matched by the experimentally measured
far-field polarization. Fig. 9 shows a longitudinal cut of the
beam pattern for the leaky-wave antenna when fed by a master
(at 2.50 THz)
oscillator THz QC-laser operating in the
(at 2.81 THz) mode. For the
mode,
mode and the
the detected radiation is dominantly polarized in the direction
perpendicular to the antenna axis, which corresponds to
components as mentioned above. The
mode, on the
other hand, exhibited a non-directional beam pattern with
many fringes in the far-field and is polarized primarily along
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=5

Fig. 6. (a) Electric field within a w=h
m unit cell resonating at !
unit cell with its equivalent magnetic currents sources.

with hole dimensions h

Fig. 7. Comparison of the longitudinal cut of the far-field beam pattern at 2.74
THz. Inset shows main beam angle predictions from HFSS simulations, the
cavity model and measurements for 2.61, 2.74, 2.81 THz, where the leaky-wave
antenna is passive and is excited by a master oscillator.

Fig. 8. Total far-field intensity of leaky-wave antenna at 2.81 THz predicted
by: (a) the cavity model and (b) HFSS. (Insets show theta and phi components.)

the axis of the waveguide, corresponding to the predicted
components, and is an order of magnitude lower in intensity.
V. BALANCED MTM TRAVELING-WAVE ANTENNA
The structure presented in Section IV can serve as a platform for development of a THz CRLH transmission-line metamaterial [11]. We now propose a nearly balanced, CRLH MTM
lateral mode MM waveleaky-wave antenna based on the
guide of Section IV. This can be achieved with the periodic

= 3 m and h = 3 m and (b) a top-down view of the

Fig. 9. Measured far-field beam patterns and spectra under two different bias
mode (at 2.50 THz)
conditions corresponding to antenna operation in its
outside the light cone and
mode (at 2.81 THz) within the leaky-wave
bandwidth. Data was collected at 77 K with the master oscillator QC-laser biased in pulsed mode (5 s pulses repeated at 10 kHz) and the antenna passive.

TM

TM

m addition of series gap capacitors in the upper metallization as shown in Fig. 10(a). A MTM structure comprised
of such unit cells exhibits CRLH properties such as left-handed
(backward waves) propagation. Compared to the design proposed in [11], where series capacitance and shunt inductance elements are loaded into a MM waveguide operating in its
mode, this design exhibits greater radiation loss. In this section,
we present simulations and cavity model predictions for the radiation pattern and radiative losses of a structure composed of
balanced CRLH unit cells.
The unit cell in Fig. 10(a), however, does not meet two practical design necessities for active QC-laser structures, namely,
the ability to apply an electrical DC bias to the upper metal contact and the ability to achieve a balanced MTM design (a large
series capacitance is needed corresponding to an unreasonably
small gap size). However, with a slight change in design, both
concerns can be addressed [see Fig. 10(b)] with alternating gap
capacitors of 238 nm incorporated into the upper metallization,
leading to a meander-type structure. Due to its continuous DC
connectivity, the device can operate as an active QC-laser as well
a purely passive MTM leaky-wave antenna. This, however, increases the overall unit cell length to 16 m, which translates
to a larger series inductance helping achieve a nearly balanced
THz,
THz ( 10 GHz
condition with
bandgap reported by HFSS eigenmode simulation). Under the
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Fig. 11. Power attenuation coefficient (radiative loss) within the leaky-wave
bandwidth for the nearly balanced MTM structure calculated from HFSS and the
cavity model for a balanced CRLH waveguide and the RH only leaky-wave an: THz . The purely right handed leaky-wave
tenna from Section IV. f
antenna of Section IV exhibits much greater loss near its band edge compared
to the nearly balanced MTM case. Inset: radiative Qs from HFSS’s eigenmode
solver and the cavity model ( 1000 m long structure).

(

= 2 74

)



Fig. 10. (a) MTM unit cell with symmetric series gap capacitors. (b) Meander
MTM unit cell with alternating series gap capacitors and its (c) circuit model
along with its dispersion relation obtained via unit cell analysis in HFSS. Least
: pH, L
: pH, C
squares fit obtained circuit parameters are L
: fF, and C
: fF.

28

= 12

=29

=13

=

perfectly balanced case, the transition, shunt and series frequen, where
cies would be the same

(7)
The simple circuit model is qualitatively a good match with
the HFSS calculation near the transition point, although there
is some discrepancy in the left-handed branch near the light
line [see Fig. 10(c)]. The light cone spans from 2.4 to 3.1 THz,
within which the CRLH waveguide can be used as a leaky-wave
antenna.
We have calculated the radiative and the associated radiative loss coefficient [given by (22)] for the CRLH structure
using both HFSS and the cavity model, as shown in Fig. 11. The
simulated is obtained using HFSS’s eigenmode solver with
periodic boundary conditions, which estimates radiation from
an infinitely long structure. The cavity model is applied to find
the along with a perfectly balanced analytic dispersion relation obtained from the circuit model (as shown in Fig. 10). This
calculation is very similar to that shown in Fig. 4 and Table I
leaky-wave mode, except modified to allow for the
for a
in the stored cavity energy
inclusion of the series capacitor
for Q calculations. In this CRLH structure, electric field energy
, which is associated
can be stored in the shunt capacitor
, which conwith strong radiation from the sidewalls, and/or
contributes negligible radiation due to the antisymmetric
tributions within the metallization gaps.
Fig. 11 shows generally good agreement between the cavity
model and HFSS calculations of the radiative loss coefficient.

However, near 2.6 THz, the HFSS calculation shows a discontinuity in and due to the fact that in the numerical simulation the CRLH structure is not perfectly balanced, and a residual
10 GHz bandgap remains. In the cavity model simulation, a
perfectly balanced circuit model was used which exhibits no
bandgap, and thus the radiative loss characteristic is smooth.
For comparison, the loss coefficient is also plotted for the right
handed (RH) only leaky-wave structure whose dispersion lies
between the two cases given in Fig. 5 (15 m wide waveguide
with 3 3 m holes). This structure exhibits a power loss coefis approached,
ficient that diverges as the cutoff frequency
due to a group velocity that approaches zero. The CRLH structure, on the other hand, maintains a nonzero group velocity even
, and hence there is no divergence in loss. This makes
at
this structure highly attractive for use as a leaky-wave antenna.
Using the HFSS derived dispersion relation, the radiation
pattern for an arbitrarily long device is constructed with fairly
good accuracy using the cavity model. The backward to forward
scanning of the main beam for the balanced MTM structure of
10 unit cells (160 m) is observed [see Fig. 12(a)–(c)]. There
is good agreement between the simulated and cavity model
predicted beam patterns along the longitudinal direction of
the structure for all scan angles. The largest deviation occurs
around the transition frequency where the dispersion characteristic of a simulated finite length structure will differ slightly
from that of an infinitely long one, which is how the dispersion
relation was obtained; this could also be associated with larger
. For observation angles far
uncertainty in the vicinity of
from the longitudinal cut of the device, slight deviations are
seen compared to the simulated radiation patterns from HFSS
(Fig. 12 insets). The deviation is due to the fact that the
mode is not highly confined and hence the effective transverse
dimension is effectively larger than the physical size. In our
cavity model, the distance separating the equivalent magnetic
current elements along the sidewalls is modelled to be the
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Fig. 12. HFSS and cavity model longitudinal far-field beam pattern cuts for
different regions of operation: (a) left-handed (2.5 THz), (b) transition frequency
( 2.61 THz), and (c) right-handed (2.80 THz). Insets: HFSS and cavity model
rectangular contour plots of the far-field intensity.



same distance as the physical ridge width (in this case 15 m).
Indeed, in [22], Menzel also considers an effective width due to
fringing fields, which we have neglected in order to simplify the
model. By separating the equivalent magnetic current sources
with a greater element spacing (i.e., a wider equivalent ridge
width), the cavity model resulted in a beam pattern that was
less divergent in the transverse dimension, closely matching
that predicted by HFSS (not shown here).
VI. CONCLUSION
In conclusion, we have proposed the application of the
microwave patch antenna cavity model as a general tool for
analyzing the radiative properties and beam patterns of terahertz MM-waveguide structures. The method is computational
resource non-intensive, allowing for a quick assessment of
designs with physical intuition. Its implementation is also not
constrained to very narrow wire lasers as in [13], and as such
can account for the effects of transverse mode structure, and
describes the far-field polarization. As a benchmark, comparisons between full-wave 3-D finite-element method simulations
and
and the cavity model were performed for
FP cavity QC-lasers,
MM waveguides operating as

leaky-wave antennas, and a balanced CRLH leaky-wave antenna. Generally speaking, excellent agreement between the
cavity model and full-wave simulations was seen for observed
beam patterns, and a good qualitative agreement was observed
for the radiative quality factors. Disagreements in calculated
-factors generally originated from the approximations invoked to make the cavity model tractable, and were greatly
reduced for larger width-to-height ratios that reduced fringing
fields. Given the flexibility of the cavity model, it is possible
for it to be used for other sorts of terahertz radiating structures.
Notable predictions include the relative roles of sidewall and
facet radiative contributions for narrow MM waveguides operand
modes. While
radiation is
ating in their
dominated by the facet contribution (even for highly subwavemode exhibits a switchover from
length dimensions), the
, which is characterized
sidewall to facet radiation for
by a change in the far-field beam pattern symmetry from even
to odd, as well as a polarization change. A MM-waveguide in
mode can operate within the light cone and be used
its
as a leaky-wave antenna [17]. Due to its strong resemblance to
a waveguiding microstrip transmission line, a circuit model is
used to model the MM waveguide’s dispersion relation, which
gives the designer physical insight in changing the structure’s
geometry in order to achieve a desired dispersion relation. The
predicted cavity model beam patterns are directive, and compare well with full-wave simulations and experimentally measured beam patterns and angles.
With only the addition of series capacitance to a MM-wavemode, a balanced 1-D CRLH
guide operating in its
transmission-line MTM can be produced. Recently, as a
proof of concept demonstration, a similar structure to the
one mentioned in Section V., was fabricated using spin-coated
Benzocyclobutene, which showed left-handed and right-handed
operation [23]. The proposed meander structure in Section V
operates as a leaky-wave antenna with a directive beam in
the axial direction and favorable single lobe beams due to the
in-phase addition of equivalent radiating magnetic sidewall
currents. This structure is a candidate for full scan THz antennas—in this design a frequency dependent steering of the
far-field main beam from backward to broadside to forward over
a bandwidth of 0.7 THz can be achieved with nearly no stopband. Furthermore, the CRLH structure maintains a finite group
velocity at all frequencies within the leaky-wave bandwidth,
which prevents divergence of the radiative loss coefficient.
Lastly, the meander design allows an electrically connected
contact suitable for implementation of active QC-laser MTM
cavities, waveguides, and antennas [11].
APPENDIX
A. Far-Field Expressions
Following the treatment of Balanis [16], the far-field integral
expressions are given as
(8)
(9)
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(10)
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and
(21)

(11)
where we have defined our closed surface to extend conformally
over the surface of the MM-waveguide cavity and ground plane.
is the angle between the vector and . is the magnetic
and is the
vector potential induced by an electric current
. The
electric vector potential induced by a magnetic current
E field components in the far-field can then be written as:

In these expressions, is the relative permittivity of the cavity
is the effective index of the propagating
dielectric, and
given
mode. It should be noted that the expressions for
.
above are only valid when
For a Fabry–Pérot cavity characterized by counterpropagating modes with group velocity , we can relate the radiative
Q to the power attenuation coefficient using the relation

(12)

(22)

(13)
(14)

B. Analytic Quality Factor Expressions
The cavity model can be used to derive analytic expressions
for the radiative quality factor for FP modes in a MM-waveguide
cavity under certain limiting conditions. For a cavity of width
, height and length , as shown in Fig. 1, we consider the
,
, and
.
radiation from the mode when
, the edges of
As shown in detail in [21], and when
the MM-waveguide ridge act as nearly ideal open terminations.
Additionally, a uniform or perfect half sinusoid is assumed for
and
lateral field profiles, respectively. Under
the
these conditions the necessary integrals simplify.
The tangential electric fields at the surface are used to obtain
which in turn
the equivalent magnetic currents
enters into the expressions for given in (11), and in turn is
. We calculate
used to calculate the far-field radiated power
the radiative quality factor by considering the ratio of the stored
electromagnetic energy within the cavity to the total radiated
power integrated over the far-field half-space over the ground
plane:
(15)
We use this to obtain expressions for the quality factor due
to radiation separately from the facets or sidewalls, in either the
or
lateral modes:
(16)
(17)
(18)
(19)
where

(20)
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