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The paper presents two composite right/left-handed (CRLH) coplanar waveguide (CPW) zeroth-order resonant (ZOR) antennas
which were designed, processed, and electrically characterized for applications in the millimetric wave frequency range. Two CRLH
antennas were developed for f = 27 GHz and f = 38.5, GHz, respectively. The CRLH antenna on f = 27 GHz shows a return
loss of RL < −18.78 dB at f = 26.88 GHz. The −3 dB radiation characteristic beamwidth was approximately 37◦ and the gain was
Gi = 2.82 dBi. The CRLH antenna on f = 38.5 GHz has a return loss of RL < −38.5 dB at f = 38.82 GHz and the −3 dB radiation
characteristic beamwidth of approximately 17◦. The gains were Gi = 1.08 dBi at f = 38 GHz and Gi = 1.2 dBi at f = 38.6 GHz.
The maximum measured gain was Gi = 1.75 dBi at f = 38.2 GHz. It is, upon the authors’ knowledge, the first report of millimeter
wave CRLH antennas on silicon substrate in CPW technique for use in mm-wave monolithic integrated circuit.

1. Introduction

In recent years the area of metamaterials has been getting
a lot of attention from the scientific community. Although
Veselago enunciated the theory of left-handed (LH) materials
more than 50 years ago [1], structures mimicking these
properties were developed only about 10 years ago [2].

Considering the transmission line (TL) parameters,
metamaterials were introduced as the concept of Composite
Right/Left-Handed (CRLH-TL). The CRLH is an artificial
TL that can be obtained by combining the RH behavior of the
classical TL modeled by a transmission line loaded with series
connected inductors and parallel grounded capacitors, with
the LH behavior modeled by series connected capacitors and
parallel connected grounded inductors. Such a transmission
line exhibits both right-handed (RH) and left-handed (LH)
behavior. The first presentation of this type of transmission
line and of devices made on this basis is done in [3].

This particular frequency characteristic of the CRLH TL
has been exploited in the development of many types of
devices such as coupled-line directional couplers, filters and
resonators and various types of antennas [4–14].

A complete description of the most practical leaky wave
and ZOR antennas was done in [4].

The current trend in electronics shows that there is
a need of devices with reduced size planar topology and
easily integrable with active components in microwave and
mm-wave integrated circuits. Although hundreds of anten-
nas configurations on metamaterials have been reported
in literature, almost all are demonstrators processed on
soft materials for frequencies up to 10 GHz–12 GHz. Very
few antennas have been manufactured on semiconductor
materials, [6–8, 15, 16], in the mm-wave frequency range,
[8, 15–17], and ever the less have been built for use in
practical microwave and millimeter wave integrated circuits
[17–21]. In the quest of more efficiency when allocating the
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frequency bandwidths, countries like Australia and Canada
have chosen to use the 27 GHz spectrum and 38 GHz
spectrum, respectively, for broadband wireless services and
for a wide variety of fixed service applications. So, there is the
need for using antennas designed to work on this frequencies.

CRLH antennas presented in this paper were processed
in coplanar waveguide (CPW) configuration on silicon sub-
strate and have been designed to be used in practical applica-
tions. The CPW technology was preferred due to an easier
technological approach and also due to a straightforward
measurement procedure using an on-wafer characterization
installation. It is, upon the authors’ knowledge, the first
realization of a millimeter wave CRLH antennas on silicon
substrate for effective use in mm-wave integrated circuits.

2. CRLH Antenna Structure

The devices cf. [15, 16] designed in this paper are zeroth-
order resonance (ZOR) antennas consisting of an open-
ended array of CPW CRLH transmission lines cells. Each cell
has a T circuit topology made of two series connected CPW
interdigital capacitors and two parallel conected short-ended
CPW transmission lines as inductive stubs. Unlike microstrip
antenna, using CPW transmission lines allows obtaining
much smaller circuit area because no large patch area and
no vias to the ground are needed. The elementary CRLH
cell used in antenna construction is depicted in Figure 1(a)
while in Figure 1(b) equivalent circuit of the CRLH cell is
presented.

Here 2CL and LR/2 are the equivalent capacitance and
the equivalent inductance of the series capacitor, while LL is
the equivalent parallel inductance of the two CPW inductive
stubs and CR is the equivalent parallel capacitance. The
parallel capacitance CR includes, also, the equivalent parallel
capacitance to the ground of the interdigital capacitors. It
is important to point out that the LR/2 and CR are strongly
related to 2CL and LL values. A similar CRLH topology was
presented for a leaky-wave antenna in [4].

The design was made for obtaining a balanced CRLH
structure for which 1/

√
LLCR = 1/

√
LRCL. The starting point

in designing the capacitor is to choose: (i) the operating
resonance frequency fsh = 1/2π

√
LLCR; (ii) the length of

the capacitor fingers so that the overall length of the CRLH
cell would be much smaller comparing to the operating
wavelength; (iii) the geometry of the interdigital capacitor
allowed by the technological limitations.

3. Antenna Design and Processing on
Silicon Substrate

Two devices working at the frequencies f = 27 GHz
and 38.5 GHz, respectively, were designed, technologically
processed, and electrically characterized. In the following,
antenna at 27 GHz will be termed as Antenna #1 and antenna
at 38.5 GHz will be termed as Antenna #2.

3.1. 27 GHz Antenna Design. A CPW CRLH ZOR antenna
at the frequency f = 27 GHz was designed, technologically

processed, and electrically measured. It is considered to be
used in broadband wireless systems for the 27 GHz spectrum
in Australia. The device was made of three resonant CRLH
cells made on a 5 kΩcm silicon wafer. The values of the
elements of the CRLH equivalent circuit have been computed
for ZC = 50Ω.

The obtained values for CRLH elementary cell compo-
nents (see Figure 1(b)) are: LR = 0.6 nH, LL = 0.13 nH,
CR = 267 fF, and CL = 26 fF. For these values the computed
resonant frequency is fsh = 27 GHz.

In order to obtain the antenna radiating structure in
CPW configuration, the following geometrical dimensions of
CRLH cell layout (capacitors, inductors, and cell dimension)
are obtained (see Figure 1(a)):

(i) for the inductive CPW stub: lL = 212μm; wL =
42μm; sL = 10μm;

(ii) for the interdigital capacitors: wC = 10μm; sC =
5μm; lC = 250μm and gC = 65μm; the number of
digits was 10.

The length of the CRLH cell is p = 690μm fulfilling the
condition p � λg where λg = 4370μm is the wavelength
at f = 27 GHz. The surface occupied by the radiant
antenna structure composed of 3 CLRH cells is approx.
2 mm× 1.2 mm ∼= 2.4 mm2. To compare, a patch microstrip
antenna processed on silicon using the same technology,
working on the fundamental mode at the same frequency
has a surface of approx. 2.2 mm × 1.44 mm ∼= 3.17 mm2.
One may see that the CRLH antenna allows a surface size
reduction of approximately 25% that is very important in the
management of the mm-wave circuit planar dimensions.

The antenna input is made of a feeding line of 3400 μm
length and the geometry computed to match the 50Ω char-
acterisctic impedance of the mm-wave circuit. This geometry
allows antenna structure mounting on a dedicated test fixture
for radiation characteristic and gain measurement.

3.2. 38.5 GHz Antenna Design. Using the same design condi-
tions as for the previous described antenna, a CPW CRLH
ZOR antenna on the frequency f = 38.5 GHz was designed,
processed, and measured. This type of antenna is considered
to be used in the point to point systems in the 38 GHz
spectrum in Canada. The elementary CRLH CPW cell has
the same layout as it was presented in Figure 1. The antenna
is formed also of three resonant CRLH cells processed on
the same kind of silicon wafer. The computed values of
interdigital capacitors and the inductive CPW lines for a
frequency f = 38.5 GHz are the following: LR = 0.4 nH, LL =
0.08 nH, CR = 210 fF, and CL = 18 fF. For these values the
resonant frequency computed with (1) give fsh = 38.8 GHz.

The physical dimensions necessary to obtain a CRLH
cell with the previous capacitor and inductor values are the
following (see Figure 1(a)):

(i) for the inductive CPW stub: lL = 212μm; wL =
40μm; sL = 8μm;

(ii) for the interdigital capacitor: lC = 250μm, wC =
7μm, sC = 8μm, gC = 65μm and number of digits:
10.
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Figure 1: CPW CRLH elementary cell used in antenna construction (a) and the equivalent circuit (b).

Also at this frequency, the length of the CRLH cell is well
under the wavelength fulfilling the condition p = 690μm
� λg = 3110μm.

The antennas were processed on a 400 μm thick silicon
wafer (εr·Si = 11.9) with a resistivity of 5 kΩcm. On the
silicon surface was grown through thermal oxidation a 1 μm
thick SiO2 layer (εr·SiO2 = 3.9). The metallization was
obtained by evaporation of 4.000 Å Au/500 Å Cr. By using
silicon, the possibility of integration with active devices in a
functional circuit is left open.

Two technological processing methods were tried: (i)
standard wet etching photolithography and (ii) laser abla-
tion.

3.3. Technological Approach. Standard photolithography as
technology for antenna processing consists of photoresist
deposition, masking, exposure, developing, wet etching;
photoresist remains removal.

A quarter of a silicon wafer supporting some CRLH
antenna structures with a Süss Microtec on-wafer 67 GHz
probe-tip contacting an antenna feeding line in order to
measure the resonant frequency and return loss is presented
in Figure 2(a). In Figure 2(b), the layout of a CRLH cell
interdigital capacitors and inductor lines is presented.

Concerning photolithography, this technology is able to
provide excellent layouts for microwave devices. A drawback
is the tendency of metallic lines over-etching. During our
experiments there was necessary to apply a correction factor
in the device mask design in order to keep the ratio
10 μm/5 μm between metallic finger width and space between
the metallic fingers

In order to obtain devices by laser ablation, a two-
step technological process was applied. The first step was

the removal by a standard photolithographic process of
the metal from the large areas, such as the gaps between
the signal line and the ground planes. For this, a mask
without the interdigital capacitors was designed. The second
step consisted of tracing the fine details of the interdigital
capacitors gaps by laser ablation.

A direct laser writing (DLW) method was implemented
to microprocess the Au/Cr layers evaporated on silicon. The
samples were laser ablated by tightly focusing a femtosecond
laser with 200 fs pulse duration, 775 nm wavelength, tens
of nanojoules pulse energy, and 2 kHz repetition rate. The
2D structures were generated according to a computer
controlled algorithm by precisely translating the sample with
resolution below 1 μm.

Figure 3(a) shows the antenna layout after photolithog-
raphy in the first step. There can be observed the grounded
lines forming the inductive stubs and the areas where the
interdigital capacitors are to be processed through laser
ablation. Figure 3(b) shows the same area after the capacitors
were processed through the laser ablation method. A good
definition of the lines could be observed: the lines were
straight and the rounding at the corners was minimal. The
geometry was accurately kept.

By applying these two steps process, we can benefit
from the fast and cost-effective standard photolithographic
process which maintains good accuracy for larger geometries
(tens or hundreds of microns) and the highly accurate but
time consuming laser ablation process in order to obtain fine
details (micronic and submicronic geometries).

However, this technology was not retained due to the
following drawback: during the laser ablation a cloud of
removed metallic material is spread all over the interdig-
ital capacitor structure, including the space between the
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(a) (b)

Figure 2: Silicon wafer with antenna structures (a) and optical microscopy photo showing one of the CRLH cell (b).

(a) (b)

Figure 3: The CRLH antenna after the first step (a) and a SEM image of the CRLH cell after the second step of the laser ablation technology
(b).

two digits. These metallic particles may be observed in
Figure 3(b) as well as white dots in SEM image in Figure 4.
This contamination dramatically increases the device’s losses.

After obtaining the antenna structures and on wafer
measurement of the resonant frequency and return loss, the
silicon wafer was diced with an abrasive diamond wheel
tool, thus obtaining separate antenna chips. These discrete
structures were mounted on dedicated test fixtures in order
to measure antenna’s directivity characteristic and gain. Two
such diced CRLH antennas are presented in Figure 5(a) while
in Figure 5(b) two structures mounted on the test fixtures
can be seen.

It should be noted that antennas are used in applications
requiring absence of metallic layer on the back of the
silicon wafer. At the same time, mounting the silicon wafer
on the Süss Microtec working chuck as well as mounting
the antenna structures on the test fixtures may excite the
CPWG mode instead of CPW, due to the presence of metal
underneath the antenna acting as ground plane. The line
impedance in the CPW mode is 47.12Ω while the line

impedance in the CPWG mode is 44.85Ω. This difference of
2.27Ω does not dramatically affect the device measurement’s
results.

4. Measurements and Experimental Results

4.1. Measurement Techniques. As electrical characteristics of
CRLH antenna, the return loss, the resonant frequency, the
radiation characteristic, and the gain were measured.

Return loss and the resonant frequency were measured
on-wafer using a 37397D vector network analyzer from
Anritsu, equipped with PM5 set-up from Süss Microtec. In
Figure 2(a) it can be seen a Süss Microtec on-wafer 67 GHz
probe-tip contacting a CRLH antenna feeding line in order
to measure the resonant frequency and return loss.

The radiation characteristics were measured with a fre-
quency generator Agilent E8257D and a spectrum analyzer
Anritsu MS2668SC, both having full capabilities in the
CRLH antennas frequency range. The measuring planes were
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Figure 4: Technological drawbacks: metallic particles spread in the
ablated area.

(a)

(b)

Figure 5: Discrete CRLH antenna structures after cutting (a) and
after the mounting on a specialized test fixture (b).

the transversal plane (θ) and the longitudinal plane (ϕ) as
they are defined in Figure 6.

The measuring setup comprises, also, an antenna holder
as is shown in Figure 7 having the possibility to rotate
between −90◦ and +90◦ in transverse (θ) and longitudinal
(ϕ) planes. The emitting device was the CRLH antenna and
as receiving device were used two frequency appropriate horn
antennas connected to the spectrum analyzer. The distance
between the emitting CRLH antenna and the aperture plane
of the receiving horn antenna was 100 mm. The measured
power at reception was averaged over 50 measurements.

θ

ϕ

+−

Figure 6: The transverse (θ) and the longitudinal (ϕ) measurement
planes.

Figure 7: Measuring setup for CRLH antenna: detail of the meas-
uring arrangement.

The antenna gain was obtained using the De Friis relation
for two identical antennas (1):

Pr
Pt
= G2

i

(
λ

4πR

)2

, (1)

where Pt = power transmitted by emitting antenna, Pr =
power at the receiving antenna, Gi = antenna gain with
respect to isotropic; λ = wavelength, R = distance between
emitting and receiving antenna. In this situation the emitting
and the receiving antennas are identical so that the gain of
both devices are the same, Gi. The gain in (dBi) is expressed
by:

G(dBi) = 10 log10

(
4πR
λ

√
Pr
Pt

)

. (2)

The gain measurement setup shown in Figure 8 uses the
same instruments utilized for the previous characterization,
the arrangement of antennas holders being adapted for using
the De Friis relation (2).

4.2. Experimental Results for 27 GHz CRLH Antenna. The
simulation of reflection loss of Antenna #1 which was
made with the IE3D Zeland software in the 24 GHz–30 GHz
frequency band on the previously obtained geometry is
presented in Figure 9. The simulation results indicate a
return loss of S11 = −17.94 dB at the frequency f =
27.1 GHz.

The measured results for resonance frequency and return
loss of CRLH Antenna #1 sample are presented in Figure 10.

From Figure 10 it may be seen that the return loss and the
resonant frequencies are S11 = −18.78 dB at f = 26.88 GHz.
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Figure 8: Measuring setup for CRLH antenna gain.
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Figure 9: Simulation of return loss of the CRLH Antenna #1 in the
24 and 30 GHz frequency domain.

The frequency is slightly lower than the simulated one and
the return loss is smaller as well. Also, the antenna bandwidth
is larger than simulated.

Radiation characteristic in transversal plane (θ) of the
27 GHz CRLH antenna is shown in Figure 11 where the
received power at different angles was normalized to the
maximum received power value. From Figure 11 one may see
that the −3 dB beam width of the radiation characteristic is
between approximately +21◦ and − 16◦ for meaning beam
width of 37◦.

The secondary radiation lobes have amplitudes lower
than 0.3 of the main radiation lobe maximum value and
occurs at the angles of approximately ± 40◦.

In order to complete the characterization of the antenna’s
radiating capability, the radiation characteristic in longitu-
dinal plane (ϕ) was, also, measured. The results are shown
in Figure 12 where the radiated power at different angles in
the (ϕ) plane between −70◦ and +90◦ was plotted. All the
measured power values P(ϕ) were rated to the value P(0◦)
that is the measured power in a point located on the line
normal on the antenna center at ϕ = 0◦.

From Figure 12 one may find that the radiation char-
acteristic in the longitudinal plane is tilted in the forward
direction, the maximum radiated power occurring at an
angle ϕ ∼= +14◦. The radiated power decreases in the
backward direction having a secondary radiation lobe at ϕ ∼=
−35◦.
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Figure 10: Measured return loss of CRLH Antenna #1 for frequency
sweep between 24 GHz and 30 GHz.

0

0.2

0.4

0.6

0.8

1

010
20

30
40

50

60

70

80

90 −90

−80

−70

−60

−50
−40

−30−20−10

3 dB
37 deg

Figure 11: Radiation pattern in transversal plane (θ) of the CRLH
Antenna #1 sample at f = 26.88 GHz.
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Figure 12: Radiation pattern in longitudinal plane (ϕ) of CRLH
Antenna #1 sample at f = 26.88 GHz.
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Figure 13: Return loss simulation of the CRLH Antenna #2 in the
35 GHz–45 GHz frequency domain.

The CRLH antenna gain was evaluated at f = 27 GHz,
the measured data being: λ = 11.11 mm, R = 100 mm,
power at the emitting antenna: Pt = 0.45 mW, power at the
receiving antenna Pr = 1.29E − 04 mW. By applying relation
(2), the results show Gi = 2.82 dBi. It is to worth noting that,
due to the longitudinal radiation characteristic tilting in the
forward direction, the antenna alignment in measuring setup
(see Figure 8) was adjusted to make the maximum radiation
of both antenna face each other.

4.3. Experimental Results for 38.5 GHz CRLH Antenna. The
simulation of reflection loss of the CRLH Antenna #2 in
the 35 GHz–45 GHz frequency band was made with the CST
dedicated software. The simulation presented in Figure 13
indicate as working frequency f = 38.77 GHz, where the
antenna’s return loss is S11 = −17.86 dB.

Measurements of the resonant frequency, return loss,
radiation characteristics, and gain were made using the
same setups and methods previously presented. The return
loss and the resonant frequency were measured on-wafer
and the radiation characteristic and the gain, by mounting
the antenna structure on specialized test fixture, as in
Figure 5(b).

The measured S11 in 35 GHz–45 GHz frequency range is
presented in Figure 14.

It may be observed that the return loss is S11 = −38, 5 dB
at resonant frequency 38.82 GHz denoting a very good
matching of the radiating structures. Besides, values of the
S11 parameter lower than −20 dB are observable in a rather
large frequency bandwidth extending from 36.12 GHz to
41.08 GHz.

The radiation characteristics in the transversal (θ) plane
is presented in Figure 15 where the received powers at
different angles were normalized to the maximum power
value in the domain θ ∈ (−90◦–+90◦).

The −3 dB beamwidth is approx. 17◦ and the side lobes
appear at approx. ±50◦ with amplitudes lower by ∼6 dB
compared to the main lobe.
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Figure 14: Return losses S11 versus frequency for two CRLH
Antenna #2 sample.
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Figure 15: Radiation pattern in transversal plane (θ) for CRLH
Antenna #2 sample at f = 38.82 GHz.

Measurements were, also, made at f = 38.8 GHz in the
longitudinal plane (ϕ) of the CRLH Antenna #2 sample. The
results are shown in Figure 16 where the radiated power at
different angles were plotted. All the received power values
were rated to the value P(0◦) meaning the measured value of
the received power in a point located on the line normal on
the antenna center at ϕ = 0◦.

Antenna #2 gain was obtained as previously using the
De Friis relation (2), the measurement setup being the same
as in Figure 8. The gain was evaluated in the frequency
domain 38 GHz-39 GHz. In this frequency domain the gain
was Gi = 1.08 dBi at 38 GHz and Gi = 1.2 dBi at 38.6 GHz.
The maximum obtained value was Gi = 1.75 dBi at f =
38.2 GHz where: λ = 7.78 mm, R = 100 mm, power at the
emitting antenna: Pt = 0, 278 mW, power at the receiving
antenna Pr = 2.39E − 05 mW. Comparing with the data
obtained for Antenna #1 (27 GHz) the matching is better, the
directivity is higher, and the beam-width is smaller. However,
the measured gain of Antenna #2 is smaller than of Antenna
#1 due to the increased losses at higher frequencies in the
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Figure 16: Radiation pattern in longitudinal plane (ϕ) of CRLH
Antenna #2 sample at f = 38.8 GHz.

emitting as well as in the receiving antenna on the measuring
chain.

5. Conclusion and Comments

Two ZOR millimeter wave CRLH CPW antennas on silicon
substrate on two different frequencies in the mm-wave
domain ( f = 27 GHz and f = 38.5 GHz) were designed,
processed, and measured as part of two integrated circuits.

5.1. Results for the 27 GHz CRLH CPW Antennas. The
measured return-loss and resonant frequency for Antenna
#1 sample were: S11 = −18.78 dB at f = 26.88 GHz
demonstrating good agreement with the simulated data. The
3 dB beam width of radiation lobe is approx. 37◦. Concerning
the gain, the values computed from the measured data using
De Friis relation give Gi = 2.82 dBi at f = 27 GHz.

5.2. Results for the 38.5 GHz CRLH CPW Antennas. For the
38.5 GHz CRLH Antenna #2 sample, the measured return-
loss was S11 = −38.5 dB at f = 38.82 GHz showing a good
conformity with the simulated data and denoting, also, a very
good matching of the radiating structures. Return loss values
lower than −20 dB are observable in a frequency bandwidth
extending from 36.12 GHz to 41.08 GHz. The −3 dB beam
width of radiation lobe is approx. 17◦.

The gain in the frequency domain is Gi = 1.08 dBi at
f = 38 GHz and Gi = 1.2 dBi at f = 38.6 GHz. Also, the
gain is approx. constant in the 38 GHz–38.6 GHz frequency
domain. A maximum gain value of Gi = 1.75 dBi was
obtained at f = 38.2 GHz.

For both the CRLH antenna samples there is a small
frequency difference between the computed resonant fre-
quency and the measured one for the best return loss in
the working frequency band. These differences are due to
the metallic layer over etching in the device processing step.
These differences were eliminated in a second technological
run by appropriately changing the mask layout. Also, some
differences occur due to the fact that the return loss and res-
onant frequency of CRLH antenna structures were measured

on-wafer and the gain and the radiation characteristic were
evaluated with the antenna structures mounted on the test
fixture. The mechanics and the antenna structure contacting
to the test fixture connector generate this slight frequency
displacement. However, the results to be retained are those
obtained from on-wafer measurements because the antenna
will work integrated on silicon substrate and not as separately
encapsulated device.
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