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A bandwidth microwave second harmonic generator is successfully designed using composite right/left-handed non-
linear transmission lines (CRLH NLTLs) in a GaAs monolithic microwave integrated circuit (MMIC) technology. The
structure parameters of CRLH NLTLs, e.g. host transmission line, rectangular spiral inductor, and nonlinear capacitor,
have a great impact on the second harmonic performance enhancement in terms of second harmonic frequency, output
power, and conversion efficiency. It has been experimentally demonstrated that the second harmonic frequency is deter-
mined by the anomalous dispersion of CRLH NLTLs and can be significantly improved by effectively adjusting these
structure parameters. A good agreement between the measured and simulated second harmonic performances of Ka-band
CRLH NLTLs frequency multipliers is successfully achieved, which further validates the design approach of frequency
multipliers on CRLH NLTLs and indicates the potentials of CRLH NLTLs in terms of the generation of microwave and
millimeter-wave signal source.
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1. Introduction
In the past two decades, an implementation of compos-

ite right/left-handed transmission line (CRLH TL) exhibit-
ing anomalous dispersion was proposed to describe the left-
handed material (LHM) characterized by antiparallel group
and phase velocity, leading to the rapid development of novel
microwave devices and circuits.[1–3] Recently, nonlinearity is
combined with the anomalous dispersion exhibited by CRLH
TLs to form nonlinear left-handed material used to analyze the
unique nonlinear wave propagation phenomena,[4–12] among
which harmonic generation is very promising and can be used
to provide reliable millimeter-wave power for local oscillators
due to the lack of an efficient and stable source at millimeter-
wave frequency.[13] The performances of composite right/left-
handed nonlinear transmission lines (CRLH NLTLs), such
as nonlinearity and bandpass response, can be used to ef-
fectively generate harmonics in the radio frequency and mil-
limeter frequency.[4] The CRLH NLTLs have been proved
to be a typical planar transmission line implementation of
metamaterial,[3,14] compatible with the standard GaAs mono-
lithic microwave integrated circuit (MMIC) technology, Si
technology, and printed circuit board designs,[15] which show
low-loss and broad-bandwidth performances and widely ob-
tain microwave applications.[4–18] Some attempts have been
made to design the MMIC harmonic generator.[16,17] When
compared with a frequency multiplier based on an FET,[19,20]

one based on CRLH NLTLs is self-matched over a much wider
frequency range and no additional matching network and fil-
ter are needed. The harmonic components are generated and
propagate along the CRLH NLTLs, and then the correspond-
ing harmonic signal will be selected and suppressed, which
is determined by the anomalous dispersion performances of
CRLH NLTLs and the nonlinearity characterized by the non-
linear capacitor.

In this paper, we report the design, fabrication, and mea-
surement of a Ka-band broadband MMIC harmonic genera-
tors based on CRLH NLTLs, reveal the means to improve
the second harmonic frequency of CRLH NLTLs, and explore
the intrinsic relationship between harmonic characteristics and
structure parameters of CRLH NLTLs. We thus experimen-
tally investigate the CRLH NLTLs from the viewpoint of the
development of harmonic generation.

2. Theoretical analysis and design of the har-
monic generator on CRLH NLTLs
CRLH NLTLs periodically consist of a left-handed (LH)

series nonlinear capacitance (CL), an LH shunt inductance
(LL), a right-handed (RH) series inductance (LR), and a RH
shunt capacitance (CR), as shown in Fig. 1(a) where LR and
CR are the equivalent distributed capacitance and inductance of
practical host transmission line (TL) loaded by lumped com-
ponents of LL and LR shown in Fig. 1(b).[3,21]
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Fig. 1. (color online) (a) CRLH NLTL unit and (b) equivalent circuit model of 5-unit CRLH NLTLs.

CRLH NLTLs represent an anomalous dispersion accu-
rately characterized by[3]
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istics of CRLH NLTLs exhibit adjustable passbands (the lower
f1– f2 left-handed passband and the upper above f3 right-
handed passband) and f2– f3 stopband. The stopband can be
closed by the impedance match condition
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When a large signal is implied to the CRLH NLTLs shown in
Fig. 1(b), the signal propagates through the nonlinear medium
and is distorted according to the nonlinearity of the nonlinear
capacitor, and then the second harmonic generation is induced
by a balance between the strong nonlinearity and anomalous
dispersion effects. The corresponding in-depth theoretical
analysis has been made by Kozyrev.[4] The amplitude of the
second harmonic in the nth section of a CRLH NLTL V2(n) is

|V2(n)| =
4KNV 2
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which can be obtained in accordance with the theoretical anal-
ysis derived by Kozyrev.[5] It can be seen that the amplitude of
the second harmonic largely depends on the phase match be-
tween the fundamental wave β1 and second harmonic wave β2,
and that the frequency of the second harmonic is mainly deter-
mined by the anomalous dispersion of CRLH NLTLs charac-
terized by Eq. (1).

The design steps of the harmonic generator on CRLH
NLTLs are as follows.

i) Design the nonlinear capacitor with strong nonlinearity
and small capacitance, whose fabrication process is compati-
ble with the GaAs MMIC technology. The corresponding epi-
taxial layers of the nonlinear capacitor are first developed, and

then the device model, used to design the harmonic generator
on CRLH NLTLs, should be accurately proposed. The capac-
itance value (CL) needed is determined by the device structure
parameters, such as active area and the horizontal space be-
tween two electropoles.

ii) Design the LH shunt inductor. The inductance (LL)

is designed by the full-wave high frequency structure simu-
lator (HFSS) and the corresponding S-parameter simulated is
exported to Agilent’s advanced design system (ADS) for har-
monic balance (HB) simulation.

iii) Extract the structural parameters of a CRLH NLTL
unit without nonlinear capacitors and the number of CRLH
NLTL sections (N) by HB simulation in ADS. These param-
eters correspond to the maximum second harmonic output
power at the desired input frequency. Then the equivalent dis-
tributed capacitance (CR) and inductance (LR) of host TL of a
CRLH NLTL unit can be achieved according to the method in
Ref. [21].

iv) Dispersion characteristics analysis, which is carried
out to ensure that the desired second harmonic frequency is
in the lower LH passband characterized by characteristic fre-
quencies f1 and f2, or upper RH passband characterized by
characteristic frequency f3, and that no severe attenuation in
the stopband of CRLH NLTLs occurs. The characteristic fre-
quencies ( f1, f2, and f3) of CRLH NLTLs can be obtained
from the above three steps, and the effective frequency range
of the second harmonic can also be determined.

If the desired second harmonic frequency is not in the
passband of CRLH NLTLs, steps i–iv will be repeated until
the requirement is satisfied by adjusting the active area of the
nonlinear capacitor or the geometry structure of the LH shunt
inductor.

3. Experiment and measurement
As a demonstration of utilizing the nonlinear transmis-

sion line metamaterial as a second harmonic generator, a Ka-
band MMIC doubler on CRLH NLTLs has been designed,
fabricated, and measured in house. The fabrication process
of CRLH NLTLs is similar to those reported in Refs. [17]
and [22], and the corresponding photograph of a fabricated
five-unit cell CRLH NLTLs with a compact length of 7.16 mm
is depicted in Fig. 2(a). Figure 2(b) represents the schematic
of a CRLH NLTL unit without planar Schottky varactor diodes
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(PSVDs) successfully developed by us shown in Fig. 2(c). Fig-
ure 2(d) shows the dc block metal-insulator-metal (MIM) ca-
pacitance.

SiN
Au
GaAs

SiN
Au
GaAs

(a)

(b) (c) (d)

Fig. 2. (color online) (a) Photograph of the 7.16 mm Ka MMIC har-
monic generator on CRLH NLTLs, (b) unit cell dimension of CRLH
NLTL without PSVDs, (c) photograph of PSVD, and (d) schematic of
MIM capacitor.

The passive components of CRLH NLTLs are made in
GaAs MMIC technology on the 350 µm GaAs substrate, and
specifically the capacitance and inductance are implemented
in the form of two metal layers shown in Figs. 2(b) and 2(d).
All TLs are in the coplanar waveguide (CPW) configuration
and the sophisticated via-hole processes are avoided. The spi-
ral inductor, with 10 µm strip width (LW), 10 µm gap (LS), in-
ner radium of 40 µm (LR), and turn number of 2.5 (LN), has an
inductance of 1.6 nH at 5 GHz. The CPW, with 100 µm center
signal linewidth (W ), 260 µm gap (G) between the center sig-
nal line and the two side coplanar ground plane, and 740 µm
host CPW length (D) of a CRLH NLTL unit, has characteristic
impedance (Z0) of 75 Ω. When compared with the simulated
S-parameter by HFSS, the measured result by the 8510C net-
work analyzer from 0.1 to 40 GHz is shown in Fig. 3(a), and
an excellent agreement is obtained.

The nonlinear capacitances are also implemented by
PSVDs shown in Fig. 2(c) in GaAs MMIC technology, and the
corresponding GaAs epitaxial layers for PSVD developed by
us were grown by MBE. A 1-µm-thick n+ active layer doped
to 5×1018 cm−3 was first grown on a 350 µm GaAs substrate,
followed by a 0.6-µm-thick n layer doped with 5×1016 cm−3

concentration.[23,24] The corresponding C–V characteristic of
PSVD with a Schottky contact area (S) of 160 µm2 shown

in Fig. 3(b) is characterized by C j = C j0/
(

1− V
Vbi

)M
, where

C j0 is zero-bias junction capacitance of 125 fF, Vbi is the bar-
rier potential of 0.65 V, and M is the index factor of 0.35 de-
pending on the diode doping profile. The PSVD has a high
breakdown voltage of 22 V and a strong nonlinearity weighed
by the capacitance ratio of 5.4 between the maximum capaci-
tance Cmax and minimum capacitance Cmin of PSVD over the

range of applied voltages from reverse 10 V to forward 0.6 V.
The extracted equivalent circuit model of PSVD in Ref. [24]
is used to design the Ka-band harmonic generator on CRLH
NLTLs.
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Fig. 3. (color online) (a) The measured and simulated S-parameter char-
acteristic of a CRLH NLTL unit without PSVDs. (b) The measured C–V
characteristic of nonlinear capacitance in a CRLH NLTL unit.

When compared with the simulated S-parameters result,
based on the fact that passive components are obtained by full-
wave HFSS and nonlinear PSVDs are replaced by the equiv-
alent circuit model, the measured S-parameters magnitude of
five-unit CRLH NLTLs is represented in Fig. 4, and a good
agreement is observed between them. The small deviation be-
tween them is caused by the fabrication tolerance. The mea-
sured S21 exhibits a stopband in the frequency range from
10.5 GHz ( f1) to 18.5 GHz ( f2), which is consistent with the
theoretical dispersion one from 11.2 GHz ( f1) to 20.2 GHz
( f2). Experimentally, we define the corresponding frequency
as the cutoff frequency when S21 is −10 dB. The return loss
in the second harmonic frequency is better than 10 dB and the
good impedance match ensures that as much input power as
possible is transmitted to the output port of five-unit CRLH
NLTLs. Nevertheless, there are relatively large deviations be-
tween the simulation and the measurement results in the high
frequency band. The deviation is mainly due to the repeatabil-
ity of the fabrication process and the accuracy of the equiva-
lent large signal model of the Schottky diode, because the sim-
ulated and measured CRLH NLTL unit without PSVDs is in
excellent agreement. It partly comes from the MIM capacitor.
First, the fabrication processes of the Schottky diode are devel-
oped to achieve Schottky diodes with high performances and
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the corresponding equivalent model. Then, the correspond-
ing fabrication process is used to fabricate the doubler based
CRLH NLTLs, and the reproducibility of the process results
in the deviation. Therefore, a more stable and reliable process
is needed.

S
2
1
/
d
B

S
1
1
/
d
B

10 20 30 40
-60

-50

-40

-30

-20

-10

0

10 20 30 40

-20

-10

0

Frequency/GHz

simulated
measured

(a)

Frequency/GHz

simulated
measured

(b)

Fig. 4. (color online) Comparison of the measured and simulated S-
parameters characteristic for the Ka-band MMIC harmonic generator
on five-unit CRLH NLTLs.
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Fig. 5. Spectrum of the harmonics of the Ka-band MMIC harmonic
generator on CRLH NLTLs fed by 15 GHz 20 dBm input signal.

The large signal performances of the Ka-band MMIC har-
monic generator on CRLH NLTLs were measured on-wafer by

an Agilent E3334A (3 Hz to 42.9 GHz) spectrum analyzer and
the input signal was provided by an Agilent E8257D vector
signal generator. When a 15 GHz 20 dBm input signal was
fed into CRLH NLTLs, it can be found from Fig. 5(a) that the
30 GHz second harmonic signal is reliably observed, which
represents a relatively high output power of 4.2 dBm includ-
ing system loss calibration of about 3.95 dBm. The expanding
second harmonic shown in Fig. 5(b) shows much lower phase
noise of −107 dBc/Hz@100 kHz, which is nearly close to the
theoretical value of −116 dBc/Hz@100 kHz when an input
signal of −110 dBc/Hz@100 kHz at 10 kHz offset is doubled
with 6 dB theoretical phase degradation.
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Fig. 6. (color online) (a) Measured and simulated second harmonic out-
put power versus second harmonic frequency of the Ka-band MMIC
harmonic generator on CRLH NLTLs fed by 20 dBm input signal at
0 V bias. (b) Measured second harmonic output power versus input
power of harmonic generator on CRL NLTLs fed by 13 and 15 GHz
input signal.

The fabricated Ka-band MMIC harmonic generator was
measured as a function of second harmonic frequency and in-
put power. As shown in Fig. 6(a), the simulated second har-
monic output power of CRLH NLTLs is in good agreement
with the measured one over the frequency range from 7 GHz
to 43 GHz at 0 V bias for PSVDs. The maximum output power
((P2out)max), conversion efficiency ((η2out)max), and the cor-
responding frequency (( f2out)max) of the second harmonic is
7.85 dBm, 6.1%, and 29.6 GHz, respectively. As can be seen
from Fig. 6(b), the measured second harmonic output power is
linear with the input power and then a notable saturation per-
formance determined by the breakdown voltage and nonlinear-
ity of PSVDs is observed when the input signal of 13 GHz and
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15 GHz is fed, respectively. Moreover, the second harmonic
output power of 30 GHz is more than that of 26 GHz over
the input power range from 10 dBm to 21 dBm, and the out-
put second harmonic is saturated to the same output power of
7.85 dBm at 13 and 15 GHz input frequency. The magnitude
of the second harmonic output power is very sensitive to fre-
quency variations because of anomalous dispersion of CRLH
NLTLs.

To explore the intrinsic relationship between structure pa-
rameters of CRLH NLTLs and harmonic characteristics such
as second harmonic bandwidth and frequency range, output
power, and conversion efficiency, the K-band MMIC harmonic
generator on CRLH NLTLs was also used to compare.[17] Ta-
ble 1 compares the structure parameters and harmonic charac-
teristics of K-band and Ka-band doublers on CRLH NLTLs. It
can be seen that decreasing the number of turns of the shunt in-
ductor leads to the increase of corresponding peak second har-
monic frequency, expending the frequency range of the second

harmonic with above 0 dBm output power, and at the same
time the peak output power and conversion efficiency of the
second harmonic reduces. The relationship has been theoret-
ically verified by the anomalous dispersion of CRLH NLTLs
that smaller LL, LR, and CR determined by the structure param-
eters lead to the corresponding increase of the three character-
istic cutoff frequencies f1, f2, and f3. The frequency of the
second harmonic must be in the lower f1– f2 left-handed pass-
band and the upper above f3 right-handed passband so that se-
vere attenuation of the harmonics will not happen. Therefore,
the frequency of the second harmonic is significantly improved
from K-band to Ka-band due to the structure parameters ad-
justment of CRLH NLTLs. It is expected that the second har-
monic frequency can be further expanded to millimeter-wave
and even terahertz frequency by reducing the Schottky active
area of PSVD with smaller capacitance CL and stronger non-
linearity.

Table 1. Comparison of K-band and Ka-band MMIC harmonic generator on CRLH NLTLs.

Parameter Ka-band K-band[17] Parameter Ka-band K-band[17]

LH Inductor
LW = LS = 10 µm LW = LS = 10 µm Z0 73 Ω 81 Ω

LR = 40 µm, LN = 2.5 LR = 40 µm, LN = 3.5 N 5 5
LH Inductance 1.6 nH@5 GHz 2.9 nH@5 GHz f1 5.1 GHz 3.7 GHz

CMIM 0.25 pF 0.25 pF f2 10.5 GHz 6.8 GHz
PSVD S = 160 µm2 S = 160 µm2 f3 18.5 GHz 17.6 GHz

CPW TL D = 740 µm, W = 100 µm, G = 260 µm D = 920 µm, W = 83 µm, G = 290 µm
( f2out)max 34 GHz 26.4 GHz
(P2out)max 4.65 dBm 6.7 dBm

LR 0.49 nH 0.65 nH (η2out)max 2.92% 4.7%
CR 0.0983 pF 0.115 pF p2out > 0 24.4–43 GHz 16.4–35.2 GHz

Several harmonic generators on CRLH NLTLs are sum-
marized in Table 2. It can be seen that those by MMIC tech-
nology have significant advantages over those by hybridizing
in harmonic performances such as frequency, output power,
and conversion efficiency of the second harmonic. Because
of the high-frequency capability of the PSVDs and the sim-
plicity of the design and fabrication, the design approach re-
ported here can be readily applied to higher frequencies for a

frequency multiplier on CRLH NLTLs. It has been predicted
that the third harmonic will be dominant if the nonlinear ca-
pacitor of CRLH NLTL structured by two back-to-back varac-
tor diodes with symmetrical C–V characteristic is adopted.[4]

Therefore, based on a similar design method, the frequency
of effective harmonic is expected to be further improved by
means of triples on CRLH NLTLs, which will be performed in
future.

Table 2. Comparison of harmonic generator on CRLH NLTLs.

Reference CRLH NLTL Unit p2out > 0 pin (p2out)max (η2out)max Technology
Ref. [9] 4 4.076 GHz 18 dBm 0 dBm 1.58% hybrid
Ref. [5] 4 2.87 GHz 17.9 dBm 10.72 dBm 19% hybrid

K-band[17] 5 16.4–35.2 GHz 20 dBm 7.85 dBm 4.7% MMIC
Ka-band 5 24.4–56 GHz 20 dBm 7.85 dBm 2.92% MMIC

4. Conclusion

CRLH NLTLs metamaterial is successfully used to de-

sign a broadband Ka-band MMIC harmonic generator. A

good agreement between the measured and simulated har-

monic performances effectively validates the proposed de-

sign procedure of the harmonic generator on CRLH NLTLs.
It has been demonstrated that a 7.85-dBm peak second har-
monic output power at 29.6 GHz and low phase noise of
107 dBc/Hz@100 kHz at 10-kHz offset are successfully ob-
tained, and that the second harmonic output power is above
0 dBm over every broad frequency range from 24.4 to 43 GHz
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when a 20 dBm input large signal is fed. The second har-
monic output power is sensitive to frequency and the corre-
sponding harmonic frequency should be in the passband of
CRLH NLTLs to avoid severe attenuation in the stopband due
to RH and LH TL impedance mismatch. When compared with
the Ka-band MMIC harmonic generator, another K-band one
based on the same design procedure is also used to explore
the intrinsic relationship between harmonic characteristics and
structure parameters of CRLH NLTLs such as host TL and
rectangular spiral inductor. It has been experimentally demon-
strated that the second harmonic frequency is determined by
the anomalous dispersion of CRLH NLTLs and can be signif-
icantly improved from K-band to Ka-band by effectively re-
ducing the LH shunt inductance and RH equivalent distributed
capacitance CR and inductance LR of the host CPW of a CRLH
NLTL unit, which indicates the potentials of CRLH NLTLs
in terms of the generation of microwave and millimeter-wave
signal source. It will be expected that reducing the Schottky
active contact area and using back-to-back symmetrical C–V
PSVDs in CRLH NLTLs lead to further improvement of the
harmonic frequency although more challenges will occur.
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