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We report on the experimental investigation of a non-linear (NL) Co-Planar Waveguide (CPW)

fabricated by means of a ferroelectric film. In contrast to conventional NL-CPW, periodically

loaded by lumped varactors, the tunable ferroelectric material is fully distributed along the

propagation direction and the transmission line does not intrinsically exhibit Bragg cutoff. The

experimental demonstration is carried out by means of a 160 nm-thick Pb0.4Sr0.6TiO3 ferroelectric

film voltage-controlled via the 1 lm-slot of a CPW transmission line. In a first stage, complex

dielectric constant has been retrieved from scattering parameters measurements up to 60 GHz and

for a bias voltage ranging from 0 to 30 V. High performances in terms of tunability have been

found by a relative permittivity change under 30 V as high as 60% in the overall frequency band.

Subsequently, the tunable ferroelectric CPW was used for second and third harmonics generation

for a fundamental at centimeter wavelengths. While for low dc-voltage, third harmonic generation

is dominant, it is found a main harmonic generation of rank 2 at higher dc bias voltage in

agreement with the symmetry properties of the C(V) characteristics. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4831660]

I. INTRODUCTION

Voltage-controlled transmission lines are now attracting

much interest with the prospect to realize tunable phase-

shifter,1,2 waveform shaper,3 frequency multiplier,4,5 or

more generally nonlinear devices.6–9 For tunability principle

so far, the key technologies are based on the voltage-

controlled capacitance of semiconductor10,11 or ferroelectrics

varactors12,13 and MEMS technologies.14,15 For the former

by targeting RF/microwave applications, the periodically

loading of a Co-Planar Waveguide (CPW) suitable for using

surface mounting devices is a good trade-off between hybrid

integration and performance. For an operation at higher fre-

quencies and notably at millimeter wavelengths, ferroelectric

thin film technology is generally preferred taking benefit of

the recent progress in the achievement of high dielectric

relaxation frequencies in the Terahertz frequency range.16,17

Whereas ferroelectrics can be considered as a bulk technol-

ogy in essence, the integration of discrete devices along the

line, with close electrodes, appears necessary for preserving

moderate voltage control. Indeed, the permittivity variation

as a function of a dc or ac voltage intrinsically depends on

the electric field across the active region which has to be

higher than 100 kV/cm for the current ferroelectric technol-

ogy.18 Under this condition, it is imperative to downsize

dramatically the electrodes spacing locally. In addition, for

these periodically loaded transmission lines, the dimensions,

such as the slot width, were kept to conventional values.

For instance, the slot width of the CPW we used in Ref. 19

was s¼ 30 lm, whereas the electrode inter-distance of the

lumped inter-digitated varactors was 1 lm which enable the

control under 30 V. On the other hand, it should emphasized

that the decrease of the slot width which is beneficial for

moderate voltage control or pumping is at the detriment of

the ohmic losses due to the increased current crowding. As a

consequence, there exists a trade-off between the controlling

voltage reduction and loss considerations. Also, it is well

known that periodically loading a transmission line results in

the so-called Bragg frequency (Fb) cut-off. Such a cut-off

intrinsically results from the multiple reflections of the trav-

elling wave at each varactor position as it would be the case

at each interfaces of an optical Bragg mirror. Shorter is the

period between active elements, higher is the Bragg fre-

quency so that ideally a distributed configuration has to be

preferred for ultra wide band applications. If we compare the

results reported here with the results published in the litera-

ture for CPW periodically loaded by varactors, it can be

noticed that most of the works exhibit Bragg cut-off fre-

quency generally in the upper part of the centimeter wave-

lengths.5,19,20 In the present work, owing to a full distributed

configuration no partial reflection occurs all along the trans-

mission lines which was assessed by network analysis up

60 GHz. In counterpart, the major technological challenge

of fully distributed CPW is the ability to deposit a long

(millimeter size in the present work) CPW metal scheme

with narrow slots on a micrometer scale here in order to get

tunability at relative low dc voltage (tens of volts). This
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dramatic down-sizing of the CPW slot can be also benefit for

harmonic generation at moderate pumping voltage.

Unlike the solid state varactor diodes which can only be

used under reverse bias, by excepting the so-called quantum

barrier varactor,21 ferroelectric-based varactors show similar

C(V) variations for reverse and forward bias voltages. At the

inflexion point of the C(V) characteristic, one can consider

that the symmetry with respect to the bias voltage changes.

Indeed, an even symmetry (equal values for direct and

reverse biases) is pointed out around zero-Voltage. As a con-

sequence, a dominant third harmonic generation is expected

for unbiased device. In contrast around the voltage corre-

sponding to the change of curvature, an odd symmetry is

expected and hence a dominant second harmonic mode. As a

consequence, it was predicted third and second harmonics

generation by large signal analysis of ferroelectric transmis-

sion lines.22 Also, some measurements confirmed the second

harmonic occurrence under dc bias condition for a CPW fab-

ricated with a slot of 10 lm.22

In this context, the contribution of the present paper is

three fold. First, we report on the successful realization of a

fully distributed nonlinear transmission line on the basis of

the uniform deposition of a high quality Pb0.4Sr0.6TiO3 ferro-

electric film and the fabrication of a 1 lm-wide slot CPW.

Second, the complex dielectric constant is retrieved from the

scattering parameters which have been measured up to 67

GHz and for a bias voltage ranging from 0 to 30 V. At last,

we report on the results of an experimental large signal anal-

ysis for various dc- and ac- voltages by paying attention on

the role played by the symmetry conditions of the C(V)
characteristic.

Technologies and measurement setup which have been

used for the fabrication and the characterization of the tuna-

ble ferroelectric CPW are detailed in Sec. II. Section III

deals with the experimental retrieval of the dielectric func-

tion of Pb0.4Sr0.6TiO3 films. The large signal experiment is

reported in Sec. IV, while concluding remarks and prospects

are summarized in Sec. V.

II. DESIGN, TECHNOLOGIES, AND MEASUREMENT
SETUP

A. Design

Fig. 1 shows a schematic of the CPW transmission line,

whose electromagnetic properties were studied under small-

and large- signal conditions with two goals (i) the retrieval

of the ferroelectric film dielectric function and (ii) the assess-

ment of the non-linear properties under moderate pumping.

It is worth-mentioning that the same structure is used for the

two tasks with the following advantages. First, the complex

permittivity is determined experimentally continuously over

a broad band and not at certain resonant frequencies and

over a relatively large area (typically 3� 103 lm2) of the fer-

roelectric film. Second, the experimental verification of the

non-linearity is performed with the same device under test so

that the uncertainties due to fabrication and notably during

the ferroelectric deposition can be alleviated.

With respect to a conventional CPW transmission line,

there are mainly two key differences. The first one is the use

of a voltage-controlled substrate with the realization of a

bi-layered host wafer made of a 160 nm ultra-thin ferroelec-

tric film and of a 600 lm-thick silicon wafer. Wave-guiding

is achieved via 400 nm–thick metal strips, whose dimensions

(Wg and W) are listed in the inset of Fig. 1. The choice to use

a relatively thick metal thickness is motivated by the reduc-

tion of ohmic losses. The other major difference is the

dimension of the slot which is here 1 lm with the potential

advantage of a dramatic reduction of the required pumping

power and/or of the dc bias as outlined in the Introduction. It

is worth mentioning that the central strip width was main-

tained to a conventional value typically 30 lm. With such a

dimension, the design of a taper section between the test set-

up using tip probes can be avoided. This makes easier the

de-embedding of the set up environment and hence a much

straightforward retrieval of the dielectric function. On the

other hand, it will be seen that the transmission line is highly

mismatched with respect to the reference impedance of the

measurement set up (Zc¼ 50 X).

For illustration of the operating conditions under ac

excitation at a frequency of 10 GHz and a root mean square

ac voltage Vrms¼ 1 V without dc biasing, Fig. 2 shows the

snapshots of the magnitude of the electric field (a) and of the

magnetic field (b) in a plane corresponding to the device

cross-section in the vicinity of a slot. These electromagnetic

field maps were computed by using an home-made code

based on the two-dimensional finite element methods

described in the article of Zoltan Cendes et al.23 These meth-

ods were adapted especially for the material characterization

at microwaves.24

Considering the electric field map carried out by assum-

ing a constant permittivity of the ferroelectric film er¼ 360,

it can be noticed a high concentration of the electric field

around the slot with a relatively isotropic decrease of the

electric field magnitude in air and in the substrate. More

importantly, high fringing field values can be seen in the tun-

able ferroelectric material with comparable magnitudes to

those between the two 400 nm-thick electrodes. In addition,

it can be noticed a relatively weak distortion of the electric

field contours due to the 2 D implementing of the electrode.

At last, edge effects are evidenced at the four corners of the

metal plates with values which can be four time higher than

FIG. 1. Schematic view of Non-Linear Co-Planar Waveguide (NL-CPW).
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the nominal values in the ferroelectric film. The field distri-

bution is thus non uniform in the tunable layer, as expected.

However, the electric peaks at the metal/dielectric bounda-

ries vanish rapidly and the electric field can be considered

with a relatively uniform value over the largest part of the

tunable ferroelectric film. For a more quantitative estimate of

the relative sharing of the field between the tunable material

and its environment (air and semiconductor substrate), it can

be suitable to compute the effective permittivity (ereff) of the

CPW transmission line. For the present device, with a ferro-

electric layer as thin as 160 nm and for a one-micron-wide

slot, ereff¼ 30, but this value would dramatically decrease by

enlarging the slot width.

Turning now to the magnetic field magnitude map dis-

played in Fig. 2(b), a high concentration of the field can be

also pointed out in the vicinity of the slot. Such a concentra-

tion can be understood by reminding that the magnetic field

lines wrap around the central strip. The H-field lines are thus

more concentrated by crossing the ultra-narrow gap at the

slot position. Also in our case, these effects are affected by

the edge current repartition due to the ac operating

conditions.

B. Technologies (ferroelectric deposition and device
fabrication)

Lead strontium titanate Pb0.4Sr0.6TiO3 (PST) thin film

was first deposited by radio frequency magnetron sputtering

onto a High Resistivity Silicon substrate (HR-Si). On the

basis of a previous material parametric study a Pb/Sr ratio of

40/60 was used in order to obtain a maximum value of the

tunability. The Curie temperature (Tc) for a Pb/Sr ratio of

40/60 was estimated around 293 K by assuming a quasi lin-

ear variation between the Curie temperature of SrTiO3

(Tc¼ 43 K) and PbTiO3 (Tc¼ 760 K) taken from Ref. 25.

Depositions were made ex-situ (without substrate heating

during the growth) and a post-annealing treatment was

necessary to crystallize the film in the Perovskite phase.

Lei et al. showed that a pure Perovskite structure, without

second phase, appears for an annealing temperature above

T¼ 450 �C with an optimal crystallization at 650 �C.26 For

ferroelectric structural assessment, X-ray diffraction (XRD)

was performed using a Siemens D5000 diffractometer. The

scan covered the 2h-range from 20� to 60� with a step of

0.02�. It revealed a polycrystalline film with a preferred

(110) orientation as can be seen in Fig. 3. More details about

the thin film preparation are given in Ref. 26. At this stage, it

can be concluded that PST thin films present several advan-

tages for fully distributed nonlinear-CPW, or more generally

in any ferroelectric-based microwave agile devices. First, the

PST layer used here was annealed at 650 �C. This thermal

budget is relatively low in comparison with the crystalliza-

tion temperature of other ferroelectric films. In addition, the

processing is compatible with Silicon Integrated Circuits

technology. At last, a high tunability is obtained. In compari-

son to BaSrTiO3 (BST) deposited on the same substrate an

improvement of a factor 2 was measured on the tunability

and of 3.35 on the figure of merit defined as of the product of

tunability and quality factor.13 For the definition of a figure

of merit which was used for comparing PST and BST materi-

als, we used Eq. (49) of Ref. 27

K ¼ n� 1ð Þ2

n � tand1 � tand2

: (1)

In this equation n is the capacitance ratio (C1/C2) and

tand1-tand2 the loss tangents between two switching states

noted 1 and 2 in Ref. 27. In our case, the two states would

FIG. 2. Transverse electric field (a) and transverse magnetic field (b) com-

puted from SEM view of tested CPW (Fig. 4) at F¼ 10 GHz, Vdc¼ 0 V,

Vac-rms¼ 1 V, and er-PST¼ 360.

FIG. 3. X-ray diffraction patterns of PST film deposited on HR-Si substrate

with a post annealing temperature of 650 �C. Black line: HR-Si substrate

alone. Blue line: 160-nm-thick PST onto HR-Si substrate.
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correspond to the values of the real part (capacitance ratio)

and the imaginary part (loss tangent) of the complex permit-

tivity under zero-volt and a voltage control of 30 V over 1

lm (Edc¼ 300 kV/cm). Table I compares the BST and PST

technologies developed in Ref. 28 and in the present work,

respectively. As noted above e(0 V) (tand(0 V)) and e(30 V)

(tand(30 V)) are the zero-bias permittivity (loss tangent) and

the values which correspond to a dc bias field of 300 kV/cm.

From Table I, it can be noted that the figures of merit

are close to 4.5� 103 for PST and 1.5� 103 for BST at a fre-

quency of 5 GHz, the former value being comparable to the

examples reported for a 5 GHz operation in Ref. 27 with

K¼ 5� 103. As a general rule the figure of merit defined by

Eq. (1) shows a decrease as a function of frequency due to

the dramatic increase of the imaginary part of the complex

permittivity and hence of loss tangent (tand(0 V) and

tand(30 V)). In addition, it can be noted that the K values for

BST are about three times higher than the one deduced for

BST ferroelectric layers irrelevant of frequency up to 60

GHz. Therefore, PST is one of the most interesting materials

available at present for applications where a maximum varia-

tion De/DVdc is sought.

For the device fabrication, the main technological chal-

lenge was the realization of the 1 lm slot over the 3 mm

development of the CPW. This resolution is obtained by

365 nm UV photolithography techniques using an AZ
VR

nLOF
TM

2020 negative imaging photoresist and SUSS

MicroTec MA/BA6 Mask Aligner. Planar electrodes consist-

ing of a 50 nm Ti adhesion layer and 400 nm Au layer are

deposited by PLASSYS MP550S electron beam evaporation

system and subsequent lift-off. Fig. 4 shows a Scanning

Electron Micrograph (SEM) of a typical device which con-

firms the cross-section dimensions.

C. Measurement setups (small and large signal
condition)

As seen in the following, the dielectric properties of the

PST thin film were deduced from the scattering matrix of

the HR-Si/PST/Au Co-Planar electrodes structure (Fig. 1)

under small signal conditions. Scattering parameters were

measured from 0.25 GHz up to 60 GHz by means of an

Agilent E8361A PNA microwave network analyser and a

Cascade Microtech ground-signal-ground probe station.

DC electric field was controlled by an Agilent E5263A

2-channel high speed source monitor unit. The measurement

system was driven by IC-CAP device modeling software

V2009. Each measurement was performed for an input

power of 100 lW and the dc bias voltage is swept between

þ30 and �30 V with a step of 5 V. Under these conditions

(Vdc¼ 30 V, G¼ 1 lm), the nominal bias-field in the thin

film is Edc¼ 300 kV/cm.

Harmonic generation was assessed by a Large Signal

Network Analyzer MT4463 from Maury Microwave. After a

calibration process as described in Ref. 29, measurements

were performed by supplying an incident wave Pac at port 1

for a fundamental frequency F0 ranging from 1 GHz to

18 GHz, and by measuring harmonic generation up to rank

5 at ports 1 and 2. Port 2 is loaded by an impedance of

ZL¼ 50 X, and Pac is limited to 33.5 dBm (�2 W) to avoid

the device burning out notably due to the field spikes evi-

denced in Sec. II A.

III. COMPLEX DIELECTRIC FUNCTION

First, an exhaustive dielectric characterization, i.e.,

complex relative permittivity, loss tangent and tunability,

was performed to obtain accurate small signal and dc behav-

iors of the ferroelectric PST film. As mentioned above, the

method used to determine the dielectric properties of the

unknown layer requires the scattering parameter measure-

ment of the CPWs.

Each measurement was performed with a bandwidth of

10 Hz at the intermediate frequency of the vector network

analyser in order to have a maximum dynamic range and

hence a minimum transmission and reflection uncertainty

(less than 0.2 dB for a dynamic range between 0 and

�35 dB). This implies a relative uncertainty of approxi-

mately 2% on the thin film dielectrics properties results.

Fig. 5 shows the measured [S]-parameters for seven Vdc val-

ues ranging from 0 V up to 30 V. Fig. 5(a) and 5(b) display

the frequency dependence of S11 (return loss) at the input

port and of S21 (insertion loss). Return losses at port 2 (S22,

not represented here) and at port 1 were found very compa-

rable. This condition S11¼ S22 ensures that the ferroelectric

TABLE I. Comparison of BST and PST technologies in term of K factor

(figure of merit) defined by Eq. (1).

BST

F (GHz) e (0 V) e (30 V) tand (0 V) tand (30 V) K

5 299.52 198.65 0.021 0.006 1357.15

10 297.19 198.52 0.032 0.01 515.66

20 293.01 198.34 0.05 0.017 181.47

40 289.72 198.37 0.079 0.037 49.68

60 282.83 197.12 0.108 0.047 25.96

PST

F(GHz) e(0 V) e(30 V) tand(0 V) tand(30 V) K

5 387.47 142.9 0.03 0.008 4501.16

10 382.78 145.51 0.054 0.011 1701.46

20 374.81 141.94 0.078 0.021 622.34

40 362.54 143,86 0.134 0.04 171.07

60 348.12 141.85 0.169 0.06 84.97

FIG. 4. Scanning Electron Micrograph (SEM) cross-section view of tested

CPW.
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layer underneath the electrode waveguide has a constant

thickness. As a general rule for each Vdc, it can be noticed

that the average value of S11 over the frequency band is

almost constant. Indeed, the oscillating features, apparent

on the frequency variations, result from the impedance mis-

match at the input and output ports with resonance condi-

tions depending on the CPW length (here 3 mm). In

addition, it can be noted that the S11 extrema are shifted to-

ward higher frequency with increasing bias voltage, indi-

rectly assessing the decrease of the effective permittivity.

From these measured [S]-parameters, and from an accu-

rate determination of the topology and dimensions obtained

by SEM imaging, the dielectric characteristics were retrieved

numerically by means of the home made full electromagnetic

software introduced in Sec. II A. At each frequency, the nu-

merical procedure for the retrieval of the dielectric function

of the ferroelectric layer is based on a comparison of meas-

ured and computed [S]-matrixes. The S parameters are calcu-

lated numerically by using the classical equations which

relate the Sij terms to the current, voltage, characteristic im-

pedance (Zc) and propagation constant (c¼ aþ jb) which

characterize the transmission lines.30 Voltage and current are

deduced by proper integration of field maps. By an iterative

process similar to the Newton-Raphson method working in a

4-axis graph (a, b, e0, e00), a new complex permittivity is

assigned to the dielectric layer under test yielding a new

value of [S]-matrix which is compared again with the meas-

ured one. After convergence, the complex permittivity

(e*¼ e0�j e00) of the PST layer for every frequency and each

Vdc bias voltage is thus retrieved. The frequency dependen-

ces of e0 and e00 are shown in Fig. 6(a) while loss tangent

(tand¼ e00/ e0) is plotted in Fig. 6(b). The oscillatory features

FIG. 5. Scattering parameters S11 (a)

and S21 (b) of the ferroelectric CPW

for dc bias voltage Vdc varying from 0

to 30 V by step of 5 V.

FIG. 6. Complex permittivity e*¼ e0

� j e00(a) and loss tangent (b) for dc

bias voltage Vdc varying from 0 to

30 V by steps of 5 V.
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in the frequency dependence of loss tangent are a direct con-

sequence of very weak anomalies which are apparent by

zooming the frequency dependence of the scattering parame-

ters around 4, 10, and 17 GHz, respectively. With respect

to the physical interpretation, as in our previous work31

reporting on such singular effects, these anomalies in the fre-

quency dependence of loss tangent were explained by elec-

trostriction and piezoelectric effect32 and more particularly

by acoustic wave resonances. A model that explains this par-

ticular effect has been developed by Lakin et al.33 From the

frequency dependence of the real part e0, it can be noticed a

slight decrease versus frequency at zero volt, whereas the

values are almost constant at Vdc¼ 30 V. The physical inter-

pretation of such a decrease of the observed slope, depending

on the bias voltage, in terms of relaxation phenomena is

beyond the scope of the present work. However, it was

shown that these effects can be explained by a shift of the

Curie temperature to higher temperatures.18

To sum up, one can conclude that voltage-controlled

high permittivity values (of the order of 350) slightly varying

with frequency have been demonstrated experimentally over

a broad frequency band (in practice from 0.25 to 67 GHz).

From Fig. 6(a), one can also note that the losses (e00) are

improved with increasing bias voltage as already pointed out

in the frequency dependence of S21 (Fig. 5(b)). For complete-

ness in the material data, Fig. 6(b) shows the frequency

dependence of loss tangent with a worst value of 18% for

zero bias and a best value of 6% at Vdc¼ 30 V recorded at

60 GHz.

Turning now to the capacitance voltage characteristic

taking the frequency as a parameter, we plotted in Fig. 7 the

real part of the relative permittivity retrieved for F¼ 5 GHz

and 60 GHz respectively. For F¼ 5 GHz, a high tunability

T¼ [e0(0 V)� e0(Vdc)]/e0(0 V) of 63% (43%) is measured for

Vdc¼ 30 V (16 V). At higher frequencies, tunability is

slightly degraded with a value of 59% at 60 GHz. To the best

of our knowledge, these values can be considered as record

performances for PST thin-film deposited in a silicon com-

patible technology. They also comparable favorably with

respect to those reported for BST films.31

IV. NON LINEAR ANALYSIS

Symmetric curves in Fig. 7 with even parity without any

butterfly-shape result from the ferroelectric material in para-

electric phase at room temperature. From e(V) characteristic,

odd harmonic generation is expected for a large ac signal

around Vdc¼ 0 V, and even harmonic generation around the

inflection point at Vdc¼ 10 V. Harmonic generation was

measured at port 1 and at port 2 as a function of the dc bias

voltage Vdc from 0 V to 16 V, and for a power of the incident

wave Pac taken as a parameter varying up to 33.5 dBm.

Fig. 8 shows a spectral decomposition of the harmonic gen-

eration measured at port 1 and port 2 for Pac¼ 33.5 dBm and

a fundamental frequency F0¼ 1 GHz. For Vdc> 2 V, second

harmonic (m¼ 2) is mainly generated with a maximum of

8.6 dBm and 6.9 dBm at port 1 and port 2, respectively, for

Vdc¼ 11 V. The same behavior is observed for m¼ 4 with a

maximum generated at lower Vdc¼ 4.5 V with three orders

of magnitude lower than m¼ 2. The third harmonic genera-

tion is maximum for Vdc¼ 0 V and decreases with Vdc reach-

ing a minimum value at Vdc¼ 10 V at port 2. The fifth

harmonic level is too low and cannot be interpreted. Except

for second harmonic generation, all power levels at port 2

are greater than levels at port 1. However, as shown latter,

no conclusion can be made because harmonic levels at port 1

and 2 depend on the fundamental frequency as well. All

curves are in good agreement with the parity of the e(V)

characteristic plotted in Fig. 7 with third harmonic generated

at low dc and higher even harmonic under dc bias. Results

can be synthesized by plotting the total power generated in

CPW versus Vdc as shown in Fig. 9. Total power is calcu-

lated as

PT Pacð Þ ¼
X

m¼1;2;…

PHm Pacð Þ; (2)

where PHm represents the power of harmonic m measured at

port 1 or port 2 for a power Pac of incident wave injected in

port 1 and hence by taken the reflected power into account.

Observing the results in Fig. 9, where each curve includes

the contribution of all harmonics in accordance with Eq. (2),

we can see a predominant second harmonic generation for

all Pac values around Vdc¼ 10 V. Below Pac¼ 26.4 dBm,

harmonic generation is split into equal parts to port 1 and

port 2. Also, the power of the third harmonic below

�35 dBm is too low to be detected, and only the second har-

monic generation is measured. At higher power, harmonics

are slightly more generated at port 1 than at port 2, while at

low dc bias third harmonic generation at port 2 increases the

total generated power reducing the overall variation of PT.

That can be attributed to the frequency dependence of losses

and characteristic impedance of the line. As shown in

Fig. 5(b), the attenuation constant of CPW increases with

frequency, and harmonics of higher ranks are more attenu-

ated. On the other hand, the permittivity-voltage dependence

of the PST plotted in Fig. 7 results in an increase of charac-

teristic impedance of the line under bias.31 More precisely,

dielectric losses and impedance mismatch decrease with

increasing Vdc and increase with the frequency. As observed

in Fig. 8, it results a more favorable conditions for second
FIG. 7. Real part of relative permittivity versus Vdc measured for F¼ 5 GHz

and 60 GHz.
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harmonic generation, with lower propagation losses and

lower impedance mismatch, than for higher ones. Higher

levels of harmonics measured at port 2 (around þ2 dBm

comparatively to port 1) can also be attributed to the highest

attenuation at higher frequency. For m� 3, harmonics meas-

ured at port 2 mainly correspond to forward waves generated

near the port 2, while reflected harmonic waves by imped-

ance mismatch at port 2 are strongly attenuated by CPW

losses before to reach port 1. On the other hand, for the

second harmonic, attenuation constant is lower and the

reflected harmonic waves can contribute to the overall

harmonic generation measured at port 1.

In Fig. 10, maxima of the total generated power PT

versus power of incident wave Pac measured at various fun-

damental frequencies F0 are plotted. For each Pac, dc bias

voltage has to be adjusted to obtain the maximum of PT. As

evidenced in Fig. 9, maxima of PT are determined at

different dc bias voltage ranging from Vdc¼ 8.5 V for

Pac¼ 20.4 dBm up to 11 V for 33.5 dBm. For each frequency

in Fig. 10, maximum of PT is linearly dependent of Pac with

a slope of 2 and without any saturation effect at high Pac. As

previously pointed out by Rocas et al.,22 a slope 2 corre-

sponds to a main second harmonic generation in good agree-

ment with the decomposition of harmonics shown in Fig. 8.

At port 2, maximum of PT decreases with the fundamental

frequency and a plateau is reached above F0¼ 10 GHz. On

the contrary at port 1, maximum of PT strongly decreases for

4 GHz before to increase for 10 GHz, and again to decrease

for 18 GHz. For higher frequencies, standing waves take

place in CPW line. Around F¼ 5 GHz, wavelength in the

CPW is 12 mm, and a voltage node appears at the end of the

line. For F¼ 10 GHz, the voltage node is placed in the mid-

dle of the line, and for 18 GHz there are two voltage modes

along the line. To the best of our knowledge, the number of

FIG. 8. Spectral decomposition of har-

monic generation versus dc bias volt-

age measured at port 1 (a) and at port 2

(b).

FIG. 9. Total power as a function of dc

bias voltage measured at port 1 (a) and

at port 2 (b) for a fundamental fre-

quency F0¼ 1 GHz, and for Pac¼ 20.4

dBm (a), 23.4 dBm (b), 26.4 dBm (c),

29.4 dBm (d), 32.5 dBm (e), and 33.5

dBm (f).
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papers addressing nonlinear effects in fully distributed is

scarce with periodically loaded transmission line. One of the

most recent paper was published by Rocas et al. with an

experimental verification on CPW with a 30 lm slot width

and hence one order of magnitude larger than the one used in

the present work. Second harmonic generation by ferroelec-

tric CPW was pointed out by the authors22 for an incident

power less than 20 dBm at 6 GHz and with a conversion loss

of 70 dB. In the present work, we showed that the conversion

efficiency can be significantly improved (34 dB of conver-

sion loss for the highest input power of 33 dBm) with respect

to this previous work by taking benefit of the full non linear-

ity owing to the dramatic decrease of the slot width. As

aforementioned in Sec. II, the CPW studied in the present

configuration here is strongly mismatched and therefore its

overall performance in terms of conversion efficiency cannot

be compared with impedance matched periodically loaded

transmission. It is worth-mentioning that these conventional

approaches exhibit frequency limitations such as in the paper

published recently by Huang et al., in 2011 who reported a

decrease of the output power above 30 GHz.5 Moreover, sat-

uration effect does not appear at high power level in Fig 10,

while harmonic generation could be limited for CPW loaded

by varactors.20

For F0¼ 4 GHz, fundamental ac voltage is very low

near the port 2 and little or no harmonic signal is generated

at the end of the CPW line. In such a case, second harmonic

measured at port 2 corresponds to the forward waves gener-

ated near the port 1. Forward waves are partly reflected at

port 2 before to return at port 1 with destructive interferences

giving a lower level of the generated power at port 1. For

higher frequency, a more complex formulation has to be per-

formed to better analyze harmonic generation with multiple

standing waves and node voltages along the line. However,

Fig. 10 shows that the power level of the second harmonic

measured at port 1 can be greater at higher frequency. We

assume that a same behavior could be measured at port 2

depending on the length of CPW line and fundamental fre-

quency.7 Finally, harmonic generation does not disappear at

higher frequency and for F0¼ 18 GHz a power level of �9.8

dBm is measured.

V. CONCLUSION

A one-micron slot 3 mm-long CPW pattern was success-

fully deposited onto a bi-layered PST ferroelectric/silicon

structure. The retrieval of the complex permittivity under

small signal conditions shows high values of the real part of

the permittivity (er� 360) and moderate dielectric loss up to

67 GHz. These films also show a high tunabilty around 60%

which compare favorably with the previous results reported

in the literature notably with respect to BST technologies.

The high tunability is preserved in the upper part of the

frequency band which was investigated, a welcome feature

for a potential application as a fully distributed non-linear

device operating at millimeter waves. Harmonics generation

was thus demonstrated under moderate pumping results from

the ultra narrow slot width up to a fundamental frequency

F0¼ 18 GHz. For these non-linear experiments under dc

bias, a predominant second harmonic generation was

observed. Generated power is linearly dependent on the

power Pac with a slope 2, and no saturation effect is

observed. Finally, at high frequency when multiple standing

waves take place in the CPW, maximum of power can be

generated at port 1 or at port 2 depending on the fundamental

frequency F0 and the length of the line.
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