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A NOVEL FREQUENCY
DOUBLER USING A
FEEDFORWARD STRUCTURE
AND DGS MICROSTRIP FOR
FUNDAMENTAL AND HIGH
ORDER COMPONENTS

SUPPRESSION

A novel design of a frequency doubler, using a feedforward technique and a defected ground structure (DGS), is described.
In the proposed frequency doubler; the feedforward loop suppresses the fundamental component (f,), and the DGS
attenuates the higher order harmonics such as third, fourth and so on. Due to the combination of the feedforward
structure and the DGS, only the doubled frequency component (2f,) appears at the output port; the other unwanted
components are suppressed effectively. A frequency doubler is designed at 1.87 GHz by the proposed technique and
measured. The measured output power at 2f, is —=3 dBm when the input power is 0 dBm. Compared with a conventional
frequency doubler, the suppressions obtained at fo, 3f, and 4f, are improved by 42.9 dB, 19.2 dB and 29.7 dB, respectively.
The phase noise at 2f, is increased by only 3.8 dB above that of f,,.

stability and low phase noise increases

in microwaves, millimeter-wave com-
munications and radar systems. High frequen-
cy signal sources can easily be obtained by
multiplying low frequency signals that have
relatively high stability and low phase noise. In
general, however, frequency multipliers in-
clude some unwanted fundamental and har-
monic frequency components. When a multi-
plier operates with other microwave circuits
such as mixers and amplifiers, for example, se-
rious problems may occur due to the undesir-
able frequency components. In order to sup-
press the fundamental frequency component

The demand for a signal source with high

(f,), a quarter-wavelength open stub or a bal-
anced multiplier structure can be used, al-
though these methods generally have the limi-
tation of suppressing the unwanted harmonics
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A Fig. 1 Output current for a conduction
angle.

—»(Dt

DC

2nd 3rd 4th 5th
0.6
I\ | |
b —
0.4 /

e

0.3 /

IV 27aN

or| LN\
NS
"o 100 200 300 400
CONDUCTION ANGLE (°)

RELATIVE AMPLITUDE (Imax=1)

|
(=]
-

A Fig. 2 Amplitude comparison of the
fundamental and harmonic components
versus conduction angle.

by only 25 dB.12 A balanced frequen-
cy doubler using an input balun can
be used to cancel the fundamental.
However, the cancellation character-
istics depend on the phase unbalance
of the balun and the uniformity of the
transistors. Typically, a 20 dB funda-
mental rejection at microwave fre-
quencies is obtained.3 Another way to
diminish the fundamental and un-
wanted harmonic components is to
use bandpass filters, although the in-
sertion loss of the bandpass filter at-
tenuates the multiplied signal level as
well. In addition, it is not easy to
make high Q-factor bandpass filters
in monolithic microwave integrated
circuits. The design of a fully mono-
lithic frequency doubler is very diffi-
cult.

In this article, a novel frequency
doubler that suppresses fundamental
and unwanted higher order harmonic
components is described. The pro-
posed doubler is composed of a feed-
forward structure, which is widely
used in linear power amplifiers, and a
defected ground structure (DGS) re-
alized by etching a few dumbbell
shaped patterns on the ground plane

of the microstrip line.# Several appli-
cations using DGS to design a cou-
pler, filter and power amplifier have
already been presented.>~" The feed-
forward loop suppresses the { signal
and the DGS suppresses the other
unwanted harmonic components
more effectively than by previous
methods.

THEORY

The output current waveform ver-
sus the input voltage of a transistor
can be described according to the
bias condition or conduction angle.
Figure 1 shows the output current
for a given conduction angle. The DC
current and harmonic signals at the
bias condition are estimated by using
averaging and correlation between
drain (or collector) current and the
nth harmonic, as shown in Equations
1 and 2, where o is the conduction
angle of the input signal and I,
the maximum allowable current. 8
Figure 2 shows the amplitude com-
parison of the DC current, the funda-
mental and the harmonic current
components versus conduction angle.
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The amplitude of the second har-
monic is maximum when o is set at
approximately 120° Therefore, the
bias point for a frequency doubler
should be selected in the vicinity of
pinch-off, between
class B and C. Once
the bias is deter-
mined, the input
and output ports
have to be matched
at the fundamental
frequency (f,) and
at the frequency of
the second harmon-
ic signal (2f,), re-
spectively, to maxi-
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TECHNICAL FEATURE

quency doubler, which uses a feedfor-
ward structure to suppress {,, and a
DGS microstrip line to attenuate the
other higher order harmonics. The
feedforward structure is widely used to
remove the intermodulation distortion
in power amplifiers. It has a wide oper-
ating frequency band and hardly oscil-
lates because there is no feedback path.
In this article, the first loop of the feed-
forward structure is used to suppress f;,.
Because active multipliers attenuate f,
theoretically, f) can be suppressed fur-
ther by adjusting the coupling coeffi-
cient of the couplers, which are located
before and after the multiplier, and the
phase of the variable phase shifter.9 To
have perfect cancellation of {, the
magnitude and phase of the two signals
must be equal and out-of-phase at the
output coupler of the feedforward
structure. The coupling coefficients of
the input and output couplers are ad-
justed to match in magnitude, and the
phase of the variable phase shifter is
adjusted to obtain the out-of-phase
condition between the two paths.

The DGS pattern under the mi-
crostrip line produces an additional
equivalent inductance and an increase
in characteristic impedance. In con-
ventional microstrip lines, the line
width becomes extremely narrow as
the required line impedance increas-
es. However, in the microstrip line
with DGS, the line width is broader
than that of the standard microstrip
line for the same characteristic imped-
ance, because the additional induc-
tance results in a highly increased
characteristic impedance. The broad-
ened width of the DGS microstrip line
can be understood as an increased
equivalent capacitance, which plays an
important role in raising the phase
constant and slow-wave effects.” In
this work, the DGS microstrip line is
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the proposed fre- A Fig. 3 Block diagram of the proposed frequency doubler.
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A Fig. 4 Layouts of (a) a standard
microstrip and (b) a DGS microstrip.
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A Fig. 5 Measured characteristics of the
DGS microstrip line.
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A Fig. 6 Measured spectrum of the
conventional frequency doubler.

used to suppress the higher order har-
monics above the third.

Figure 4 shows the layouts of a
standard microstrip line and DGS mi-
crostrip line. The substrate is
RT/duroid 5880 with a dielectric con-
stant of 2.2 and a thickness of 31 mils.
The DGS cell dimensions are: a = 4
mm, b=3.5mm, dc=9.3 mm, g=0.5
mm, w = 2.38 mm and wy,, = 4.37 mm.
It is possible to control ’EZhe electrical
characteristics by adjusting the DGS
cell parameters.

Figure 5 shows the measured Sy;
and Sy; of the DGS microstrip line.
The DGS microstrip line has charac-
teristics that are just like those of low

Marker X Axis Amplitude
1 1.87 GHz  -68.1 dBm
2 3.74 GHz -2.639 dBm
3 5.61 GHz -46.24 dBm
4 7.48 GHz -40.08 dBm
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A Fig. 7 Measured spectrum of the
frequency doubler having the feedforward
structure only.
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Marker X Axis Amplitude
1 1.87 GHz -68.88 dBm
2 3.74 GHz -3.017 dBm
3 5.61 GHz -66.82 dBm
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A Fig. 8 Measured spectrum of the proposed
frequency doubler having the feedforward
structure and DGS microstrip line.

TABLE |
OUTPUT SIGNAL COMPARISON OF FREQUENCY DOUBLER STRUCTURES
Py (dBm) P20 (dBm) P30 (dBm) P40 (dBm)
Only doubler —-25.94 -2.55 —46.80 —38.74
FF + doubler —68.10 —2.64 —46.24 —40.08
FF + DGS + doubler —68.88 -3.02 —66.02 —68.45

pass filters. The cut-off frequency is
around 4 GHz, the insertion loss is
0.4 dB at 3.74 GHz and the attenua-
tion at 5.55 GHz is more than 23 dB.

EXPERIMENT
AND MEASURED RESULTS

In order to show the validity of the
proposed doubler, a frequency dou-
bler was designed to multiply a 1.87
GHz fundamental signal to produce a
frequency output at 3.74 GHz. The
selected transistor was an ATF10136
MESFET. The drain and gate bias
voltages are set to 1.2 and —1.25 V, re-
spectively, for a near pinch-off volt-
age operating region between classes
B and C. The matching conditions for
the input and output networks were
determined by using a load-pull
method and were implemented by
simulation with Agilent ADS.

Figure 6 shows the measured out-
put spectrum of a conventional sin-
gle-ended frequency doubler. The
spectra of the conventional doubler
show the 2f_ output signal as well as
the fairly large f and other higher or-
der harmonics. It has a conversion
loss of 2.55 dB and a fundamental
suppression of —25.94 dB when the
input fundamental signal is 0 dBm.
Figure 7 shows the measured data of

the frequency doubler using the
feedforward structure without DGS.
The measured fundamental suppres-
sion is 42.2 dB higher than for a con-
ventional doubler. Figure 8 illus-
trates the measured output spectrum
of the proposed frequency doubler
including the feedforward structure
and the DGS microstrip line, where
the proposed frequency doubler is
fabricated on the same PCB. For the
same input power, the output power
at 2f, is =3 dBm with harmonic sup-
pressions greater than for the con-
ventional doubler by 42.9 dB, 19.2
dB and 29.7 dB at {,, 3f, and 4{,, re-
spectively. Table 1 summarizes the
output spectrum characteristics of
several frequency doubler structures.

Figure 9 shows the fundamental
signal suppression characteristic from
the feedforward structure as a func-
tion of frequency. Although the fun-
damental is suppressed by about 42.9
dB at the center frequency, only 14
dB suppression is obtained at the fre-
quency band edges. For a wider band
suppression, a constant conversion
loss at f, and a flat group delay must
be obtained.

Figure 10 shows the conversion
loss as a function of frequency. The
conversion loss at 3.74 GHz is —2.9
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A Fig. 9 Fundamental signal output
suppression from the feedforward structure
as a function of frequency.
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A Fig. 10 Conversion loss as a function of
frequency.
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A Fig. 11 Conversion loss and output
power at 2f,=3.74 GHz versus input power at
f,=1.87 GHz.

dB and the conversion loss variation
over a 100 MHz range is +1.73 dB.
Figure 11 shows the conversion loss
as a function of input power level.
From the measured results, the 1 dB
compression point of the fabricated
frequency doubler is about —1.5 dBm.

Figure 12 shows the phase noise
characteristics of the input and out-
put signals. The measured phase
noise at 2f; is —97.51 dBc/Hz (at 10
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A Fig. 12 Phase noise of (a) input signal
and (b) output signal.

kHz offset) when that of the f, signal
is —=101.3 dB, the 3.8 dB phase degra-
dation is better by 2.2 dB than the
theoretical phase degradation condi-
tion expressed by 20log(2) = 6 dB. It
is believed that this result is due to
the effective elimination of the fun-
damental and higher order harmonic
signals. The DGS microstrip line is
operated as a harmonic short. The
phase noise of the proposed frequen-
cy doubler is improved over that of a
conventional one.

CONCLUSION

A new design technique for a fre-
quency doubler was proposed to ob-
tain signal sources that have high sta-
bility and low phase noise. The fun-
damental frequency signal was
suppressed by using a feedforward
structure, and the unwanted higher
order harmonics were removed with
a DGS structure. The measured sup-
pressions of the fundamental, and
third and fourth harmonic compo-
nents for the proposed doubler were
42.9 dB, 19.2 dB and 29.7 dB, re-
spectively, over those of a conven-
tional frequency doubler. It is be-
lieved that the proposed frequency
doubler can be integrated in mono-
lithic integrated circuit form because
the fabricated frequency doubler
consists of a transistor, diodes (in the
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phase shifter) and hybrid circuit ele-
ments. It is also expected that the
proposed frequency doubler would
contribute significantly to the im-
provement of the quality of commu-
nications without the use of high Q
bandpass filters. H
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