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Abstract

In this paper, a fully integrated Ku-band tripler differential MMIC voltage controlled oscillator(VCO), which consists
of a differential VCO core and two triplers, is developed using high linearity InGaP/GaAs HBT technology. The VCO
core generates an oscillation frequency of 3.583 GHz, an output power of 3.65 dBm, and a phase noise of —96.7
dBc/Hz at 100 kHz offset with a current consumption of 30 mA at a supply voltage of 2.9 V. The tripler shows
excellent side band rejection of 23 dBc at 3 V and 12 mA. The tripler differential MMIC VCO produces an oscillation
frequency of 10.75 GHz, an output power of —13 dBm and a phase noise of —89.35 dBc/Hz at 100 kHz offset.
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[ . Introduction

With increasing demand for high speed data rates, the
operation frequency of satellite communication systems
increases in order to achieve greater bandwidth. Accor-
dingly, high local oscillation(LO) frequency is required
for down conversion from RF band to IF band. How-
ever, as the oscillation frequency is increased, the qua-
lity factor of the resonator is rapidly decreased and the
phase noise is increased. Consequently, the signal to
noise ratio is decreased and the data transmission error
is increased.

We propose a solation to this problem by developing
an oscillator using a multiplier. It produces a high osci-
llation frequency with low phase noise, because it uses
the harmonics of the oscillation signal with low phase
noise. Phase noise is increased in the ratio of 20 log N
with increasing harmonic index (N)[l]. If the index is 3,
the phase noise is increased to 9.4 dB. Therefore, with
higher frequency applications, the increment produced
by phase noise using the harmonic index is lower than
the increment by the Q factor of the resonator. There-
fore, combining an oscillator structure with a multiplier
is necessary for high frequency band communication
systems.

This tripler differential VCO is fabricated using an
InGaP/GaAs HBT process. In general, low flicker noise
of devices pulls down the phase noise of oscillator. By
the way, the flicker noise of an InGaP/GaAs HBT device
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is lower than that of other devices such as a GaAs
MESFET, GaAs HEMT, etc.”). So in order to get a low
phase noise of oscillator, an InGaP/GaAs HBT process
is used in this work.

II. Circuit Design

The tripler differential VCO consists of a differential
VCO core and two triplers. The differential VCO core
is designed using an oscillation frequency of 3.583 GHz.
The tripler converts the oscillation frequency of 3.583
GHz into an oscillation frequency of 10.75 GHz.

The differential VCO core schematic is shown in Fig.
1. The inductor (L3) in parallel with the capacitor (C3)
constitutes a resonator without any other component.
The Q value of LC resonator is 14.748. For frequency
tuning a varactor diode is implemented by connecting a
base configured transistor in parallel with the capacitor
(C3). The capacitor contributes 30.25 % of the LC tank
and the capacitance variation ratio is 9.24 % of the total
capacitance. Thus, the frequency tuning ratio using a
variable capacitor is 2.79 % of the resonance frequency,
4.3 GHz. This excludes the parasitic elements of the
strip line. So the frequency tuning range is calculated to
be around 120 MHZ.

L1 and L2 control the phase of the active block
satisfying the Barkhausen criterion at the oscillation
frequency. In order to control the output power, R1 and
R2 are used. If these values are increased, the voltage
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signal swing at the collector of Q2 and Q3 is increased
[4]. C1 and C2 are cross coupled capacitors, which
make a positive feedback loop at the oscillation fre-
quency. Q2 and Q3 generate a balanced signal using a
switching operation. In this paper, the common emitter
(CE) drive stage (Ql and Q4) are used to provide
enough power for the tripler[gl. The base of Q1 and Q4
is connected with the base of Q2 and Q3 in order to
provide the base bias. If the base bias of Q1 and Q4 is
provided by the collector of VCO core, the large output
voltage swing of CE amplifier required for the tripler
can not be obtained due to the small voltage headroom
of Q1 and Q4.

The tripler employs a 2 stage amplifier as shown in
Fig. 2. The first stage (QS5) and second stage (Q6) are
the common emitter configuration and are optimized to
provide maximum power for the third order harmonic in
class B operating mode. The input of tripler is provided
by VCO core through C1 and C2 in Fig. 1.

The third oder harmonic of this differential tripler
VCO is output frequency. So all harmonics excepted
third oder harmonic have to be removed for increasing
the linearity of tripler VCO. At first, in order to
suppress the fundamental and the second order har-
monics, the output block of the third stage is configured
with a high pass filter which has a cut-off frequency of
7 GHz. In addition to low frequency band suppression,
the gradual decrease in harmonic amplitude (for the 4th
and 5th harmonics) results in an output spectrum.
Therefore it is similar to the band pass filter with the
third order harmonic as the center frequency.

Furthermore, to obtain greater linearity, a miniaturized
open stub was used. Generally an open stub acts as a
capacitor with a parasitic inductance which depends on
the line length of the open stub. Therefore, an open stub
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Fig. 1. Schematic of the differential VCO core.
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Fig. 2. Schematic of the tripler.

can be operated as band stop filter(BSF). But, generally
for the open stub to act as a BSF in low frequency
applications, a long line length is required to obtain a
large inductance. Thus, in this paper a spiral inductor is
connected in series with the open stub to obtain a BSF.
This BSF suppresses the fifth harmonic which decreases
the linearity of the tripler VCO. A diagram of the de-
signed open stub with parasitic inductance plus its simula-
tion results are shown in Figs. 3 and 4. As a result of
combining an open stub and an inductor, length of the
open stub shown in Fig. 2 can be shorten by a quarter
as compared to a conventional one. Moreover, it can not
only increase the linearity but also suggest the oppor-
tunity realizing the open stub under 20 GHz in MMIC.

o7
L
. Y
o »
N .
H .

’
] .
« -

.

Open Stub

Fig. 3. Structural diagram of the designed open stun acting
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Fig. 4. Simulation result of open stub.
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III. Fabrication and Measurement

The differential VCO core operates with a supply
voltage of 2.9 V and current consumption of 30 mA.
Similarly, the triplers operate with a supply voltage of
3 V and current consumption of 12 mA. A spectrum
analyzer (Agilent E4440A) and a signal generator (Agi-
lent 83650B) were used for measurement. The baluns
which were designed using a hybrid coupler (rat race),
were used to measure a balanced output signal of 3.58
GHz and 10.75 GHz.

The VCO core die and the tripler VCO die were
attached to the PCB using silver epoxy. The tripler
differential VCO with passive balun is shown in Fig. 5.
In this device, DC contact was made using gold wire
bonding with an approximate length of 10 mil and a
diameter of 1 mil.

The VCO core output is measured by utilizing a
3.583 GHz balun as shown in Fig. 6. The output power
of the fundamental harmonic is 3.65 dBm, and the
difference between the first and the second harmonics is
28 dBc. Fig. 7 shows a frequency spectrum mea-
surement of the differential VCO core with a center fre-
quency of 3.583 GHz, the span of 5 MHz, and a
resolution bandwidth(RBW) of 47 kHz. Phase noises of
—96.8 dBc/Hz and —118.8 dBc/Hz were obtained at
offset frequencies of 100 kHz and 1 MHz respectively.
From Table 1, the simulated oscillation frequency is
about 200 MHz higher than the measured frequency. It
is thought that the difference between simulation and
measurement lies in the use of the base-emitter con-
nected transistor model during simulation; this model
may not be accurate enough. So, the oscillator was
designed using a frequency as high as 200 MHz, and
the desired oscillation frequency was achieved in line
with the predicted frequency margin. The output power
and phase noise characteristics are constant within the
frequency tuning range as a depicted in Fig. 8 and Fig.
9. Frequency tuning was obtained using Vg without the need

Fig. 5. The tripler differential VCO with passive balun.
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Table 1. A comparison of simulation and measurement

results from the differential VCO core.

It Unit Simulation | Measurement
ems Results Results
Oscillation Frequency | GHz 3.8 3.583
Output Power dBm 6 3.23~3.65
Tuning Range
0~3.5 V) MHz 180 143
Supply Voltage A% 3 2.9
Current Consumption mA 35 30
ase dBc/Hz
Noise 1 MHz i —118.85
offset ’
Frequency Drift as
Supply Voltage MHz ) 33
Chip Size um’ 995x850 995%850
& Mkrl 3.62 GGHz
Ref 18 dBm Ntten 28 dB -26.92 dB
arm Y i I
Log ]
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Fig. 6. Second harmonic suppression of the differential

VCO core.
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Fig. 7. Frequency spectrum measurement of the differen-
tial VCO core.
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Fig. 8. Variation of output frequency and output power
with VCO control voltage.

for any additional circuit (Fig. 1). The usable frequency range
is from 3.53 GHz to 3.57 GHz.

The tripler was measured using an input balun (3.58
GHz) and output balun (10.75 GHz). A signal generator
was connected to the input port and the tripler output
characteristic was measured with an ideal input signal.
Fig. 10 shows output power versus input power cha-
racteristics, with a third order harmonic output power of
over —13 dBm at an input power of 5 dBm. Therefore,
the output power is fixed at about —10 dBm, since the
power loss in the balun is considered. Furthermore, the
output power specification of the differential oscillator
(which drives the double balanced mixer) is satisfied.
Also the output power as a function of input frequency
variation (2.5~3.9 GHz) is shown in Fig. 11. From this
Figure, the optimum input power level is 5 to 7 dBm
with an excellent second harmonic rejection figure of
over 23 dBc.

The tripler chip size is 470x850 ﬂmz and has an
output frequency of 10.75 GHz. It is smaller than any
other tripler ever reported in the literature and it has the
lowest application frequency. Therefore, this tripler can
be implemented within the differential VCO to form a
tripler differential VCO; this can be used as a compo-
nent in a phase locked loop(PLL). These comparisons
are shown in Table 2.

A microphotograph of the on-chip tripler differential

Table 2. A comparison of chip size with frequency
obtained from the literature.

No. Reyicftlon Frequency | Chip Szize Reference
2 ey | (GHD) (umd)
1 Unknown 48 1490x1300 [5]
2 18 38 1500x2000 [6]
3 11~40 25.5~31.5 | 1150%2500 [7]
4 25 10.75 470%850 This work
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Fig. 9. Phase noise as a function of VCO control voltage.
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Fig. 11. Output power of the tripler as a function of in-
put frequency at input power of 5 dBm.

VCO is shown in Fig. 12. The output power and the
phase noise characteristics of the tripler differential VCO
are shown in Fig. 13. When the spectrum analyzer is set
at the center frequency of 10.75 GHz, with a span of 5
MHz and an RBW of 47 kHz, an output power of —13
dBm is observed at 10.75 GHz.

Also, the phase noise is —89.35 dBc/Hz at an offset
frequency of 100 kHz and -~ 108 dBc¢/Hz at offset
frequency of 1 MHz. A comparison of the phase noise
of the tripler differential VCO and a differential VCO
core is shown in Table 3. The difference in phase noise
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Fig. 12. A microphotograph of the on-chip tripler diffe-
rential VCO(chip size: 1,400x850 s m?).
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Fig. 13. Output power and phase noise characteristics of
the tripler differential VCO.

Table 3. A comparison of the phase noise from the di-
fferential VCO core and the harmonic differen-

tial VCO.
Phase Noise
Offset
Frequency Differential Tripler
VCO Core Differential VCO
100 kHz —96.7 dBc/Hz —89.35 dBc/Hz
1 MHz —118.85 dBc/Hz —108.45 dBc/Hz

between the two is. 10.4 dB, which is similar to the
calculated value of 9.4 dB.

IV. Conclusion

A tripler differential VCO operating in the Ku-band
was implemented by multiplying the fundamental os-
cillation frequency from an S-band VCO. For the good
phase noise, it consists of a differential VCO core with
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low phase noise characteristic and two triplers, which
are the smallest compared with any other conventional
triplers. Also the linearity of triplers is improved by the
miniaturized open stub. As a result, the performance of
a fabricated tripler differential VCO using the suggested
techniques, the two triplers with an open stub to
improve the linearity is desirable for Ku-band appli-
cation.
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