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two-tone input at 1.79 and 1.81 GHz. The conventional FFAMP pro-
vides a 16-dB cancellation on the third-order intermodulation (IM3)
distortions compared to the main amplifier without linearization. A
similar degree of cancellation is observed for other in-band distortion
products. When the phase equalizers were used, a further improvement
of 4 dB on IM3 cancellation is achieved. Fig. 8 shows the IM3 cancella-
tion over the frequency band of interest obtained from several two-tone
measurements. The proposed FFAMP attains better characteristic over
the whole bandwidth with a maximum of 6-dB cancellation improve-
ment compared to the conventional design.

V. CONCLUSIONS

A new topology of FFAMP with improved wide-band performance
has been presented in this paper. Phase equalizers were designed to ap-
proximate the nonlinear dependence of phase on frequency of the main
and error amplifiers, reducing the nonlinear phase imbalances within
the cancellation loops. A 1.7–1.9-GHz FFAMP incorporating the phase
equalizers was designed, fabricated, and tested. The proposed FFAMP
achieved an improved cancellation characteristic over the whole band-
width, with a maximum of 6-dB IM3 distortion improvement, com-
pared to the conventional design. This demonstrates the wide-band dis-
tortion characteristic of FFAMPs can be improved with the use of phase
equalizers.
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Design of a Low-Supply-Voltage High-Efficiency Class-E
Voltage-Controlled MMIC Oscillator at -Band

Frank Ellinger, Urs Lott, and Werner Bächtold

Abstract—In this paper, a monolithically integrated voltage-controlled
class-E tuned oscillator for -band has been designed and measured.
Large-signal optimization was performed using analytically calculated
starting values to reach high efficiencies at ultra-low supply voltages down
to 0.9 V. The range of the tuning voltage is from 0 to the supply voltage.
With a supply voltage of 1.8 V, an output power of 6.5 dBm, an efficiency
of 43%, and a tuning range of 150 MHz is achieved at a center frequency
of 4.4 GHz. With a supply voltage of only 0.9 V, the efficiency is 36%, with
an output power of 1.1 dBm, and a tuning range of 80 MHz at a frequency
of 3.6 GHz. Chip size is less than 1 mm.

Index Terms—MESFETs, MMICs, oscillators.

I. INTRODUCTION

For portable communications equipment, the power consumption
has to be minimized. In receivers especially, there is the trend to ever
lower supply voltages. The RF section of these receivers consists
mainly of low-noise amplifiers (LNAs), mixers, and oscillators. LNAs
operating atC-band have been previously reported using supply
voltages below 1.5 V [1]. A variety of passive mixers that require no
dc supplies have been reported. However, there are few references
available on oscillators using low supply voltages. Generally, the
efficiency (RF/dc power) of oscillators reduces with decreased supply
voltages, thus, most designs require relatively high supply voltages
[2]–[4]. Table I shows a summary of oscillators at microwave fre-
quencies with state-of-the-art efficiencies. The lowest supply voltage
was 2.0 V, as reported in [5]. An efficiency (�) of 61% atL-band
has been reached with a 0.25-�m high electron-mobility transistor
(HEMT) process. However, note that except for [3], none of the listed
high-efficiency oscillators has frequency tuning.

The purpose of this paper was the design of a highly efficient
class-EC-band voltage-controlled oscillator (VCO) with ultra-low
supply voltages from 1.8 to 0.9 V, which required minimum chip size.

Large-signal optimization was performed using starting values that
were analytically calculated by using simple equivalent circuits. A stan-
dard 0.6-�m E/D MESFET GaAs foundry process (Triquint TQTRx,
Hillsboro, OR) was used for the design.

II. A PPROXIMATE ANALYSIS

The major parts of the circuit are the class-E output, the feedback in
the source, and the resonator.

A. Class-E Output and Bias

Fig. 1 shows the equivalent class-E output network of the VCO.Re�

is the effective load resistance, which is the sum of the load resistance
and the resistive parasitics.Ve� is the effective dc voltage, which is de-
termined by the saturation voltage, the source voltage drop of the bias
network, and the resistive losses of the FET.Le� is the class-E induc-
tanceLx, including the output bondwireLbond(Le� = Lx +Lbond).
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TABLE I
MICROWAVE OSCILLATORS WITH STATE-OF-THE-ART EFFICIENCIES

Fig. 1. Equivalent class-E output circuit of the VCO including bias.

The required class-E dc current can be approximately calculated as fol-
lows [6]:

IDC �
2Ve�

g2Re�

(1)

whereg is 1.862 [6]. The class-E capacitanceCS can be estimated with
the following relation [6]:

CS �
2

g2!oscRe��
(2)

where!osc is the oscillation frequency. The required inductanceLx

can be calculated as follows (Le� see [6]):

Lx � Le� � Lbond �
1:153Re�

!osc
� Lbond: (3)

B. Feedback

To make the active FET unstable, we use capacitive feedback in the
source to present a negative resistance at the gate. Fig. 2 shows the
equivalent circuit of the FET, including the feedback capacitanceCf .
Cgs is the gate–source capacitance, andgm is the transconductance of
the FET. The input impedanceZi at the gate can be calculated using
the equivalent circuit of Fig. 3

Zi = �
gm

!2
oscCfCgs

� j
Cf + Cgs

CfCgs!osc
: (4)

The required feedback capacitance for a certain negative resistance
(RefZig) at the gate can be calculated using (4)

Cf � �
gm

!2
oscCgsRefZig

: (5)

Fig. 2. Equivalent circuit of the FET including the feedback capacitance.

Fig. 3. Circuit topology of the class-E tuned VCO,C is the gate–source
capacitance,C is the output capacitance of the FET.

Fig. 4. Diode characteristics of the 1000�m varactor, extracted from
S-parameter measurements.

Small values ofCf increase the negative feedback and ensure oscilla-
tion over a larger bandwidth, but decrease the efficiency. An optimum
tradeoff in the band of interest has to be found.

C. Resonator

To set the frequency of oscillation, we use anLC resonator, con-
sisting of an inductanceLr and a varactor with a capacitanceCvar. Ci

is the resulting reactive impedance (ImfZig) at the gate of the FET,
including the source feedback. The frequency of oscillation can be es-
timated with the following relation:

!osc �
1

Lr C�1var + C�1i

�1
(6)

with

Ci =
1

!oscImfZig
=

CgsCf

Cgs + Cf

: (7)
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TABLE II
COMPARISON OFIDEALIZED CALCULATIONS AND PSPICE OPTIMIZATION

(V = 1:2 V, f = 4 GHz), FOR CALCULATIONS THE FOLLOWING

VALUES WEREASSUMED: R � 60
; V � 0:8V; g � 40mS; C �

300 fF andC V � 1:5 pF

Fig. 5. Simulated waveforms (V ; I ) of the Class-E tuned VCO,V =

1:2 V, V = 0:6 V.

Fig. 6. Microphotograph of the MMIC chip (0.9� 0.9mm ) bonded in a test
package.

III. CIRCUIT DESIGN

The circuit topology of the VCO is shown in Fig. 3. To minimize
chip size, a relatively small dc-feed impedance (dc-feed inductance of
7 nH) and no additional filtering of the harmonics at the output is used.
The FET is operated in a self-biased single supply mode. To generate
a negative gate–source voltage for the required class-E bias point, the
source was dc connected to ground with a bias choke and a bias re-
sistorRbias. TheLC resonator at the gate consists of an inductorLr

with a quality factor (Q) of 20 at 4 GHz and a varactor diode. The
varactor diode was realized using a depletion FET with the drain and
source connected together. The oscillation frequency can be controlled
by the applied tuning voltageVvaractor. Since the gate is connected
to ground, the tuning voltage is positive. A varactor with a periphery
of 1000�m was used, which provides a good tradeoff between size,

Fig. 7. Oscillation center frequency and tuning range. Solid line: simulated,
dotted line: measured.

Fig. 8. Output-power and dc current versus supply voltage. Solid line:
simulated, dotted line: measured.

Fig. 9. Efficiency versus supply voltage. Solid line: simulated, dotted line:
measured.

Q, and the tuning range of the resonator. The diode characteristics of
this varactor were extracted fromS-parameter measurements and are
shown in Fig. 4. The output capacitance of the FET, which is deter-
mined through the gatewidth (wa) of the FET, was used as the class-E
capacitanceCs. A negative feedback (RefZig) of around�200
was
chosen to ensure oscillation over the whole band of interest.

The elements of the circuit were optimized with PSPICE using the
idealized calculations as starting values, which have been described in
Section II. The design goal was to reach maximum efficiency. A gra-
dient optimizer was well suited for this purpose. The FET was modeled
with a TOM 2 large-signal model [7]. Previous simulations showed
that it was very difficult to optimize the circuit without appropriate
starting values because there are many free parameters and local max-
imums. The validity of the equivalent circuits is limited, especially for
the class-E output circuitry. Resistive losses, the finite dc feed, the non-
ideal switching, the source feedback, and the weak filtering of the har-
monics limit the accuracy of the equivalent class-E output circuit. How-
ever, the equivalent circuits were well suited to finding starting values
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Fig. 10. Measured output-voltage waveformV = 1:2 V, V =

0:6 V.

Fig. 11. Phase noise versus frequency offsetV = 1:2 V, V =

0:6 V.

for the large-signal optimization. Table II shows a comparison between
the calculated and optimized values at 4 GHz with a supply voltage of
1.2 V and a tuning voltage of 0.6 V. The deviations between the calcu-
lated and optimized values are relatively small.

Fig. 5 shows the simulated class-E waveforms of the optimized cir-
cuit at a supply voltage of 1.2 V and a tunning voltage of 0.6 V.VS
is the effective drain–source voltage of the FET andIS is the current
through the FET.VS andIS show typical class-E operation.

IV. RESULTS

Fig. 6 shows a microphotograph of the class-E VCO monolithic mi-
crowave integrated circuit (MMIC), bonded into a test package. The
chip size is 0.9 mm� 0.9 mm.

Fig. 7 shows the simulated and measured oscillation frequency and
frequency tuning range versus the supply voltage. The tuning voltage
was varied from zero toVsupply. At a supply voltage of 1.8 V, the mea-
sured oscillation center frequency is 4.4 GHz. A frequency tuning range
of 150 MHz was measured. With an applied supply voltage of 0.9 V, the
measured oscillation center frequency was 3.6 GHz with a frequency
tuning range of 80 MHz.

Figs. 8 and 9 show the simulated and measured output power, dc cur-
rent, and efficiency versus the supply voltage. A calibrated HP-436A

power meter was used for the power measurements. The losses of the
test package were deembedded. An efficiency of up to 43% and an
output power of 6.5 dBm were measured with a supply voltage of 1.8
V. At a supply voltage of 0.9 V, an efficiency of up to 36% and an output
power of 1.1 dBm were measured. The efficiency of the VCO falls with
supply voltages above 1.8 V because the circuit was optimized for 1.2
V, and the class-E mismatch increases with increased supply voltage.

Fig. 10 shows the output-voltage waveform of the VCO at a supply
voltage of 1.2 V, measured with a Tektronix 11801 sampling oscillo-
scope. The harmonics were measured with an HP-8563E spectrum an-
alyzer. The suppression of the first and the second harmonic were�16
and�26 dBc, respectively, at a supply voltage of 1.2 V. This suppres-
sion is sufficient for most oscillator applications, thus no additional
filtering of harmonics at the output is needed. The phase noise was
measured with a HP-E5500 phase noise analyzer using the delay-line
method.

Fig. 11 shows the measured phase noise versus the frequency offset
for a supply voltage of 1.2 V and a varactor voltage of 0.6 V. The phase
noise is�132 dBc/Hz at a frequency offset of 5 MHz, which is suf-
ficient for most applications. We have to note that the oscillator was
optimized for low power supply and not for low phase noise.

V. CONCLUSION

This paper has demonstrated the design and results of a class-E VCO
MMIC operating with ultra-low supply voltages. Large-signal opti-
mization was performed using starting values, which were analytically
calculated by simple equivalent circuits.

It has been shown that even at supply voltages down to 0.9 V, high-
efficiency oscillators can be designed using a standard 0.6-�m GaAs
MESFET process. The proposed VCO contributes considerably to the
reduction of power consumption and battery size of receivers.
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