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Abstract— This paper proposes a variable-modulus injection-
locked frequency multiplier for better harmonic suppression. It
is more suitable for fully-integrated implementation using low-Q
on-chip inductors in digital CMOS than conventional approaches.
A prototype dual-modulus frequency doubler/tripler with 1.6GHz
input and 3.2GHz/4.8GHz output is implemented in a 0.18 � m
standard digital CMOS. At 5% locking range, the doubler mode
achieves fundamental suppression of 42dB with 2.2mW power
consumption from 1V supply; while the tripler mode achieves
40dB suppression at the fundamental and 32dB at the second
harmonic, with 3.7mW power consumption from 1V supply. Good
phase noise performance is achieved for both doubler and tripler
modes.

I. INTRODUCTION

Frequency multiplication is an important function in fre-
quency synthesis, clock distribution, and a wide range of
RF and microwave applications. The combination of a VCO
with a frequency multiplier can enable the VCO to work at
lower frequency [1]–[3], which can be designed with better
spectral purity. This arrangement can also avoid a VCO pulling
problem and allow a lower frequency synthesizer division
radio. In a clock distribution system [4], using a frequency
multiplier as the local clock generator can enable the global
clock to run at a lower speed, which can both lower the
power consumption and reduce the design difficulty of the
distribution network. Variable-modulus frequency multiplier
can be a low-cost solution for a multi-band system to switch
the frequency between different bands. For example, the
2.3GHz and 3.5GHz bands of WiMAX are roughly around
the twice and three times of the fundamental frequency of
1.15GHz, making it possible to generate the frequency of
the two bands by a VCO of 1.15GHz and a dual-modulus
frequency doubler/tripler.

In frequency multiplier design, the main performance met-
rics are phase noise, output power, undesired harmonics sup-
pression, and power consumption. Phase noise is of great
concern as it directly influences the timing accuracy. An ideal
frequency multiplier will introduce no additional phase noise
and the output will only show a phase noise degradation of�������
	�����

compared with the input because of the frequency
multiplication, where


is the multiplication ratio. For a

practical frequency multiplier, the design goal is to minimize
the additional phase noise introduced by the multiplier itself.
Output power is also important, as the frequency multiplier
needs to drive its load at a certain power level. Undesired har-
monics at the output of the frequency multiplier will generate
interference in other bands through mixing and modulation,

and thus need to be suppressed as well. Power consumption
directly relates to the battery life of a battery-powered device
and needs to be minimized.

A common implementation of frequency multiplier is to
generate harmonics of an input signal using a nonlinear
device, and then choose the desired harmonic component by
a filter network. The nonlinear device can be a diode or a
transistor biased at a small conduction angle [5]–[8], and the
filter network is usually built by passive LC circuits. Such a
harmonic generation and filtering approach is effective if the
filter network has a large quality factor, which is available
for high-resistivity-substrate processes like GaAs and SiGe.
However, as cost becomes the main driver for a system
on-a-chip (SoC) solution for wireless systems, RF circuits
are migrating to digital CMOS technologies for single-chip
radio solutions. This creates a challenge for the conventional
frequency multiplier design as a high-Q filter is very difficult to
construct using the lossy on-chip inductors in a digital CMOS
process. Therefore, integrated CMOS frequency multipliers
usually have poor harmonics suppression [7].

II. INJECTION-LOCKED FREQUENCY MULTIPLIER

In this paper, we propose an injection-locked frequency mul-
tiplier (ILFM), which integrates an injection-locked oscillator
(ILO) [9] with a harmonic generator to perform the frequency
selection, instead of solely relying on the output filter as in
the conventional frequency multiplier. The ILO has a natural
oscillation frequency at or near the desired output frequency,
and is locked by the desired harmonic frequency generated by
the harmonic generator.

There are several benefits of the new topology over the
conventional approach. The first one is better harmonic sup-
pression in a lossy process. Because an ILO can be locked
by a very small input signal, the harmonic generator in this
topology can run at a relatively low power level. This means
that, there are only insignificant undesired harmonics at the
harmonic generator output, which will be largely suppressed
by the ILO. No further filtering is necessary since the harmon-
ics suppression is already satisfied at the multiplier output. In
other words, the ILO acts as a high-gain and high-Q active
band-pass filter. Since an ILO can be built with low-Q passive
devices, the proposed topology can provide large harmonics
suppression in a digital CMOS technology.

The second benefit of the new topology is that it decouples
the output power of the frequency multiplier from that of
the harmonic generator. These two are directly correlated
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Fig. 1. Schematic of the dual-modulus injection-locked frequency multiplier.

in the conventional design. In order to increase the output
power level, the conventional design would have to drive the
harmonic generator with larger power, but this also increases
the power of the undesired harmonics. In the new topology,
the output power is determined by the bias of the ILO, and
hence can be tuned independently from the power level of the
harmonic generator.

Another benefit of the new ILFM topology is that it can
be easily implemented for variable multiplication ratios. For
example, if the ILO natural frequency is designed twice as the
input, the multiplier works as a doubler; if it is three times as
the input, it works as a tripler. Dual-modulus operation can be
achieved by switching the ILO natural oscillation frequency
between these two frequencies.

III. CIRCUIT IMPLEMENTATION

A dual-modulus ILFM prototype is designed and fabricated
to verify the benefits of the new technique. The schematic
of the prototype dual-modulus ILFM is shown in Fig. 1.
It is designed with input frequency of 1.6GHz and output
frequencies of 3.2GHz and 4.8GHz at doubler mode and tripler
mode, respectively.

The harmonic generator is a transistor in common source
configuration with its gate tied to the ground by a large resistor���

. Such a design makes the transistor always operate in class-
C region at different input levels. The ILO is in a transformer-
direct-injection topology [10]. A switched capacitor array ��� �
is used in the tank to switch its natural oscillation frequency
between 3.2GHz and 4.8GHz. The transformer-direct-injection
topology injects the input signal differentially to the ILO
tank and is effective for locking to odd harmonics, including
fundamental, of its natural oscillation frequency. In an ILFM,
the ILO natural oscillation frequency is designed at the desired
harmonics of the input frequency, which is generated by the
harmonic generator. Since the input of this ILO topology is
inductive, a capacitor ��� � is added in parallel to form a res-
onant filter, which adds another stage of frequency selection.
Another switched capacitor ����� is added in parallel to switch
the resonant frequency between 3.2GHz and 4.8GHz. An open
drain differential buffer is used to facilitate measurements in
a 50-ohm measurement system.

The circuit prototype was fabricated in a 0.18 � m standard

Fig. 2. Die photo of the dual-modulus frequency multiplier. Osc is the
oscillator core, ��� is the transformer and � � is the harmonic generator.

digital CMOS process with low resistivity substrate. Trans-
former and symmetric inductor are both implemented with the
0.35 � m-thick top metal layer. Transformer has a k factor of
0.77 at both 3.2 GHz and 4.8GHz. The symmetric inductor has
an inductance value of 4nH and quality factors of 2.9 and 3.9
at 3.2GHz and 4.8GHz, respectively. Die photo of the circuit
prototype is shown in Fig. 2, with the effective circuit size
without pads 0.4 by 0.1 !"! . The whole test chip with pads
has a size of 0.8 by 0.6 !"! .

IV. MEASUREMENT RESULTS AND DISCUSSIONS

The dual-modulus injection-locked frequency multiplier is
measured on a probe station. The input signal is from a
continuous-wave signal generator. The differential output from
the open drain buffer is measured by an SGS probe and
only one branch is measured in single-ended fashion. Locking
ranges, which determine the output frequency ranges, and
harmonic suppressions of both doubler and tripler modes are
measured at different input amplitudes. Input amplitude is
calculated based on the power reading of the signal generator
and # �$� of the injection port, with cable and connector losses
calibrated.

As shown in Fig. 3, locking ranges increase with input
amplitude and as large as 35.0% and 13.5% are achieved
for doubler and tripler mode, respectively, both at 1V input.
Harmonic suppressions, on the other hand, decrease with
increasing input amplitude as in Fig. 4. For the minimum input
level, the doubler mode shows a fundamental suppression of
49dB, and the tripler mode shows a fundamental and second
harmonic suppression of 62dB and 54dB respectively. In order
to compensate for PVT (process voltage and temperature)
variations, a 5% locking range is usually required. In order
to achieve 5% locking range, for doubler mode, the input
level is 0.48V and the fundamental suppression is 42dB; for
tripler mode, the input level is 0.64V and the fundamental and
second harmonic suppression is 40dB and 32dB (Fig. 5). The
power consumption and locking range trade-offs are shown in
Fig. 6. A larger input level will have a larger locking range, but
with more power consumption. At 0.48V input and in doubler
mode, the core circuit without buffer burns 2.2mW dc power,
and at 0.64V input, in tripler, it burns 3.7mW.



Fig. 3. Locking ranges of doubler and tripler modes vs. input levels, which
determine the output frequency ranges of the frequency multiplier.

Fig. 4. Harmonic suppressions of doubler and tripler modes vs. input levels.

Phase noise of both doubler and tripler mode are shown in
Fig. 7 with comparison with their free running cases and the
measured input from the signal generator. As the phase noise
of the signal generator is much lower than the noise floor of the
spectrum analyzer, the measured input phase noise and output
phase noise already hit the noise floor. Thus, we cannot see
the theoretical 6dB and 9.5dB phase noise degradation from
input to output for doubler and tripler, respectively. On the
other hand, compared with free-running phase noises, as large
as 60dB phase noise suppression at offset frequency of 10KHz
can be observed

Due to the difficulty of capturing the dynamics of modulus
change in measurement, we simulate the multiplication mod-
ulus change in ADS with the control ramp time of 5ns. The
simulated dynamics is shown in Fig. 9. The nanosecond transit
time shows that an ILFM can be used in applications where
fast modulus switching is critical, like in clocking.

Fig. 8 compares the performance of the ILFM with some
recent published results of frequency multipliers. It can be
seen that the proposed ILFM achieves superior suppressions
of the undesired harmonics even when compared with devices
fabricated in advanced technologies like SOI CMOS, SiGe,
InGaAs, InGaP and GaAs. Additionally, because of usage of
low-Q inductors, which tend to occupy less area than high-Q
inductors, the circuit area of the ILFM is smaller compared

Fig. 5. Output spectra of doubler (a) and tripler mode (b) showing the
harmonic suppressions at 5% locking range input levels.

Fig. 6. Power and locking range trade-offs for doubler and tripler modes.
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Fig. 7. Output phase noises of doubler and tripler with comparison to free
running conditions.



Fig. 8. Performance comparison with other reported works. *1, the data are from input level of 0. 48V, where 5% locking range is achieved for the doubler;
*2, the data are from input level of 0.64V, where 5% locking range is achieved for the tripler.
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Fig. 9. Simulated transient of modulus change from tripler to doubler for
the dual-modulus ILFM, which shows a dynamics time in ns range. Limiting
amplifier is added at output to balance the amplitudes for the two modes.

with other works.

V. CONCLUSION

A new injection-locked frequency multiplier topology is
proposed. By integrating a transformer-direct-injection ILO
with a harmonic generator, this new topology can achieve
high suppression of undesired harmonic components using
low Q passive devices in standard digital CMOS process.
With switched-capacitor modulus control, the new frequency
multiplier topology can be easily designed reconfigurable and
work in a dual-modulus fashion. A circuit prototype of dual-
modulus frequency doubler and tripler was designed and
fabricated in a 0.18um digital CMOS process. Measurement
results verified the high undesired-harmonic suppression of the
new multiplier topology and good phase noise performance.
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