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Abstract—Frequency translation circuits are key elements in
communication systems. This paper presents a frequency tripler
for 38-GHz short-range communication systems, designed using
a pseudomorphic high electron-mobility field-effect transistor
(pHEMT) technology. The successful first iteration monolithic
microwave integrated circuit achieved a state-of-the-art output
power of 3.1 dBm and a minimum conversion loss of 3.4 dB. The
multiplier exhibits a conversion efficiency of 11% and average
phase noise degradation at 10 and 100 kHz offset frequency
from carrier of 9 1 dB. Through a comprehensive study of the
frequency multiplier, we demonstrate the optimum performance
achieved under a class B mode of operation. To our knowledge,
this is the first reported Ka-band single-stage frequency tripler
based on pHEMT technology that has been fully characterized for
phase noise degradation.

Index Terms—Millimeter-wave frequency conversion, mono-
lithic microwave integrated circuit (MMIC) frequency converters.

I. INTRODUCTION

POINT-TO-POINT millimeter-wave digital radio com-
munications are rapidly developing due to consumer

application emergence, offering unprecedented opportunities
to the microwave industry. These communication systems
require stable, compact, local oscillator sources to translate
base-band signals to microwave frequencies. The modulation
schemes used in digital microwave radios, for achieving high
data-transmission rates up to 155 Mbytes/s, must balance
the effects of phase noise from local oscillators to meet the
specifications in terms of bit error rates (BERs) [1], [2]. Phase
noise specifications for millimeter-wave radios for the most
common modulation schemes are listed in Table I [5].

Frequency multipliers are used extensively for transmitters
and receiving chains in modern systems [10]. The active
multipliers have the advantage over the diode-based type for
lower conversion loss or even, in some cases, conversion gain
and monolithic microwave integrated circuit (MMIC) process
compatibility [6]. The signal generation in the millimeter-wave
bands can be realized either directly by an oscillator [4] or by
multiplication from a lower frequency. The second approach
increases the flexibility of the system design, allowing the
use of a technology with superior noise performance for
realizing high-quality oscillators at lower frequencies in
combination with a high-electron mobility transistor (HEMT)
technology for the multiplier. Active multipliers have generally
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TABLE I
PHASE NOISE SPECIFICATIONS FORDIGITAL RADIOS

Fig. 1. Normalized harmonic current as function of conduction angle.

been configured as frequency doublers [10], although many
system configurations operating in the millimeter-wave range
may require frequency triplers. However, the development
of such circuits is still a challenge. To our knowledge, very
few single-stage millimeter-wave field-effect transistor (FET)
triplers have been reported so far [3], [5], [6], [8], but none
of them has been characterized in terms of phase noise
degradation or conversion efficiency. In the literature, there
is apparently little substantive in-depth coverage of this topic
with supporting modeled and measured data for either bipolar
junction transistor or FET family realization.

A comprehensive study of a single-stage frequency tripler
based on GaAs pHEMT technology, for 38-GHz short-range
communication applications, is presented. Special emphasis
is placed on exploring the different means of third harmonic
generation in Section II while yielding explanations for the
importance of harmonic terminations, drain voltage distortion,
and comparing the state-of-the-art frequency tripler perfor-
mance achievements. In Section III, a specific computer-aided
design (CAD) oriented design method, based on the “substitute
generator technique,” is used to demonstrate the optimum
frequency tripler performance achieved under a class B mode
of operation.

In Section IV, we describe the experimental characterization
performed to find the optimum operating conditions of the
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Fig. 2. (a) Simulated I–V curves of ED02AH pHEMT transistor, nonlinear elements, (b) the output conductanceG , and (c) the transconductanceG as a
function ofV andV .

tripler, which validated the design methodology. To address
the spectral purity issue related to the frequency multiplier,
an experimental investigation of phase noise degradation due
to the active frequency tripler is also described. The MMIC
chip, which was developed and fabricated using the ED02AH
pHEMT from Philips-PML technology, achieved the optimum
operating conditions of 3.1-dBm output power level at 38.64
GHz, 3.4 dB conversion loss with 11% conversion efficiency,
and a very low phase noise degradation at 10 and 100 kHz
offset frequency of 9 1 dB. To the authors’ knowledge, these
are the best achieved performances for a frequency tripler
designed for 38-GHz applications.

II. HARMONIC GENERATION FORFET TRIPLERS

The standard procedure to design a frequency multiplier is to
determine the appropriate biasing and the best conduction angle
for the active device to generate at the output a signal waveform
rich with the desired harmonic. The first approximation is found
by calculating the derivative of the specific harmonic current in
respect to the conduction angle assuming a constant transcon-
ductance. Applying a sinusoidal gate voltage, the drain current
is composed of a train of cosine-wave tips that can be expressed
by the Fourier series [7] as

(1)

where for

(2)

for

(3)

if

(4)

is the peak drain current, and the ratio of the conduction
time over the period of the input signal defines the conduction
angle . Fig. 1 shows a plot of the normalized har-
monic currents as a function of the conduction angle
when to . From this figure, one way to generate
current waveform rich in third harmonic is by biasing the device
in class C with an optimum conduction angle of 80. The max-
imum normalized third harmonic current is 0.185 in this case.
However, this mode of operation is not adequate, because it re-
quires a high breakdown-voltage device.

The second approach consists of biasing the device in class
A and overdriving it until there is a clipping due to pinchoff on
the negative swing and due to gate conduction on the positive
swing. In this case, the drain current waveform tends to be a
square waveform, for which only odd harmonics exist. A theo-
retical analysis of this mode of operation has been presented by
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Fig. 3. Response simulations to various classes of operation: (a) output power, (b) conversion gain, and (c) conversion efficiency.

Fudem [6]. It is stated that for a full drive, with a knee voltage
set to zero, the power at the third harmonic is 4.8 dB below that
of the fundamental. The output efficiency, defined as the ratio
of the output power at the third harmonic over the dissipated dc
power, is 16.7%. For the overdriven class A mode of operation,
a high gate resistor is usually needed to limit the gate dc con-
duction and assure a reliable operation [5]. As can be seen in the
design of the active balanced tripler in [6], the achieved results
for the 15/45-GHz tripler were 12.5 dBm output power and 11
dB conversion loss. The suppression of the fundamental and the
second harmonic were 40 and 20 dB, respectively.

For efficient operation of the previous biasing schemes, short
circuits are required across the transistor’s output at all frequen-
cies except for the third harmonic. A third option to get a high
third harmonic is based on the generation of distorted drain
voltage waveform. It is obtained by biasing the device in class A
and presenting short circuits at the even harmonics and open cir-
cuits at the odd harmonics, except for the output third harmonic,
which is matched for maximum output power. The voltage dis-
tortion approach provides higher odd harmonic current, com-
pared to the previous approaches, as described by Camargo [5].
Published results over the fundamental frequency band 8.5–10.5
GHz tripler using the latter technique achieved 10 dB of conver-
sion loss for 10-dBm input drive [11].

The remaining biasing schemes class AB and B, which are
defined when the device is biased near or at the pinchoff gate
voltage a priori, seem not to be appropriate for third har-
monic generation. Based on Fig. 1, when the angle of conduc-
tion is equal to 180, there’s no third harmonic component. Also,
it has been stated in some previous studies that class B FET
multipliers have poor conversion gain and good dc to radio-fre-
quency (RF) efficiency [9], compared to class A FET multi-
pliers, which provide better conversion gain but poor dc to RF
efficiency. In spite of these arguments, two recent studies have
been published on tripler design based on a class B bias scheme.
Zhang [8] proposed to add a fundamental rejection feedback on
the output to adjust independently the load of the fundamental
frequency and the third harmonic; therefore, the conversion gain
can be improved. They demonstrated a 11.5/34.5-GHz HEMT
tripler that achieved 7 dB of conversion loss for 0 dBm input
drive. The second study, by Thibaud [3], designed a 13/39-GHz
pHEMT tripler using a single-ended topology and followed by
an output buffer amplifier. The achieved results were 3 dB of
conversion loss for an input drive of 16 dBm, with the funda-
mental and the second harmonic suppression of 37 and 21 dB,
respectively. Unfortunately, the authors of these two studies did
not give enough explanation on how the third harmonic gener-
ation had been enhanced for the class B mode of operation, nor
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Fig. 4. Simulated time-domain signal waveforms: (a) device dynamic load-line with dc curves, (b) device drain current waveform, and (c) input/output device
voltage waveforms.

did they describe the different characteristics of their tripler in
terms of conversion efficiency and phase noise degradation.

III. CIRCUIT DESIGN

The frequency tripler is based upon a common source, single-
ended topology. The active device is a 615 m GaAs pHEMT
with a gate length of 0.2m and an of 62 GHz from Philips
Microwave Limeil foundry. It is known that the elements that
contribute to the nonlinear behavior are the drain-source cur-
rent , gate-source capacitance , gate-drain capacitance

, and diodes and , which describe the forward con-
duction of gate-source and gate-drain junctions, but the domi-
nant nonlinear sources causing frequency multiplication are the
transconductance , and the output conductance (Fig. 2).

The first set of simulation was done to investigate the perfor-
mance of the frequency tripler under three classes of operation
A, B, and C. For class A, was set to 50% . For class B,

was set to , pinchoff voltage, and for class C, was
set to a value below such as the conduction angle meets the
optimum defined in the previous paragraph. The following anal-
ysis provides motivation for development of an optimal design
approach. To assess performance under various bias conditions,
we used the same terminating impedance for the multiplier at
the fundamental and the harmonic frequencies. For the input,
we have set a short-circuit at the second and third harmonic

Fig. 5. Single-ended frequency tripler schematic.

and matched the fundamental. On the output side, we have op-
timized the termination at the fundamental, set a short-circuit
at the second harmonic, and matched the third for maximum
power transfer. The results of these simulations are reported in
Fig. 3. We can see from these curves that class A FET tripler pro-
vides better conversion gain [Fig. 3(b)] and higher output power
than class B [Fig. 3(a)] only for low input-power levels. When
input power increases, there is a cross-point above which class
B starts to show a better conversion gain and a higher output
power. Moreover, a better conversion efficiency is achieved for
the same levels of input power [Fig. 3(c)]. The conversion effi-
ciency is defined as the ratio of output power at the third har-
monic over the sum of the dissipated dc power and the RF input
power injected at the fundamental frequency.
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Fig. 6. Photograph of the MMIC layout.

The second step of the design consists of optimizing the
waveforms and the harmonic terminations. The bias point
is set now near the pinchoff region [Fig. 4(a)]. In order to
generate high odd harmonics, we used a new technique that
controls simultaneously all the harmonic terminations through
a specific CAD-oriented design method of frequency mul-
tipliers, based on the “substitute generator technique” [3],
[12]. Its fundamental principle is to force voltages at both
ports of the transistor with independent generators at specific
frequency harmonics. This approach has been implemented in
the nonlinear harmonic-balance software, HP-EESOF MDS, to
visualize and to control the current/voltage waveforms at both
ports of the device under test and the associated load lines.

The determination of the optimum operating conditions, in
order to get a maximum output power and low conversion loss
over a given frequency bandwidth, has been achieved through
some swept harmonic-balance analysis. The multiplier’s dy-
namic load line has been optimized within the limits imposed by
the breakdown voltage and the conduction input diode
(Fig. 4(c)). The adequate terminations for odd harmonic genera-
tion have been emphasized through the drain voltage distortion
[Fig. 4(c)]. When a large input power is applied to swing the
gate from pinchoff to zero gate voltage, the drain current wave-
form, shown in Fig. 4(b), presents a high peak of 75% for a
brief period of the microwave signal. The signal trajectory ob-
served in Fig. 4(a) corresponds to an optimized class B device’s
dynamic load line.

Looking to the time-domain waveforms and , as
well as to the dynamic load line, and by comparing these curves
to the plots of [Fig. 2(c)] and [Fig. 2(b)], we can see that
during the drain voltage and gate voltage swing,from 2.3 to
3.8 V and from 1.7 to 0.2 V, is fairly constant while

varies within a large proportion. One can conclude that the
dominant nonlinear source in the frequency multiplication, in
the case of a tripler, is the transconductance.

(a)

(b)

Fig. 7. Measured as a function of output frequency at fixed input power of 6.5
dBm: (a) Conversion gain and harmonic suppression, (b) Conversion efficiency.

After finding the optimum source and load impedance at the
fundamental and harmonic frequencies, a linear optimization
was used to synthesize the input/output circuits. The tripler in-
cludes a double open stub at the output of the transistor for fun-
damental and second harmonic suppression. Additionally, the
output of the device is optimally matched. The input networks
have been designed to achieve the best compromise between
conjugate matching at the fundamental frequency and termi-
nating optimum reactive impedance for the second and third har-
monic (Fig. 5).

All fabrication was carried out by Philips Microwave Limeil,
France, on 100-µm substrates. Fig. 6 shows the chip photograph
of the frequency tripler, which has an area of 1.52 mm .

IV. M EASUREDMMIC PERFORMANCE

The circuit has been tested on-wafer using a measurement
setup based on an HP83623B synthesizer and an HP8565E
spectrum analyzer. For the phase noise characterization, the
signal from the output of the tripler has been down-converted
using a 4–40 GHz double balanced mixer and measured with
an HP89441 vector spectrum analyzer [2].

To determine the optimum operating conditions, full charac-
terization of the tripler has been performed versus frequency,
input power level, and gate bias. The first experimental test
shows in Fig. 7 the characteristics of the tripler versus frequency.
The measurements were performed at a gate voltage of0.7 V,
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(a)

(b)

Fig. 8. Measured as a function of input power at fixed output frequency
of 38.64 GHz: (a) conversion gain and harmonic suppression (b) conversion
efficiency.

a drain voltage of 3 V, and fixed input power of 6.5 dBm. The
frequency tripler demonstrates a maximum output power of 3.1
dBm at 38.64 GHz, which relates to a conversion loss of 3.4 dB.
The suppression of the second harmonic and the fundamental is
23 and 38 dB, respectively. The circuit achieves a 3-dB band-
width of 1.4%, which is considerably high for a single-ended
configuration. Fig. 7(a) shows also that the conversion loss is
lower than 10 dB from 38 to 39 GHz. The maximum measured
conversion efficiency is about 10% at 38.64 GHz [Fig. 7(b)].

The second experimental test shows on Fig. 8, the character-
istics of the tripler versus input power. The measurements were
performed at the same bias point as before and fixed third har-
monic frequency of 38.64 GHz. The minimum measured con-
version loss is 3.4 dB for 6.5 dBm input signal power. The circuit
achieves rejections of 23 and 38 dB for the second harmonic and
the fundamental, respectively (Fig. 8(a)). The maximum mea-
sured conversion efficiency is about 11% at 38.64 GHz for an
input power level of 6.5 dBm (Fig. 8(b)). The latter defines the
optimum operating condition of the frequency tripler. When the
input power increases, the tripler achieves a saturated output
power of 4.7 dBm with a conversion loss of 5.8 dB, while the
conversion efficiency drops to 7%. Under these conditions, the
tripler operates in an over-driven class B mode.

The third experimental test shows in Fig. 9 the characteristics
of the tripler versus gate voltage. The measurements were per-
formed at fixed input power of 6.5 dBm and 38.64 GHz output

(a)

(b)

Fig. 9. Measured as a function of gate voltage at fixed input power of 6.5 dBm:
(a) conversion gain and harmonic suppression (b) conversion efficiency.

frequency. By varying the gate bias, the frequency tripler op-
erated under different classes. From these curves, it is shown
that an optimum of 27 dB for second harmonic suppression is
reached at V, for which the tripler achieved 3.8
dBm output power and 2.7 dB conversion loss [Fig. 9(a)]. The
maximum conversion efficiency of 11% is only reached at the
pinchoff voltage V [Fig. 9(b)].

To draw the conclusions on the optimum operation mode of
the frequency tripler, we have set a criterion for the comparison
based on the dc power consumption. In Fig. 10, we compare the
results of the three experimental tests performed as a function
of frequency, input power, and gate bias versus the dissipated
dc power. The optimum operating condition of the frequency
tripler is then found at mW, for which the max-
imum conversion efficiency of 11% is reached [Fig. 10(e)]. This
corresponds to an input power of 6.5 dBm and a gate bias close
to the pinchoff. Finally, the experimental characterization, per-
formed to find the optimum operating conditions of the tripler,
validated the design methodology. We demonstrated for the first
time that an active FET multiplier that uses a class B operation
has resulted in good tripler operation in the millimeter wave.

Most of the published papers on active frequency multipliers
have not treated the subject of phase noise degradation. Since
phase noise is an important characteristic for frequency genera-
tion systems, especially when the specifications start to get very
tight, we wanted to address this important topic here. Fig. 11
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Fig. 10. Comparison of the three tests as a function of the dissipated dc power: (a) output power, (b) conversion gain, (c) second harmonic suppression, (d)
fundamental suppression, and (e) conversion efficiency.

shows the measured phase noise degradation caused by the fre-
quency tripler at 10- and 100-kHz frequency offsets from the
carrier. The phase noise degradation given by 20 , where

is the multiplication order, is known to be the minimum
degradation in an ideal frequency multiplier [5]. The reason
for this characteristic is that a frequency multiplier is, in fact,
a phase multiplier, so it multiplies the phase deviations as well
as the frequency of the input signal. In the case of a frequency
tripler, the theoretical value is 9.5 dB. The measured values are
within 9 1 dB. However, the degradation at10-kHz offset fre-
quency increases when the input power is higher than 9.5 dBm,
while the degradation at 100-kHz offset frequency seems not
to be affected. The latter phenomenon has been studied by run-

ning different simulations for different levels of the transistor’s
1 noise. We found that the impact of the transistor’s base-
band noise on phase-noise degradation, due to the up-conversion
process, has a stronger effect on an overdriven class B tripler.

V. CONCLUSION

An extensive treatment of a single-stage pHEMT frequency
tripler has been described, focusing on the pinchoff device char-
acteristic and drain voltage distortion as the primary multiplying
mechanism. The class B mode of operation is believed to be
preferable to other alternatives when it comes to achieving good
conversion efficiency. Besides offering a comprehensive set of
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Fig. 11. Measured phase noise degradation as a function of input power at
fixed output frequency of 38.64 GHz.

simulation results relative to a variety of different modes of op-
eration, the study has above all demonstrated the important role
that class of operation, voltage/current waveform optimization,
and harmonic terminations together play in the performance of a
frequency tripler. An active FET multiplier designed to function
in class B has resulted in good tripler operation in the millimeter
wave. The MMIC chip was developed and fabricated using the
ED02AH pHEMT from Philips-PML technology. The circuit
achieved the optimum operating conditions of 3.1 dBm output
power level at 38.64 GHz, 3.4 dB conversion loss with 11% con-
version efficiency, and a very low phase noise degradation of 9

1 dB.
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