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Miniaturized Artificial-Transmission-Line Monolithic
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Abstract—Millimeter-wave signals are typically generated
by frequency multiplication in modern single-chip or multichip
module (MCM) systems. Consequently, the multiplication effi-
ciency, spurious rejection, and size of the frequency multiplier
ultimately limit the integration level and cost of these systems. This
paper points to the size reduction of millimeter-wave frequency
doublers by evaluating artificial transmission lines (ATL’s) as a
means to minimize the size of the low-impedance shunt stubs.
As a result, we developed a 40-GHz frequency doubler, which
used only 0.6-mm2 area on a monolithic microwave integrated
circuit. Despite the area minimization, the doubler exhibited
state-of-the-art conversion loss of 1 dB over 10% bandwidth and
rejected the fundamental frequency signal by more than 20 dB
over 25% bandwidth. Reported herein is the novel simulation of
the frequency doubler with active harmonic loads. Included in
this paper are theoretical evaluation and simulation of ATL’s with
models for lumped components and verification of the results
by electromagnetic simulation. Due to the high efficiency, low
area requirement, and over 20-dB rejection of the fundamental
signal, this miniaturized ATL frequency doubler can be used as
a building block in the generation of local-oscillator signals in
single-chip and MCM millimeter-wave systems.

Index Terms—Artificial transmission line, frequency doubler,
millimeter wave, MMIC.

I. INTRODUCTION

GENERATION of millimeter-wave signals is a central
problem in telecommunication applications. The signal

source should provide sufficient power to the mixer, minimize
the level of harmonic and nonharmonic spurious signals, and
operate efficiently and reliably. Phase-noise requirements in
modern digital telecommunication schemes are so strict that
they usually are only obtained with microwave oscillators
and frequency multiplication. A frequency multiplier is thus
needed for the generation of the millimeter-wave signal. A
significant advantage is achieved when the frequency multiplier
can be integrated on the same chip as the mixer. The local
oscillator (LO) interconnections then operate at less critical
lower frequency and, due to frequency separation, the amount
of LO leakage to the RF input is reduced. However, to achieve
this integration, the frequency multiplier needs to effectively
suppress the unwanted harmonics because on-chip bandpass
filters would increase circuit complexity and size. Additionally,
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it has to occupy a very small area and operate efficiently.
FET frequency multipliers have the advantage of low input
power and the possibility to achieve conversion gain, whereas
the main disadvantages are dc power consumption, potential
instability, and narrow operating bandwidth. Previous single
FET frequency multipliers were doublers, triplers, quadruplers,
or even quintuplers. A doubler is preferred for the generation
of a 40-GHz signal because spurious harmonics are effectively
filtered in frequency doubling, and microwave oscillators are
readily available at 20 GHz. The 40-GHz frequency band is
used for point-to-point radio links and point-to-multipoint
distribution systems, such as the microwave video distribution
system (MVDS).

The analysis and design of a frequency doubler is a de-
manding task. Harmonic balance is a steady-state method,
which is well suited for this purpose. However, potential insta-
bility of the doubler makes it difficult to optimize the efficiency
with algorithms developed for harmonic balance. To success-
fully optimize, the design problem has to be restricted. Thus,
simulations or measurements have to be performed to gain
understanding of the device behavior in frequency doubling.
In the past, a comprehensive study in [1] on the operation of a
GaAs FET in frequency-doubler application showed that high
conversion gain, up to oscillation, is obtained depending on
the linear feedback on the fundamental frequency. The results
of the study were achieved by varying reactive terminations
at the output and input at fundamental and second harmonic
frequency, respectively. On the other hand, the reactive ter-
minations may limit the problem too severely. A topology
independent optimization method utilized an added-power
maximizing function in [2]. The added power was a function of

and . The powers at the input and output were calculated
from the harmonic components of currents and voltages at the
gate and drain of the FET. Other studies optimized operating
conditions using analytical methods [3], [4]. When applying
optimization methods, the instability of the doubler limits the
usable terminating impedances. Thus, operating conditions and
criteria have to be defined as in [2] and [5]. Another limitation
is the performance of the FET model. Frequently, the FET
models have incorrect discontinuities, especially at the resistive
operating region of the FET. Thus, such a model may produce
optimistic frequency multiplier optimization results because
these nonphysical discontinuities generate harmonics.

This paper addresses the size reduction and reliable simu-
lation of an efficient frequency doubler. The objectives of this
paper are as follows: to demonstrate a new simulation method
for the design of frequency multipliers, to assess the perfor-
mance of artificial transmission lines (ATL’s) with analytical
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Fig. 1. Simulation network for the simulation of an FET nonlinear model
as a frequency doubler. The input source side voltagesU at harmonics
n are defined independently and the resulting currentsI are calculated
using harmonic-balance simulation. In a similar manner, the output load side
has independently defined voltagesU for different harmonics and the
harmonic-balance simulation calculates the harmonic currentsI . Then = 0

equals to dc.

models and electromagnetic (EM) simulations, and to present a
novel minimum size monolithic circuit for frequency doubling
using ATL’s.

II. EVALUATION OF THE FET PERFORMANCE AS AFREQUENCY

DOUBLER

We started the design of the frequency doubler by evalu-
ating the performance of the FET under different harmonic load
terminations. The analysis could have been performed using
passive terminations with harmonic frequency bandpass filters,
however, the use of active loads was more effective and informa-
tive. The harmonic-balance simulation had the advantage of sep-
arate definition of voltage sources for each harmonic frequency.
Thus, we were able to modify the termination of the FET at each
harmonic frequency independently with a very simple simula-
tion network. A significant advantage was achieved by main-
taining the voltages and of different harmonics at con-
stant amplitudes. The adjustments of the phases of these voltage
sources simulated different loads. In this way, we controlled the
operating region of the FET and reduced the amount of variables
in the analysis. It was a logical way to approach the frequency
multiplication problem since we were interested in the voltage
and current waveforms in the intrinsic FET rather than the ter-
minating loads that cause them.

The basic simulation setup is shown in Fig. 1. The voltage
at each harmonic frequencyis specified separately and the

harmonic currents are calculated by using harmonic balance.
Each impedance created at the harmonics is then calculated
from

(1)

The resistive part of the impedance has to be positive, i.e.,
, to be synthesized with a passive network.

Naturally, at the fundamental frequency, the energy flows into
the input of the circuit from the fundamental frequency signal
source. Thus, (1) is applied to calculate the input impedance

of the FET under large-signal conditions.

Fig. 2. Simulation results from 360� rotation of the second harmonic load
voltageU . The second harmonic loadZ is the only impedance showing any
change. The simulation results corresponding to five points on theZ graph
are shown in Table I.

These simulations were performed using a foundry propri-
etary large-signal model of the m pseudomorphic
high electron-mobility transistor (pHEMT) device. The device
nonlinearities were implemented with nonlinear voltage-con-
trolled current sources. The drain current and voltage wave-
forms of the internal device were plotted when different load im-
pedances were applied. All voltages were equal to zero, un-
less specified otherwise. To start the design, the biasing
was set to the threshold voltage of the device. With this bi-
asing, the input signal generates current pulses at the drain of
the FET. This pulse formation was shown in [3] to efficiently
generate a second harmonic signal. To obtain maximum conver-
sion efficiency and low input power, the fundamental frequency
voltage amplitude was set to V. The peak voltage
swing on the gate of the device was then from V to

V. With these values, the gate of the FET exhibits
neither significant forward conduction nor reverse breakdown.
The drain of the device was biased to V for opera-
tion in saturation region with low dc power consumption. The
significant advantage in using active loads was that the second
harmonic drain voltage amplitude may be set to a reasonable
value and the phase of the voltage source rotated to load the tran-
sistor with a varying impedance. By inspecting theI–V curves,
we noted that the amplitude should be limited to V to
maintain the drain voltage swing within the saturation region of
the device and to avoid reverse breakdown of the gate.

Fig. 2 shows the load impedance path, which was created
when the load voltage phase rotated in harmonic-balance
simulations. The input impedance did not change due to
change in the second harmonic load. The corresponding input
power, output power, conversion gain, inputvalue, output

value, and efficiency are shown in Table I. The input power
was constant, regardless of the second harmonic load. Input
was very high, which implied low bandwidth and difficulties in
matching. The second harmonic power was dBm,
when the second harmonic load was optimum at point 3. The
output matching did not appear to be critical since the achieved
output power was nearly equal from points 2 to 4. Fig. 3 shows
the internal load line of the FET superimposed onI-V curves



512 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 4, APRIL 2000

TABLE I
CHARACTERISTICS OF THEFREQUENCYDOUBLER WHEN SECONDHARMONIC LOAD IS VARIED IN HARMONIC-BALANCE SIMULATION . THE POINTS REFER TO THE

POINTS IN THE SMITH CHART IN FIG. 2. THE TABLE SHOWS THEINPUT POWER AT FUNDAMENTAL FREQUENCY(P ), OUTPUT POWER AT SECOND HARMONIC

(P ), CONVERSIONGAIN IN FREQUENCYDOUBLING, INPUTQ VALUE AT FUNDAMENTAL FREQUENCY(Q ), OUTPUTQ VALUE AT SECOND HARMONIC

FREQUENCY(Q ) AND EFFICIENCY OF THEDOUBLER CALCULATED AS EFFICIENCY= P =(P + P )

Fig. 3. Simulated internal load line(� �) at point 3 in Fig. 2. The load line is imposed onI–V curves forV values from�1 V to+0.7 V.

when the second harmonic load was point 3 in Fig. 2. The
loading of the FET internal current source was clearly at its
optimum with this load. The input and output powers were
calculated from the harmonic voltages and currents using the
following formula:

(2)

The second harmonic load and fundamental input impedance
were independent of each other, when the FET was operating in
the saturation region. This independence of harmonic termina-
tions was also shown in [1] and in [5].

However, in a practical circuit it is impossible to create a
perfect short circuit because the passive parts of the circuit
exhibit losses and limited bandwidth. Simulations with a
different fundamental load voltage values showed that the
load impedance changed the input impedance due to
the feedback in the transistor. As an example, Fig. 4 shows a

impedance path when the phase of the fundamental load
voltage V was varied. A capacitive (point 1)
increased the input resistance, while an inductive caused
the input resistance to decrease and to finally become negative

Fig. 4. Simulation results of the full 360� rotation of the fundamental load
voltageU . The load impedanceZ has capacitive values in points 1 and 2,
resistive in point 3, and inductive in points 4 and 5. The corresponding points of
the FET input impedanceZ show highly reactive impedance and unstability
in point 5. The simulation results in these points are listed in Table II.

(point 5). In point 5, the voltage feedback from the added
in-phase to the input signal at the gate of the FET. The required
input power was higher with capacitive , but the value
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TABLE II
CHARACTERISTICS OF THEFREQUENCYDOUBLER WHEN FUNDAMENTAL FREQUENCYLOAD IS VARIED IN HARMONIC BALANCE SIMULATION . THE POINTS REFER

TO THE POINTS IN THE SMITH CHART IN FIG. 4. ANNOTATIONS ARE AS IN TABLE I

Fig. 5. Second harmonic source voltageU 360� rotation results show the
corresponding second harmonic source impedanceZ with points 1– 4. These
points are also listed in Table III.

was lower and, thus, it was possible to have a fair input match
over a wider bandwidth. A wide range of conversion gain
performances could be obtained by changing the fundamental
load, as is shown in the Table II. They were not achieved by
enhancing the output power, but by reducing or increasing the
required input power. The lowest possible input power leads to
highest conversion gain, unfortunately it also means very diffi-
cult input matching due to the high value of the FET input. If
the fundamental voltage at the output was further increased, the
device started to operate partly in resistive region. This leads to
modulation of and additional harmonics generation, which
enhanced or decreased the doubler performance, depending on
the particular loading conditions. However, this was subject to
FET model accuracy in the resistive region, as was discussed
in Section I and, thus, created uncertainty in the analysis of
the doubler. Therefore, the fundamental load was required to
be capacitive or short circuited to guarantee the stability of
the doubler. The maximum conversion gain available with
inductive load resulted in a risk of oscillations. Consequently,
an inductive load was avoided in the design of the final doubler.

Thus far, the input impedance at the second harmonic was
. In practice, the nonideal generates a reflection

voltage . Fig. 5 shows the second harmonic impedance
path with second harmonic voltage V at the input.
This value was a representative value to demonstrate the
effect of . When was close to the open circuit (point
1), the second harmonic voltage on the gate of the FET par-
tially canceled the second harmonic signal on the drain of the
FET, as can be seen from the reduction in the internal drain cur-
rent, (Table III). A termination (point 2)

improved the second harmonic current modestly, but a major
improvement was achieved when the second harmonic voltage
at the gate drove the FET close to in-phase (point 4). Point 4
was an inductive load, which resulted in maximum second har-
monic current at the drain of the FET. Thus, the phase of the
second harmonic input voltage was an important factor for
achieving the maximum output power and an improvement in
conversion gain. However, it was difficult to synthesize over a
wide bandwidth due to the high value of the required network.
We decided to synthesize a short-circuit network with small in-
ductance for the second harmonic termination . The higher
order harmonic voltages and were maintained equal
to zero in these simulations. Thus, they did not distort these sim-
ulations, and their effect on the performance of the doubler was
considered minor.

III. ATL S TUBS DESIGN

Shunt stubs formed the basis of the monolithic-microwave
integrated-circuit (MMIC) frequency-doubler design. The stubs
allowed the synthesis of the required terminating impedances at
harmonic frequencies independently. The was close to zero
and yet the required could be synthesized when an open
shunt stub was used, in which electrical length was at

. As was discussed in Section II, the low reduces the
and, thus, the feedback to the input and, consequently, the effect
on the , is minimized. However, the input impedance of
the shunt stub was frequency dependent

(3)

The lower the characteristic impedance of the stub was,
the lower the reactive part of the impedance was versus fre-
quency. Consequently, bandwidth of the short improved with a
low impedance stub under loaded conditions. A major problem
with the low impedance stub was the large area require-
ment, especially in microstrip technique. The physical length
of the quarter wavelength stub was 1200m and width was
250 m for a microstrip on the 100-m-thick GaAs
substrate. For this reason, an ATL stub was the optimum solu-
tion in terms of the required area.

A. Theoretical Design

Transmission lines have been traditionally characterized with
the equivalent circuit shown in Fig. 6. This low-pass circuit ac-
curately matches the characteristic impedanceand propa-
gation constant of a transmission line as long as the capaci-
tance and inductance per section are sufficiently small.
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TABLE III
CHARACTERISTICS OF THEFREQUENCYDOUBLER, WHEN SECONDHARMONIC SOURCEIMPEDANCEIS VARIED IN HARMONIC-BALANCE SIMULATION . THE POINTS

REFER TO THEPOINTS IN THE SMITH CHART IN FIG. 5. THE TABLE INCLUDES THEPEAK VALUE OF THE INTERNAL DRAIN CURRENT OF THEFET AT SECOND

HARMONIC FREQUENCY(Î ) AND INPUTQ VALUE AT SECONDHARMONIC FREQUENCY(Q ). THE REMAINING ANNOTATIONS ARE AS IN TABLE I

Fig. 6. Equivalent circuit of a transmission line. This circuit is used in the doubler as an ATL or line simulating network [6].

The transmission-line simulating properties vanish totally at the
cutoff frequency of the equivalent circuit. The characteristics
of the transmission line are calculated from the formulas

(4)

and

(5)

Thus, it was also possible to create a transmission-line
simulating network of arbitrary impedance with lumped capac-
itors and inductors. This type of solution is called an ATL or line
simulating network, as in [6]. The main advantages achieved by
this approach are a significant reduction in the physical length
of the structure and the possibility to use a low-impedance trans-
mission line without increasing the width of the structure. How-
ever, the bandwidth of the lossless transmission line was limited
by the cutoff frequency

(6)

Thus, there existed a tradeoff in between the required phase
shift and the transmission-line cutoff frequency in terms of the
number ofLC sections. The minimum necessary number was to
be used; however, the second harmonic frequency of the doubler
had to be sufficiently below the ATL cutoff frequency for undis-
torted operation, regardless of process variations. The change
of ATL characteristic impedance and phase constantversus
frequency was

(7)

and

(8)

Fig. 7. Error in phase of the quarter-wave ATL stub versus number of sections.
The phase is matched to 90� at the fundamental frequency(n = 1) and the
deviation is calculated at higher harmonics.

We calculated the number of sectionsneeded for a trans-
mission line with certain inductance and capacitance per
section as

(9)

The phase-shift frequency dispersion of the ATL causes an error
at the harmonic frequencies

(10)

This phase error was plotted in Fig. 7. The second harmonic
phase error did not reduce significantly when more than five
sections were used.

B. EM and Standard Foundry Model Simulations of ATL’s

Today, the commercial MMIC foundries offer well-charac-
terized metal–insulator–metal (MIM) capacitors and spiral and
line inductors. Thus, these models were directly applied to the



KANGASLAHTI et al.: MINIATURIZED ATL MONOLITHIC MILLIMETER-WAVE FREQUENCY DOUBLER 515

Fig. 8. Simulated shunt open stubS using: 1) method-of-moments EM
simulation and 2) foundry provided models for inductors and MIM capacitors
with a manufacturing tolerance (C = �10%). TheS of the measured
circuit is included for comparison (MeasuredS ). The simulation with
foundry provided models is accurate enough to predict the performance of the
doubler since the manufacturing tolerance produces the largest variation.

Fig. 9. Simulated input impedance of the shunt stub atf = 20 GHz. The
annotations are as in Fig. 8.

design of ATL’s. The main disadvantage was that the coupling
from the lines to the capacitor top electrodes and the ground via
metallization were not taken into account. Fig. 8 shows the sim-
ulation results of the five-section shunt-open ATL stub, which
has an electrical length of at 20-GHz frequency. Simu-
lations were performed utilizing analytical models, provided
by the foundry, for line inductors and MIM capacitors. The
tolerance of the MIM capacitors was10%; thus, we simu-
lated the performance of the ATL with these values. The sim-
ulation results are compared in Fig. 8 to results obtained with a
planar EM simulator. The EM simulator used the method of mo-
ments without taking into account the thickness of metal layers.
The measured of the processed doubler was included in
Fig. 8 for comparison. The measured and EM simulation res-
onant frequencies of the stubs are within the resonance frequen-
cies of the simulations with analytical models, when the toler-
ance of the MIM capacitors is 10%. Thus, the simulation of
the ATL’s with analytical models is accurate enough compared
to the variation of the MMIC process parameters. The results
of the simulations at 20 GHz are also presented on the Smith
chart in Fig. 9. These simulations of showed the small vari-
ation of the regardless of the variations in MIM capaci-
tors. The input matching and power requirement was strongly
dependent on , as was demonstrated in Table I. Thus, the
low-impedance ATL improved the bandwidth and probability
of success in matching the input of the frequency doubler since

Fig. 10. Schematic of the miniaturized ATL frequency doubler. At the drain
of the FET, an ATL open-shunt stub is formed by theLC ladder network. The
gate side has a shorted shunt stub using the ATL technique. Biasing circuits are
omitted for clarity.

Fig. 11. Processed ATL frequency doubler. The doubler circuit uses a 0.6 mm
area on the chip and each ATL stub requires less than a 0.1-mmarea.

the was close to regardless of simulation uncertainties
and processing tolerances.

IV. EXPERIMENTAL RESULTS

The evaluation of the FET performance in Section II demon-
strated that the best performance was achieved when the output

and input impedances were close to , the source
impedance was , and the load impedance

. These conditions were achieved by using
ATL shunt stubs at the input and output of the device, a shorted
at the input and an open at the output, and normal passive com-
ponents for input and output matching to 50. A schematic of
the circuit is presented in Fig. 10.

A. Design

The FET in the used commercial MMIC process was a
6 15 m depletion pHEMT. The gate of the device was a
T-structure and source was grounded with via holes on both
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Fig. 12. Measured conversion gain (Meas. CG) of the ATL frequency doubler versus output frequency. The simulated conversion gain is shown for comparison
(Sim. CG). More than 20-dB isolation of the fundamental frequency signal (Meas. Isol.) is measured over the measurement bandwidth. The input power isP =

+5 dBm.

Fig. 13. Input power dependence of the ATL frequency doubler atf = 20GHz input frequency. The measured (Meas. CG) and simulated (Sim. CG) conversion
gain and the measured (Meas. Isol.) and simulated (Sim. Isol.) isolation are plotted. The measured output power (Meas. Pout) saturates to+6 dBm.

sides. The ATL stubs were also grounded to these same vias
and, thus, a very compact structure resulted.

The input matching to 50 included spiral inductors in se-
ries and parallel. At 20-GHz frequency, the resonant frequency

of these small spiral inductors was at a sufficiently higher fre-
quency. The impedance of the input matching network at the

was insignificant because the input-shunt ATL stub was
an effective short at this frequency. At the output, the open
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ATL shunt stub shorted the . The output matching was with
microstrips.

The photograph of the final circuit is presented in Fig. 11.
The area requirement of the circuit was only 0.6 mmon a stan-
dard chip in multiuser processing. Of this area, the FET and
ATL stubs employed only 0.3 mm, even though low impedance

stubs were used. These were excellent results since
an electrically equivalent circuit with microstrip stubs would
have required at least 1.5 mmcircuit area. Consequently, the
size of the circuit was reduced to 40% of the conventional one.
Even when high-impedance microstrip lines were used in [7],
the circuit size was typically 1.5 mm, whereas with coplanar
techniques in [7] narrow lower impedance lines
were designed for the frequency doubler. However, even with
coplanar techniques in [7], the length of the lines was not re-
duced and the size of the circuit was approximately 1.5 mm.

B. Measurement of the Doubler

The processed doubler circuit was measured as a function of
frequency and input power with coplanar probes. Fig. 12 shows
the measured conversion gain to second harmonic frequency
and the rejection of the fundamental frequency component. In
Fig. 12, simulation results are also presented for comparison.
Input power was dBm in measurements and simu-
lations. The second harmonic conversion gain was1 dB and
the 3-dB bandwidth was 10%. The rejection of the fundamental
frequency component was more than 20 dB over the frequency
bandwidth of the measurement, which was an important prop-
erty for future integration of the doubler together with a mixer
or an amplifier on a single chip. This unique performance was
achieved by using the low-impedance ATL stubs at the input
and output of the doubler. We performed the same measure-
ments also as a function of input power at 20-GHz input fre-
quency (see Fig. 13). The maximum conversion gain was1 dB
at dBm input power and the output power satu-
rated to dBm. The rejection of the fundamental fre-
quency component was 20 dB even at output power saturation.
To the knowledge of the authors, these results are among the
best reported for millimeter-wave FET frequency doublers. This
is supported by a comprehensive literature review in [8], which
reported best conversion gain values of1 dB at 40 GHz. The
novel ATL frequency-doubler design did not degrade the perfor-
mance of the frequency doubler; on the contrary, the bandwidth
and fundamental rejection performance was improved due to the
possibility to use low-impedance stubs.

V. CONCLUSION

This paper describes the substantial benefits of using ATL’s
in frequency doublers. More specifically, we have demon-
strated a novel frequency-doubler topology, which employed
ATL’s in the shunt stubs. The ATL’s enabled us to design very
broad-band very low-impedance stubs, with a record low area
of 0.3 mm on the MMIC chip. We measured 1-dB conversion
loss from the processed circuits, which was among the best
results reported for 40-GHz frequency doublers. The rejection

of the fundamental frequency component was more than 20 dB
over more than 25% bandwidth, which was a significant prop-
erty, when this frequency doubler will be used as a LO signal
generator for a mixer in a single-chip multifunction circuit.
Furthermore, a frequency-doubler simulation methodology was
presented, which is applicable for the design of any nonlinear
component, such as mixers and power amplifiers, among
others. In all of these design tasks, we can control the operating
region of the FET to avoid simulations in an unreliable area of
the FET model.

REFERENCES

[1] C. Rauscher, “High-frequency doubler operation of GaAs field-effect
transistors,”IEEE Trans. Microwave Theory Tech., vol. MTT-31, pp.
462–473, June 1983.

[2] C. Guo, E. Ngoya, R. Quere, M. Camiade, and J. Obregon, “Optimal
CAD of MESFET frequency multipliers with and without feedback,” in
IEEE MTT-S Int. Microwave Symp. Dig., New York, NY, May 1988, pp.
1115–1118.

[3] A. Gopinath and J. B. Rankin, “Single-gate MESFET frequency
doublers,” IEEE Trans. Microwave Theory Tech., vol. MTT-30, pp.
869–875, June 1982.

[4] S. Maas, Nonlinear Microwave Circuits. Norwood, MA: Artech
House, 1988, pp. 397–416.

[5] I. Schmale and G. Kompa, “A Stability-ensuring procedure for de-
signing high conversion-gain frequency doublers,” inIEEE MTT-S Int.
Microwave Symp. Dig., Baltimore, MD, June 1998, pp. 873–876.

[6] H. J. White, P. R. Gillette, and V. J. Lebacqz, “The pulse-forming net-
work,” in Pulse Generators, G. N. Glasoe and J. V. Lebacqz, Eds. New
York: McGraw-Hill, 1948, pp. 175–225.

[7] P. Kangaslahti, P. Alinikula, and V. Porra, “Millimetre wave signal gen-
eration using monolithic HEMT technologies,”Analog Integrated Cir-
cuits and Signal Processing, vol. 15, pp. 123–133, Jan. 1998.

[8] I. Schmale and G. Kompa, “Choosing the right frequency doubler
technology,” in Proc. 2nd ESA Workshop Millimeter Wave Technol.
Applicat.: Antennas, Circuits, Syst., Espoo, Finland, May 1998, pp.
467–472.

Pekka Kangaslahti(S’94–M’98) received the M.Sc.
and Lic. Tech. degrees in electrical engineering from
the Helsinki University of Technology, Espoo, Fin-
land, in 1992 and 1996, respectively.

Since 1990, he has been a Design and Develop-
ment Engineer with Ylinen Electronics, Kauniainen,
Finland. His research interests include nonlinear
microwave and millimeter-wave monolithic circuits,
especially for signal generation in telecommu-
nication and radar applications, and low-noise
millimeter-wave MMIC amplifiers and receivers.

Mr. Kangaslahti was the recipient of three research grants from the Academy
of Finland (1994, 1996, 1997).

Petteri Alinikula (S’90–M’92) was born in Espoo, Finland, on February 29,
1964. He received the Diploma Engineer's degree (M.Sc.) in electrical engi-
neering from the Helsinki University of Technology, Espoo, Finland, in 1988,
and the Ph.D. degree from the Pennsylvania State University, University Park,
in 1992.

From 1987 to 1989, he was a Research Associate at the Metsähovi Radio
Research Station, Helsinki University of Technology. From 1992 to 1993, he
was the Head of the Microelectronic Center, IC Design Unit, Helsinki University
of Technology. In 1993, he joined Nokia Research Center, Helsinki, Finland,
where he is currently a Senior Research Manager in RF design. During Fall
1997, he was a Visiting Scientist at the University of California Santa Barbara.
His research interest is in development of integrated RF circuits for wireless
applications.

Dr. Alinikula was the recipient of a 1989 Fulbright Grant.



518 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 4, APRIL 2000

Veikko Porra (M'86–SM'91) received the Diploma Engineer (M.Sc.) degree in
1961 and the Licentiate of Technology degree in 1966 from the Helsinki Uni-
versity of Technology (HUT), Espoo, Finland, in 1961 and 1966, respectively.

From 1961 to 1967, he was a Laboratory Supervisor in the Radio Laboratory,
HUT, and a Fulbright Visiting Scholar at the Polytechnic Institute of Brooklyn
from 1967 to 1968. While at HUT, he became an Associate Professor of elec-
trical engineering in 1968 and a Professor of electrical engineering in 1985.
He is the founder of the HUT Electronic Circuit Design Laboratory, and one
of the founders and board member of the Institute of Radio Communications
and MILLILAB, an external millimeter wave laboratory of the European Space
Agency. His research interests include various theoretical and practical aspects
of RF and microwave communication circuits, and integrated implementation
of cellular neural networks. He has co-authored several books on electrical en-
gineering and has authored or co-authored over 100 articles or conference pa-
pers. He is an Editorial Board member of theInternational Journal on Circuit
Theory and Applications. He has been one of the organizers of several interna-
tional circuits and systems and microwave conferences, and was chairman of
NORCHIP'96.

Prof. Porra was an associate editor of the IEEE TRANSACTIONS ONCIRCUITS

AND SYSTEMS PART II: A NALOG AND DIGITAL SIGNAL PROCESSINGfrom 1995
to 1997.


