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Abstract — A highly integrated monolithic microwave
integrated circuit (MMIC) frequency quadrupler was
realized in a 0.25um pHEMT technology on GaAs. The
guadrupler consists of two types of doublers and two buffer
amplifiers. An active balun and a planar balun using an
asymmetric coupled line were used for each doubler to
reduce the chip size and to achieve higher gain and output
power in comparison with conventional quadruplers.
Realized on a chip size of 1.2x2.3 mm’, the quadrupler
delivered an output power of 19.4 dBm for an input power of
5 dBm over an output frequency range of 36 — 40 GHz. The
maximum conversion gain of 16.4 dB was measured for an
input power of 2dBm. In saturation, the fundamental is
suppressed by 58 dB and the third harmonic by 66 dB.

Index Terms — Converters, analog multipliers, MMICs,
MMIC amplifiers, FETs, FET integrated circuits.

1. INTRODUCTION

Excellent phase noise and low cost local oscillator
frequency sources will be crucial for the development of
Ka-band high-bit rate wireless link systems such as point-
to-point radios or point-to-multipeint radios. The signal
generation can be realized either directly by a low phase
noise Ka-band oscillator or by multiplication of a low
frequency oscillator. The multiplication approach offers
the advantage that the oscillator can be fabricated in low
cost, low phase noise, silicon bipolar technology. A
compact quadrupler is required if a local oscillator
frequency of 9 GHz is chesen. Seme published MMIC
quadruplers [1][3] still require further chip shrinkage and
an improvement in the output power performance.

In this paper, the design and measured results of a
highly integrated quadrupler is presented. Due to the
chosen configuration, the quadrupler achieves high
conversion gain and high output power level with, at the
same time, excellent suppression of undesired harmonics.

II. CircurT DESIGN

For the chip fabrication, Fujitsu’s double &-doped
AlGaAs/InGaAs/AlGaAs pHEMT process technology
with 0.25-um T-gates was used. The transistor has a
transconductance of 300 mS/mm and a maximum
frequency of oscillation of 85 GHz biased at Vds=6V 70%
Idss. For the simulation of the doublers and buffer
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amplifiers, an EEHEMT model and a small signal model
were extracted.

The block diagram and chip phetograph are shown in
Figures 1 and 2. The chosen quadrupler configuration
consists of a 9-18-GHz doubler, an 18-GHz buffer
amplificr, a second doubler and a 36-GHz output
amplifier. This configuration has major advantages over a
single quadrupler approach. In the single quadrupler
approach, the fourth harmonic is directly extracted from a
rectified half-wave sinusoid. Thus, the conversion
efficiency is bow. The output power of the quadrupler has
to be amplified by a cascade of several output amplifiers,
which results in a large chip size and DC power
consumption. In the proposed configuration, the doublers
have higher output power levels and require only a few
amplifier stages to provide the required output power level.
For minimization, different types of doublers were
mtegrated. As a further advantage, the 18-GHz buffer
amplifier improves the rejection of input signal and also
helps stability. The 18-36-GHz doubler is isolated from
load by the 36-GHz output amplifier.
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Fig. 1. Block diagram of the MMIC quadrupler

Fig. 2. Chip Photograph of the MMIC quadrupler. The chip
size is 1.2mm x 2.3 mm?
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A, 9-18-GHz doubler

Figure 3 shows the schematic diagram of the 9-18-GHz
doubler. The size critical balun has to be carefully
designed to achieve minimum chip size. Therefore the
active- balanced doubler topology is used instead of
passive balun and transistor combination, In the doubler, a
simple combination of common-gate-FET (CGF) and
common-source-FET (CSF) with two 100- pm gate width
transistors provides the required 180-degree phase
difference for the cancellation of the fundamental. This
active balun has the advantage of small size at low
frequencies. But, its stability has to be investigated in
contrast to a passive balun. This active doubler has to be
unconditionally stable for all input impedance attached.

The stability of this balun was investigated in two ways.
First, a potential loop oscillation, which can be caused by
180-degree phase differences within the loop branches,
was checked with a method published in [4]. Second, the
in phase stability within the circuit was confirmed by
simulating the K-factor of circuit. To avoid negative
resistances at gate and drain of the common-gate-FET, a
series resistance Reg, which is shown in the figure 3, is
added to gate. This reduces the gain, but it improves
stability by decreasing the loop gain at the same time. In
addition, the series resistors Rdl are added in both drain
connectors to decrease the loop gain. Consequently the
doubler showed unconditional stability during the in-
phase and out-of-phase stability simulation. However,
those minimum resistor values should be carefully chosen
with margins for temperature and process variations,
because conversion gain is ‘degraded by the increased
stability.

Fig. 3 Schematic diagram of the 9-18-GHz doubler

The doubler has a short stub and a series transmission
line for an output impedance adjustment at the
connection of two drains. These elements provide a
short for the fundamental and additional match for the
second harmonic. The bias point was chosen at Vg=0V
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to obtain high fundamental suppression and second
harmenic, as the simulation showed.

B. 18- GHz buffer amplifier

Pigure 4 shows the schematic diagram of the 18-GHz
buffer amplifier. For the rejection of harmenics and
higher gain, the amplifier was designed narrow band
with a 200 pm transistor in the first stage and a 300 pm
in the second stage. At the same time the amplifier
isolates the first and the second doubler and pumps
enough input power into second doubler. If was
designed for single bias supply operation. Each stage
has a parallel resistor with capacitor network to reduce
low frequency gain and improving stability at low
frequencies. In the design, the resistive feedback
stabilization was avoided to achieve maximum isolation.

Wg=300um

¥g=20Cum

Vg
Fig. 4 Schematic diagram of the 18- GHz buffer amplifier

C.  18-36- GHz doubler
(a) Balun design

For this frequency, the active balun configuration, as
used in the 9-18-GHz doubler, has no advantage in terms
of size. Furthermore, the active balun configuration balun
has less output power capability. Therefore a unique
ptanar balun was designed. The photograph and simplified
schematic diagram of the balun are shown in Figure 5.
The layout size of the balun is comparable with the active
9-18-GHz doubler.
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Fig. 5. Photograph of the balun and simplified schematic
of the 18-GHz balun

Authorized licensed use limited to: IEEE Xplore. Downloaded on April 16, 2009 at 15:21 from IEEE Xplore. Restrictions apply.



The planar balun was designed to provide equal
amplitude and differential phase at the balanced ports. The
180- degree hybrid consists of coupled lines and an
additional transmission line. A single coupled line section
1s wrapped into a spiral to form a simple compact balun,
The transmission line, which connects both balanced ports,
equalizes the amplitude level of both ports. However, the
transmissicn line limits the bandwidth, because of its fine
coupling tuning. Asymmetric coupled hnes were
employed instead of symmetric coupled lings to obtain
tight coupling between the ports. This improves the
relative bandwidth by more than 50% compared to a
conventional planar balun {2]. The structure has a smaller
layout size and comparable performance in comparison
with a planar marchand balun [5]. The coupled line length
and strip widths were designed and optimized using
commercially available 2D EM simulation software.

(b) Doubler design

Figure 6 shows a schematic diagram of 18-36-GHz
doubler, The doubler configuration is the same as a single
balanced resistive mixer [6]. It consists of the previously
described balun, a pair of transistors, and an output-
matching network. The output-matching network has a
transmission line and a shorted stub, which minimizes
fundamental and matches the second harmonic. 200- pm
wide transistors are used to achieve high output power.
The bias point was selected near pinch-off in order to
generate a drain current that is rich of the second
harmonic. During stability simulation, loop gain was
calculated for high input power levels. For small input
power levels, the transistors operate near pinch-off and
have no oscillation possibility due to their low gain.
However, drain current flows and the operating point will
be shifted if high RF input power is pumped. As a result,
the fransistor will have higher transconductance. The
Tesistors between the gates are used to supply the bias
voltage and to avoid loop oscillation. The parallel resistor
with capacitor network in series with the transistor gate
improves the stability of the circuit.
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Fig. 6. Schematic diagram of the 18-36-GHz doubler
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D. 36-GHz buffer amplifier

The 36-GHz amplifier is designed for narrow band
operation as output amplifier. The circuit topology is the
similar to the 18-GHz buffer amplifier. The transistors of
the two stages have device sizes of 200 ym and 300 pm.
The amplifier operates from a single bias supply voltage.
This amplifier increases the output power of the 18-36-
GHz doubler and isolates the second doubler from the
load.

IT1. MEASURED MMIC PERFORMANCE

The quadrupler and additional functional blocks were
tested on-wafer using GSG probes based on a scalar
power setup. The functional blocks were built to measure
their performance individually. The measurements were
dong with a drain voltage of 6V.

Figure 7 shows the measured output power of the
individually built 9-18-GHz doubler for an input of 10
dBm. The doubler achieves a conversion loss of 5.5 dB
and delivers 4.5dBm output power at the second
harmonic. The fundamental suppression is more than 23
dBc at 10.5 GHz input frequency.
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Fig. 7. Output power of the 9-18-GHz doubler at an
input power of 10dBm
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Fig. 8. Output power of the 18-36-GHz doubler at an
input power of 11dBm
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Figure 8 shows the output power of the 18-36-GHz
doubler for an input of 11 dBm. A second harmonic
output power of 9,5 dBm and conversion loss of 1.5dB
were measured at 18GHz input signal. The balun has an
insertion loss of 1.9 dB from 16 to 34 GHz. The phase
imbalance between the balanced ports was less than 8
degree over the 18-38 GHz range. The return loss of the
unbalanced port is less than -10dB from 18 to 28 GHz.
The 36-GHz buffer amplifier has a small signal gain of
12dB and delivers a saturated power of 20.1 dBm.

Figure 9 shows the measured output power of the
quadrupler as a function of frequency for an input power
of 4.5 dBm. The quadrupler delivers 19.4 dBm at 38 GHz.
The suppression of 9- GHz fundamental input and 27-
GHz third harmonic signal are 58 dBc and 66 dBc,
respectively. The suppression of second harmonics is
more than 30dBc over 36 — 40 GHz. The flatness of
output power of the quadrupler is 0.36 dBpp from 36 GHz
to 40 GHz band.
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Fig. 9. Output power of the quadrupler as a function of
frequency at an input power of 4.5 dBm
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Fig. 10. Output power and conversion gain of the quadrupler at
the output frequency of 38 GHz

Figure 10 shows the output power and conversion gain
as a function of the input power at an output frequency of
38GHz. The quadrupler has a saturated fourth harmonic
output power of 19.7 dBm for a 7.5 dBm input signal. The
saturated output power was limited by the saturation of
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the 36-GHz buffer amplifier. For 2 dBm input power, the
quadrupler has its maximum conversion gain of 16.5 dB.
The total quiescent current of the quadrupler is 266 mA.
Its power added efficiency is 6% and higher than a single
quadrupler approach. In addition, its efficiency is better
than published quadruplers and doublers {1][7-9].

IV. CONCLUSION

In this publication the design of a small size MMIC
quadrupler operating at Ka-band is explained and
measured results show a remarkable performance. The
doubler designed with an active balun and a passive
planar balun are realized with two buffer amplifiers for
isolation and harmonic rejection, The advantages of the
chosen configuration are discussed in terms of stability
and layout size. With a chip size of 1.2 x 2.3 mmz, the
quadrupler delivers an output power of 19.4 dBm in
saturation over the 36-40 GHz band. It achieves 16.4 dB
conversion gain and a minimum fundamental, second and
third harmonic suppression of 58, 30 and 66 dBc,
respectively.
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