band, this phenomenon does not have much practical signifi-
cance.

If computation works sensibly, within the PBG frequency
range, transmission and reflection should add up to unity in the
2D case. Thus, during the optimization process (for example), it
suffices to study the transmission power only. Because reflec-
tion is not studied, short input WG can be used, which limits the
computation space. Also, the post-processing time is halved,
because only one observation plane is used. Assuming that one
is only interested in the transmission of the bend structure
shown in Figure 7, one could approximately halve the compu-
tation space and use a single observation plane. Then, in the 2D
case, one optimization step (simulation plus post-processing)
with 4000 FDTD time steps, 2*27 E-points, 27 H-points, takes
about 100 sec using a PC with 700 MHz/770-MB RAM (the
speed of field computation is 1000 time steps/18 sec).

5. CONCLUSION

Modelling PBG waveguide components has been considered,
with field computation using FDTD. As an example, a 120°
bend has been studied more closely, and power transmission
results have been shown for various cases. The true necessity of
bend geometry optimization has become apparent. Considering
optimization, an approximative result for bend transmission is
enough, that is, the spectrum does not have to fully converge.
Then, with a 700-MHz PC, one optimization step (field com-
putation and post-processing) takes a few minutes when using a
2-D model in field computation. Taking the finite-PBG plate
thickness into account by using a 3D model will increase the
needed time to tens of minutes.

With 2D bend structures, the convergence of the spectrum may
be very slow in certain frequencies. With 3D structures this “ring-
ing problem” is less severe, due to the radiation losses in the z
direction. In general, the cell size A = a/10 seems to be sufficient
if studying these structures at frequencies fa/c = 0.3. This is an
important point if one strives for quick optimization. However,
there may be structures with special frequencies, which can be
very sensitive to the cell size and the relative hole size d/a.
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ABSTRACT: A Ka-band MMIC VCO utilizing 0.15-um T-gate GaAs
P-HEMT technology is presented. The VCO exhibits a low-phase noise
property with wide tuning range of up to 3 GHz. A balanced buffer am-
plifier is also developed to ensure that the output power is higher than
10 dBm. The best measured phase noise at 1 MHz offset is —106 dBc/
Hz. By varying the bias voltage of the on-chip varactor, the frequency
can be continuously tuned from 33.3 to 36.3 GHz. In this frequency
range, output power higher than 10 dBm has been measured without
using the buffer amplifier. The buffer amplifier exhibits a typical gain of
5 dB with 15-dBm output power. A Lange coupler provides good match-
ing between the VCO and the amplifier. © 2003 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 39: 333-336, 2003; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
11206

Key words: wide tuning range; millimeter-wave VCO; P-HEMT tech-
nology

INTRODUCTION

As demand for higher-frequency systems such as high-speed op-
tical communication networks and automotive radar systems has
increased, millimeter-wave component technology has become
very important. Tunable low-phase noise oscillators are key com-
ponents in millimeter-wave systems. Several oscillators operating
at millimeter-wave frequencies using HEMT or HBT technology
have been reported [1-5]. Although HBT-based oscillators have
exhibited better phase-noise performance than HEMT-based oscil-
lators, the output power available from HBT-based oscillators
cannot compete with that of HEMT-based oscillators. Also, the
HBT process is not compatible with the P-HEMT process, which
is the most favored millimeter-wave circuit technology. For high-
level integration of monolithic VCOs with other MMIC compo-
nents using the mature GaAs P-HEMT process at a low cost,
VCOs based on P-HEMT technology are highly desired. The
motivation of this work is to develop monolithic Ka-band VCOs
with low phase noise, good power performance, and wide tuning
range by utilizing conventional GaAs P-HEMT technology for full
monolithic integration of a millimeter-wave transceiver. The P-
HEMT-based Ka-band VCO which we have developed delivers a
typical output power higher than 10 dBm at 35 GHz without a
buffer amplifier. This VCO exhibits a tuning range of up to 3 GHz.
The best measured phase noise at 1 MHz offset is —106 dBc/Hz.

CIRCUIT DESIGN

The oscillator’s circuit topology is shown in Figure 1. A commer-
cial 0.15-um T-gate GaAs P-HEMT process of TRW foundry is
used for the design. The active devices show a unity current gain
cutoff frequency f; of 81.1 GHz, maximum frequency of oscilla-
tion fy;ax Of 110 GHz, and a pinchoff voltage of —0.9 V. A
four-finger 120-um P-HEMT device is chosen for output power
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Figure 1 Circuit diagram of the VCO

higher than 10 dBm and two four-finger 90-um varactors are
connected in parallel and are attached to the VCO circuit in series
with a main inductor for voltage-controlled operation with wide
tuning range. The main inductor is implemented using a micro-
strip-line stub connected to the gate terminal of the active device.
DC blocking capacitors to separate the RF-signal path from the
varactors’ and active devices’ power supplies are implemented as
MIM type and show a capacitance of 320 pF/mm?. The bias point
of this oscillator is chosen to maximize the output power. There-
fore, the 120-um P-HEMT is biased for Class A operation. The
VCO design procedure follows the design example in [8]. The
summation of reactances looking in and out from the gate terminal
of a Q1 transistor is set to zero at the oscillation frequency of 35
GHz. To establish the required negative resistance at the drain
terminal of the active device, two open microstrip-line stubs are
connected to each side of the source terminal. After that, the load
impedance is chosen for maximum output power. The design is
performed using nonlinear harmonic balance simulation. All the
microstrip line structures are modified utilizing an electromagnetic
(EM) simulation to compensate the uncertainty of microstrip line
model of the simulator at millimeter-wave band.

Figure 2 shows a chip photograph of the 35-GHz MMIC VCO.
The VCO chip size is 2 X 2.5 mm?, and this size can be reduced
further. The oscillator is fabricated on 100-wm substrate by TRW.
The buffer amplifier is also designed to ensure that the output
power is higher than 10 dBm. A balanced type of configuration,
utilizing a Lange coupler, is used to minimize the load pulling of

Figure 2 Photograph of the fabricated monolithic VCO [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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Figure 3 Circuit diagram of the buffer amplifier

the VCO. The buffer amplifier’s schematic diagram is shown in
Figure 3 and a chip photograph of the buffer amplifier is shown in
Figure 4. A 120-um P-HEMT device is used with the same bias
point of the VCO. The chip size is 2 X 2.5 mm?>.

MEASUREMENT RESULTS

The 35-GHz VCO and buffer amplifier are measured on wafer
using RF probes, without any circuit tuning, using a 40-GHz
spectrum analyzer. Figure 5 shows the setup used for measuring
the frequency of oscillation and the output power of the VCO.
Figure 6 shows the measurement results of the buffer amplifier.
Input and output return loss is below —20 dB and gain is about 5
dB at 35 GHz. Figure 7 shows the measured and nonlinear simu-
lated frequency tuning curve of the VCO, and Figure 8 displays the
associated measured output power and RF to DC efficiency of the
VCO connected with the buffer amplifier. Output power higher
than 15 dBm is achieved over the total frequency tuning range
from 33.3 to 36.3 GHz with a slight variation of power of less than
1 dB. The gain of the buffer amplifier is around 5 dB and the VCO
generates output power of more than 10 dBm. The best measured
phase noise of the VCO at 1 MHz offset is —106 dBc/Hz. The
spectrum of the output power at a center frequency of about 35.5
GHz is shown in Figure 9. The total power consumption of the
oscillator is about 60 mW at a supply voltage of 3 V. The
RF-to-DC conversion efficiency is about 16% in the entire fre-
quency tuning range. These performances are compared with the
recently published results in Table 1. The output power of this

Figure 4 Photograph of the buffer amplifier [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Figure 5 Test setup for measuring frequency of oscillation and output
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Figure 6 Measured return loss (above) and gain (below) of the buffer
amplifier [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 9 Output spectrum of the 35-GHz VCO

VCO is higher than that of HBT-based VCOs with comparable
phase noise.

CONCLUSION

In this paper, a 35-GHz P-HEMT-based MMIC VCO is presented.
It uses 0.15-um T-gate GaAs P-HEMT device technology. All the
microstrip line structures are modified utilizing an EM simulation.
The VCO has exhibited frequency tuning range of up to 3 GHz and
output power higher than 10 dBm. The best measured phase noise
at 1-MHz offset is —106 dBc/Hz. When it is amplified by the
buffer amplifier, the power level is increased to 15 dBm. The
low-phase noise, wide tuning range, and good output power per-
formance of the VCO enable a high-level and cost-effective inte-
gration of multifunctional MMICs at the millimeter-wave band for
various applications such as single-chip transceivers in wireless
communication systems or automotive radar systems.
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TABLE 1 Comparison of Performances of Previously Published Oscillators at the Millimeter-Wave Band

Oscillation Frequency

Output Power Phase Noise at Tuning Range

Process (GHz) (dBm) 1-MHz offset (dBc/Hz) (GHz)
This work P-HEMT 35 10 —106 3
Kurdoghlian [1] AlGaAs/InGaAs 39 2 -95 3.5
HBT
Wang [3] P-HEMT 90.5 8.8 —68.2 0.6
Riepe [4] GalnP/GaAs 35 <3.5 —107 1
HBT
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ABSTRACT: We derive a new relation to show that, as frequency
changes, the output state of polarization vector precesses around the
PMD vector with a fixed angle of precession. The new relation leads to
a familiar expression for pulse broadening. Based on this expression, a
PMD compensator is suggested and measured results are given for a
10-Gb/s signal. © 2003 Wiley Periodicals, Inc. Microwave Opt Technol
Lett 39: 336-338, 2003; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.11207

Key words: PMD; pulse broadening due to PMD; PMD compensation

Polarization-mode dispersion (PMD) can cause severe limitations
in fiber-optical communication systems. Polarization-mode disper-
sion is characterized by the PMD-vector, ﬁ, in the Stokes space,
around which an output state of polarization (SOP), S'n(w), pre-
cesses when the carrier frequency is changed [1]:

as,
Jw

=0 X §,(o). (1

The modulus of the PMD vector, AT = |()], is referred to as the
different group delay (DGD); the DGD is the time delay between the
two principal states of polarization (PSPs), é,.., which are the two
eigen-polarizations. A well-known manifestation of PMD is pulse
broadening. To reduce this pulse-broadening, a number of PMD-
compensation techniques have been proposed in the literature [2-5].
In this paper, we derive a new analytical expression that relates the
frequency-dependent output state of polarization and the PMD vector.
Only the first-order PMD is considered here. The interpretation of this
relation is consistent with the established behavior of So(w) with
respect to Q. Following this, we also give a new derivation for an
analytical expression for the RMS pulsewidth ¢ for a Gaussian pulse
affected by the first-order PMD. The concept of RMS pulsewidth in
the context of PMD was introduced in [6, 7]. This method of calcu-
lation does not use the Taylor expansion. From the expression for o,
we can know how to compensate the PMD. Accordingly, a PMD
compensator scheme, based on nullifying DGD, is implemented and
measured results for a 10-Gb/s signal are reported.

RELATION BETWEEN OUTPUT POLARIZATION STATE AND
PMD VECTOR

We begin with Eq. (1), which connects the PMD vector 0,0-=
[Q,, Q,, .17, and output state of polarization S, (w) + QX can
be interpreted as a skewsymmetric matrix P corresponding to the
cross-product operator. The matrix P is given by

0 -0, O
Ax=P=| O, 0 -0 )
-0, 9, 0

Then Eq. (1) can be rewritten as

B _ s g 3

Jw

where §_(w) is a unit vector in the direction of the output state of
polarization. When we do not take higher-order PMD into account,
the PMD vector and the matrix P can be considered to be constant.
The solution of Eq. (3) can then be given by

S, = exp{P(w — wo)}S(ay), 4
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