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ABSTRACT — After investigation of the possible HBT low
frequency noise sources and their localization in order to
extract a HBT low frequency noise model, the realisation
and performances of a S band Voltage Controlled Oscillator
(VCO) is reported. This VCO is fully integrated in MMIC
technology, and is based on a push-push topology. The
circuit is covering 280 MHz tuning range around a centre
frequency of 2 GHz with a phase noise of —95 dBc/Hz at 10
KHz offset.

I. INTRODUCTION

Design of low phase noise oscillators has always been
challenging for microwave engineers. They are now
likely to estimate the oscillator phase noise thanks to
harmonic balance software, which plans the frequency
fluctuations caused by low frequency noise sources.
However, an accurate characterization of their low
frequency noise sources is essential.

The main objective of this work was to validate a new
low frequency noise model with a low phase noise S
band push push oscillator realization.

This paper consists of two main parts :the low frequency
noise model extraction, and then the VCO design and its
measurement results.

II. ADVANCED LOW FREQUENCY NOISE MODEL
EXTRACTION

A. AN IMPROVED LOW FREQUENCY NOISE MODEL
OF HBT

1.Low frequency non-linear HBT model.

Fig. 1 shows the small signal T-model of the HBT
extracted from a non-linear large signal, valid at low
frequencies where the reactive element influences can be
neglected.

The T-model must be preferred to the m-model in order
to accurately locate the low frequency noise sources,
because it exactly represents the current paths within the
actual device; for example the Igg emitter current path is
correctly represented, while the m-model only shows the
I current.
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of Iggin: 18 the current controlled current source of the
transistor: it represents the part of the current generated
into the base-emitter junction, injected in the base-
collector junction.

2. Possible low frequency noise sources and their
localization.

Microscopic physical noise sources lead to random
fluctuations of conductive currents. Then, it follows that
in a macroscopic electrical representation, every
equivalent Norton noise current source must be
associated to the conductive element where it originates.
Note that all the noise sources shown in the figure are
uncorrelated.

Olgg represents the GR and 1/f noise sources generated
into the base-emitter junction

Olrpg represents the GR and 1/f noise sources of the
recombination current principally present at the
periphery of the base-emitter junction.

Olrp and Olgg represent the GR and 1/f noise sources
generated in the Rg and Rg resistances.

Ol represents the GR and 1/f noise sources generated
into the base-collector junction

Olrpc represents the GR and 1/f noise sources of the
recombination current of the base-collector junction.
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Fig. 1: HBT small signal differential model with possible localization of
the low frequency noise current sources
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B. EXTRACTION FROM MEASUREMENTS OF THE
LOW FREQUENCY NOISE MODEL

1. Determination of the HBT low frequency noise model

The principle of the low frequency measurement set-up
is shown Fig. 2. This new set-up, developed at IRCOM
Institute, is an improved version of the one described
elsewhere.
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Fig.2: basic noise measurement set-up

First measurements allow to eliminate some of the
possible noise sources as main noise sources. Further
measures allow to locate the two dominant low
frequency noise sources

2. Accurate extraction of the two main low frequency
noise sources.

Fig. 3 represents the low frequency HBT model
retained.
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Fig. 3: Final low frequency HBT model
The spectral  densities of O/, and 01, are

respectively function of the current flowing in the diodes
IRBE and IBE .

3. Scalable noise model.

For the determination of the scalable model, the unit
length is the micrometer and the unit current the Ampere.
All the measured transistors of this study having the
same width W=2um. For the noise sources of surface G-
R [3], we can write:

= S M)

ol
RBE — ym Nk

Where the section area writesas: A=NWL
N: finger number
W: emitter width
L: emitter length

J,.0 current density
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Equation (1) is fitted by taking into account all the
measured transistors from 1x2x20 to 6x2x40 um? size.
For the 10 measured transistors,

10 log( Sy, L" N¥ )is plotted versus log(Jpeo ) -
Fig. 4 show the results for a frequency of 1 kHz.
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Fig. 4 10 log(SBIRBE " Nk ) computed from (1) for f=1KHz

A very good fit is obtained in the full range of bias
current density, from 0,05 mA/pum? to 0,3 mA/um? for all
the transistors but the plot relative to the transistor of one
finger 2x20um? size deviates from the others. This
problem is often encountered with transistors of small
size whose actual dimensions must be precisely known in
order to obtain accurate scalability.

For the volume G-R noise sources, a realistic expression
must take into account many different traps, non-
homogeneously distributed. A generalized expression
will take the form:

Ssr,, = A" Kpg Jpeo 2
This expression constitutes an accurate model of the

volume L.F. noise of the emitter-base junction, for the
HBT process.

For the 10 measured transistors, 10 log( Sl /A" )is
plotted versus log (Ju). Fig. 5 shows the results for a

frequency of 1 kHz.
We note an excellent agreement of the scalable model of

the low frequency noise source S P
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Fig. 5: 10 ZOg(SSIBE /A ) computed from (2) for f=1kHz
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-Resulting cyclostationary Norton noise current sources
-In dynamic operating conditions, the shot noise source,
which is a white noise source, is fully modulated ; it

results a cyclostationary spectral density S S shot

proportional to the dynamic current density J,, .

-For the low frequency noise sources, the modulation
theory is still under development [4-7]. So, physics-
based empirical expressions will be used.

It may be inferred with an accurate assumption, that the

modulation function of the spectral density S Sy

and Sg;, . can be taken as proportional to the square of

the dynamic current density J,,. These modulation

functions have been used for the design of the VCOs.
Phase noise results obtained on the processed oscillators
clearly justify the proposed empirical LF noise model.

C. IMPLEMENTATION OF COMPLETE NOISE
MODEL

In order to include the resulting noise current sources in
the transistor n-model of the UMS HBT process, some
straightforward transformations from T to m-model have
been performed. For the sake of brevity they are not
detailed here.

III. FULLY INTEGRATED LOW NOISE VCO

A. CIRCUIT DESCRIPTION AND SIMULATION
1.Circuit principle

A push-push oscillator (figure 6) consists of two
symmetric oscillator parts, which are operating at half the
desired frequency (fy=foyr/2), driving a phase difference
of 180°. The circuit can be considered as two single-
ended symmetrical oscillators connected in parallel to a
virtual ground. In the proper operation of a Push-Push
oscillator, power is delivered to the load only at the
second harmonic frequency, but some complementary
output can be considered at fundamental frequency.
Therefore, absolute symmetry of the two sub-circuits and
output network is required to achieve an efficient
operation of the circuit.

This design approach was adopted to decrease the 1/f
noise generation and its transposition around the carrier.
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Figure 6: Push-push oscillator concept

2.0scillatot design

The MMIC VCO is fabricated using a 2 um InGaP/GaAs
HBT technology which provides fr’s and f.,’s of 50
GHz and 70 GHz respectively.

The design of a push-push oscillator starts with the single
ended oscillator and in particular with the active device.
The ADS simulator was used as CAD tools. The active
part can be considered as an one port device [8]. One of
the tree terminals of the transistor, in our case the base, is
terminated with a resonator which is defined by a Q
factor, load impedance and a resonance frequency. The
transistor (size and biasing point) and the feedback
capacitance C. (figure 7) are optimised for having
enough negative resistance for compensating the
resonator loss. The resonator design mainly consists of Q
factor optimisation. This part begins with a linear
analysis to determine the condition of oscillation and
continue with a non-linear analysis to estimate the main
characteristics of the VCO (output power, centre
frequency, bandwidth, phase noise...). During this phase
a trade-off is done between all the contributions from all

the noise sources.
Ce: " Q
Figure 7: Basic oscillator circuit description

The next step consists of joining both sub-circuits to

-Ri+X;
achieve the push-push VCO. This part allows to
determine the final characteristics of the circuit. The
simulations shows a centre frequency of 2 GHz with a
bandwidth of 300 MHz (figure 8) and a phase noise of -
95 dBc/Hz at 10 kHz from carrier at 2 GHz.
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Figure 8: Simulated frequency tuning characteristic
versus tuning voltage
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Figure 9: Simulated phase noise at 10 KHz offset from
carrier versus tuning voltage
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B. MEASURED PERFORMANCE

The VCO has been characterized on-wafer for chip
selection and then in test fixture for full characterization.
The frequency response is given in figure 10, the centre
frequency is 2 GHz, the tuning range is around 280
MHz.

Phase noise measurements have been done on a
millimetre wave test bench based on frequency
transposition and on delay line at IF frequency. The
phase noise spectrum versus frequency offset from the
carrier is shown on figure 11. At 2 GHz, the phase noise

is =95 dBc/Hz at 10 kHz from carrier, and —118 dBc/Hz
at 100 kHz. Moreover, the figure 12 shows the phase
noise increase for some low tuning voltages. This results
are in good accordance with the predicted simulation
results.
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Figure 10: Frequency tuning characteristic versus
tuning voltage
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Figure 11: Measured phase noise for a tuning voltage at
4V versus frequency offset from carrier
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Figure 12: Measured phase noise at 10 KHz offset from
carrier versus tuning voltage
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IV. CONCLUSION

The realisation of a fully integrated S band VCO using
UMS HBT process has been described. It exhibits at

2 GHz a phase noise of —95 dBc¢/Hz at 10 KHz from
carrier and a tuning range of 280 MHz. These
performances have been obtained thanks to the advanced
noise model of the HBT transistor for the optimisation of
the phase noise level and a specific work on design
robustness versus technology spreads.
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