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Abstract—This paper introduces a new methodology to
determine the small signal linearity of a device directly from 2-
port Y-parameters. With that approach, a 10-fold reduction of
the simulation time in a comparison with traditional transient or
harmonic balance simulations can be achieved, which enables a
fast route for RF device and process technology optimization in
an industrial environment. It is also shown that the linearity
performance should be taken into account for the device
optimization.
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Process and device simulation (TCAD) have been widely
used to optimize RF devices and technologies. Optimization is
often based on traditional figures of merit (FOM) which can be
obtained directly from TCAD, including DC (I-V curves) and
small-signal RF quantities (e.g. capacitances, cutoff frequency
fr, maximum-oscillation frequency fuax). For sophisticated RF
applications two other aspects need special attention: noise and
linearity. Fast and efficient methodologies have been
introduced for RF noise prediction, either directly from TCAD
e.g. [1-4] or from DC measurements [5]. However, only few
studies on linearity have been published. High-frequency
linearity is a measure of the level of generated higher
harmonics which distort the signal at the fundamental
frequency. One of the most important figures of merits for
small-signal linearity is the input and output third-order
intercept point (IIP3 and OIP3) — which is obtained by
extrapolating the power of the fundamental and third harmonic
by a theoretical small-signal slope. With TCAD, linearity can
be evaluated by transient simulations which is very time
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Fig. 1: Schematic of the configuration used for linearity
determination (Rs=R;=50Q, fi=5SGHz).

consuming [6-8] or by harmonic-balance (HB) simulation
where there are often problems with the simulation
convergence [9-12]. Therefore, in the literature Volterra series
expansions have been commonly used for this purpose e.g. [13-
14]. However, with this approach, (compact) model
expressions have to be assumed in order to introduce
nonlinearities and it does not lead to an explicit relation of the
linearity with Y-parameters. In this paper, we present a new,
fast method for determining the small-signal linearity of a 2-
port directly from simulated or measured Y-parameters without
any prior knowledge of the device. This method yields a
reduction of the simulation time of about a factor of 10
compared to conventional TCAD HB simulations [12]. Since
the linearity performance is shown to be necessary in any
device optimization, this fast method can be integrated into the
existing platform to become a viable and efficient optimization
tool for RF technology.

II. METHODOLOGY

A. Approach

Assuming that 7) all excitations are in the small-signal
regime and that i7) all capacitances are frequency-independent,
the voltages v and currents i at frequency fo (fundamental
frequency), 2fo and 3/, can be expressed in terms of the higher-
order derivatives of the 2-port Y-parameters, e.g.
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The coefficients Cican be expressed in terms of (higher order)
derivatives of the Y-parameters while those derivatives can be
obtained by using close neighboring bias points. The relation
between the currents and the voltages at in- and output is
determined by the source and load impedance, respectively.
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Similarly, the currents at 2f; are obtained from
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and a similar expression for 7,,, . Again i,,, ., stands for

the current generated at the input and at 2f) due to mixing of
signals at fo, which is
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From (1) — (4), voltages and currents at various harmonics at
the input and output of the 2-port can be derived, hence the
power of different harmonics can be calculated.

B. Validation

The methodology is applied to state-of-the-art high voltage
SiGe HBT devices having an fr above 40GHz [15]. As the
fundamental frequency fo is 5GHz, the assumption of
frequency-independent capacitances is valid. After Y
parameters at different bias points (Vce and Vig) are generated
from device simulations, they are fed directly into the linearity
calculator developed in this work to obtain the power of
harmonics at those biases. Then the results are validated
against harmonic balance simulations done at those conditions.

The full setup of the HB simulations is similar to the work
presented in [11]. At the input, a one-tone voltage source with
the fundamental frequency fo and small voltage swing,
connected with a resistor of 50Q is chosen. At the output, a
load of 50Q2 is used. Bias tees to separate the DC bias and RF
signal at in- and output are applied. Fig. 2 shows the
fundamental, the second and the third harmonics obtained from
HB simulations and the new methodology for Vgg from 0.6V
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Fig. 2: Comparison of the output power at harmonics
obtained from harmonic balance (HB) simulation and
calculation from Y-parameters (SiGe HBT with BVcgo of
4.0V, fr of 40GHz, V=2V, see Fig. 4).

to 0.8V (i.e. from the ideal region to the region beyond peak fr,
see Fig. 4). An excellent agreement between these two types of
simulations has been obtained.

Another advantage of the new methodology is that it
facilitates a sensitivity analysis to assess the dominant
contributions to the non-linearity. One example is shown in
Fig. 3. Here most important components (noted as C), which
accounts for most of the distortion in the device, are analyzed.
The sensitivity is defined as the change in the power of the
third harmonic in response to a change in one of those

components. It is seen that the contribution of each component
2
varies over the bias, e.g. at low Vgg, d—Re(Yzl) and - Re(Y71)
dv av,
are the most important to the linearity while at higher Vgg (near

peak fr) other components (e.g. diVlIm(Yzl) and diVIIm(YH))

peak f;
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Fig. 3: Sensitivity analysis of the third harmonic power
P34 in response to the six most important components (SiGe
HBT with BVcgo 0of 4.0V, fr of 40GHz, Vce=2V; see Fig. 4).

become more significant. By visualizing the impact of each
component to the distortion in this way, an insight into the
device linearity can be understood which helps for the device
and process optimization.

It is worth mentioning again that this methodology can be
applied to any type of device as long as a 2-port configuration
can be setup to obtain Y-parameters (either from measurements
or simulations) as shown in the schematic from Fig. 1.

C. Application to measurements

Next the methodology is applied to measurements and
compared to simulations using a well-calibrated TCAD deck.
The Gummel plots (base and collector currents), fr and fumax
obtained from TCAD match very well with the measurements,
which are shown in Fig. 4. Also a good matching has been
observed for all Y parameters (which are not shown here). This
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agreement is a prerequisite for any further comparison at the
harmonic power level.
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Fig. 4: DC and RF performance from TCAD (line) and
measurement (symbol) for the SiGe HBT (referred in this
work as the reference device) at Vcg=2V.

Fig. 5 shows the output powers and OIP3 obtained from
our new methodology, with the input either from measured Y-
parameters or from simulated (TCAD) Y-parameters. Very
good agreement is achieved up to the second-order harmonics.
However, for the third harmonic, there is a small difference,
which might be due to imperfections in the higher-order
derivatives of the physical TCAD models. This should be
studied in more detail, but such a study is beyond the scope of
this work. For now it suffices to note that the HB method does
not yield greater accuracy (cf. Fig. 2).

III. TECHNOLOGY OPTIMIZATION

The new methodology has been used to optimize the RF
device and process. Again, the SiGe HBT with the electrical
characteristics in Fig. 4 is chosen as the reference device for
further optimization. Since the collector profile determines
some of the most important characteristics of the HBT device
which have an impact on the RF linearity (e.g. [7-8]) including
the breakdown voltage, fr roll-off and collector base

capacitance (i.e. /m(Y21) as shown in Fig. 3), it is chosen to be
optimized in this work. The base and emitter are kept
unchanged.

In the first optimization approach, the collector profile of
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Fig. 5: (a) The output power at harmonics and (b) OIP3
calculated with the input of Y-parameters either from
TCAD or from measurement at Vcg=2.

the new device is made to be flatter and shorter than that of the
reference device in the condition that both of them have similar
breakdown voltages (BVcro of ~ 4V, and BVcpo of ~ 17V).
The device with this profile is called device 1. A higher fr is
expected for device 1 (compared to the reference device) due
to its lower collector series resistance. In the second
optimization, a much steeper and higher dope for the collector
profile is chosen. This type of profile is called device 2. The
breakdown voltages of device 2 is lower than those of other
two devices (BVceo of ~3V and BV¢po of 15V).

Results for fr, IIP3 and OIP3 of these devices are shown in
Fig. 6. Due to a higher dope in the collector, device 2 can delay
the onset of Kirk-effect, which in turn has a higher peak fr. As
a result, it is also delivering the highest linearity at higher Vgg
(or higher collector current density). However, it is more
complicated to make a comparison of the performance between
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device 1 and the reference device. Although device 1 has a
slightly better fr, its linearity is slightly smaller than the
reference device. Therefore, from this figure it can be seen that
optimizing for fr may lead to different results than optimizing
for linearity. This illustrates that the linearity performance
should be taken into account for RF device and process
optimization.

IV. CONCLUSION

A new, fast methodology to evaluate the small-signal
linearity performance of 2-ports has been introduced and
validated on simulations and measurements. Applying this
methodology to SiGe HBT technology optimization, it has
been shown that it is essential to include the linearity
performance in this optimization.
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Fig. 6: fr and IIP3/OIP3 of the optimized devices
compared with the reference device (device 1: flatter
collector profile and a higher sub-collector dope for a lower
series resistance; device 2: steeper profile with a higher
collector dope) at Vcg=2V.
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