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In this work, trade-offs between performance and reliability in CMOS RF power amplifiers at the design stage are
studied. The impact of transistor sizing, amplifier class and on-chip matching network design are explored for a
130 nm technology and the implications of design decisions in transistor gate oxide reliability are discussed and
projected. A strong trade-off is observed between efficiency and reliability, mainly for different on-chip output
matching architectures. A comparison between two example designs is performed via SPICE simulations that

include reliability models and the effects of aging on the stress conditions of each amplifier.

1. Introduction

Short range RF Complementary Metal Oxide Semiconductor
(CMOS) transmitters are flourishing in the current Internet of Things
(IoT) paradigm for a wide range of applications including health
monitoring [1]. In this scenario, critical applications involving this kind
of circuits require a conscientious evaluation of reliability at a design
stage, exploring trade-offs between performance aspects and expected
reliability.

Transistor level reliability hazards have been widely studied to en-
sure a suitable working lifetime for products along the CMOS tech-
nology roadmap. Constant downscaling and increasing electric field in
transistors made of time dependent dielectric breakdown (TDDB) [2]
and Hot Carrier Injection (HCI) [3] a severe threat to device oxide re-
liability. But a majority of this research has been focused at the product
level for, mostly, digital devices with very large scale of integration.
Nevertheless, many efforts have been carried on so far to take reliability
models into account to predict and implement on-chip strategies for
reliability in RF circuits [4-7], but usually centred on analysis or si-
mulation of a given design instead of incorporating the reliability aspect
into a design space or architecture exploration.

In this work, we focus on class A-to-C power amplifiers (PAs)
working at 2.455 GHz, fully integrated in a 130 nm RF CMOS tech-
nology. We propose a design stage exploration of reliability in terms of
the matching resistance at the output, taking into account the trade-offs
present during matching network design. TDDB and HCI effects are

introduced in the design exploration as the two main reliability hazards
for PAs. To evaluate the design approach, a simulation study is per-
formed on different PA designs in SPICE, each with a different output
matching network topology, and the trade-offs between reliability and
circuit performance are discussed. The remainder of the work is orga-
nized as follows: Section 4 revisits the TDDB and HCI models and
summarizes the approach applied in this work; Section 5 discusses a
design exploration of the trade-offs in PA design taking into account
reliability indicators; Section 4 shows the comparative results between
PA designs based in reliability aware SPICE simulations; finally, Section
5 draws the conclusions.

2. Transistor reliability models
2.1. Time dependent dielectric breakdown

TDDB is a stochastic phenomenon that has been modelled through
percolation theory: the applied electric field and the leakage current
through the gate oxide contribute to the build-up of defects until a
percolation path is created spanning the oxide, forming a conductive
path between the channel and the gate contact. The failure rate is
characterized by Weibull statistics and strong power law or exponential
voltage acceleration of the time to breakdown [2]. In this framework,
circuit modelling of the transistor under Soft, Progressive and Hard
Breakdown (SBD, PBD and HBD respectively) has been performed
through resistors representing the conductivity of the percolation path
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@ Technology dependent parameters for TDDB models. Values are extracted
from the literature: f is the Weibull slope [2], m is the voltage acceleration [2,
101, t, is the displacement of the tg3 vs. VG curve fitted from [2] and references
therein. Technology dependent parameters for HCI models. Values are ex-
tracted from the literature: Kyc; is a fitting parameter [5], apcr is a pro-
portionality factor that depends on substrate doping [5], E, is HCI-driven de-
fects activation energy [5], A is the mean free path [9], nyc is the time
acceleration factor, [ is the pinch-off region approximate length [9], m, is the
power law acceleration of mobility degradation and &, is the minimum energy
required to create a defect [9].

[8].

TDDB models characterize time to failure by a Weibull distribution
with shape factor f§ for a technology with a voltage power acceleration
factor m, which allows to extrapolate a reference time to failure
(100 ppm failed parts in this work, t;ogppm)- This acceleration factor was
chosen to fit the projected lifetime of a 2.2 nm thick SiO2 (as for the
technology used in this work) [10]. It should be pointed out that m can
take different values at accelerated degradation conditions due to the
reduction of defect generation probability at low voltages, as shown by
long term (2years) experimental results [2]. Expressions 1 and 2 in
Table 1 show the dependences with voltage and technology of the
Weibull characteristic time tg3 and the extrapolation to lower failure
rates tyooppm through the Weibull inverse function.

As per SBD and PBD, numerous models have been developed to
represent the conduction through a nanometric percolation path that
presents relatively high resistivity (from tens to thousands of k2) with a
strong dependence on stress time and voltage [11]. However, the high
resistivity of a SBD path has been shown to have negligible impact on
PA operation [12]. This will be briefly discussed in the next section of
this work.

After HBD, the final resistance of the BD path has been shown to
range from a few to tens of kQ with a strong dependence on the relative
position of the path in the channel [8]. Under these conditions it is
possible to adopt a single  to characterize TDDB for this particular
circuit under test. As per the modelling of such breakdown paths in the
circuit level, a common approach [6] is to place resistors connected
between gate and source (Rgs) or gate and drain (Rgp) according to the
region of the gate where the BD event is considered to take place.
Multiple gate oxide breakdown events can be considered in order to
accurately predict the degradation of a circuit with time [13], but it will
be shown that the impact of such events is strongly dependent with the
dominant degradation mechanism for a certain design and can be
therefore pondered in a design stage before any simulation models are
implemented.

2.2. Hot carrier injection

HCI is a degradation mechanism that has been mainly linked to
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Si—H bond breaking [3], which is driven by the high electric fields in
the channel (mainly in the vicinity of the drain). Channel carriers ac-
quire sufficient energy from these fields to surpass the oxide-semi-
conductor barrier. The main consequence of energetic carriers in the
channel is the injection of charge into the dielectric, causing an overall
deviation in threshold voltage (Avgmcp and a reduction in the effective
mobility (ugcy). Hence, this effect translates into time dependent
parametric degradation of the device that has a strong impact on the RF
performance both at the device and at the circuit level [3-7]. As an
electric field-driven phenomenon, HCI has been widely characterized to
have exponential dependence on drain and gate voltages (Vps and Vgg),
and to have a power law characteristic with time [9], as shown in Egs.
(3) to (6) in Table 1. Finally, although the effects of RF stress on the
impact of TDDB and HCI on device performance has been reported in
the literature, there is no general model to assess the impact of the RF
stressing conditions on device reliability. It has been proposed in [16]
that oxide degradation under RF stress conditions shows a correlation
with RMS voltages. On the other hand, the quasistationary sum (QS) of
DC signals has shown good agreement with experimental results in
[14]. In this work, the latter approach [14] is adopted as it imposes a
worst case scenario in terms of the degradation prediction of the circuit
under study.

A summary of the models considered during design exploration and
circuit simulation is shown in Table 1, along with the adopted values
for the technology dependent parameters involved in each model. In
these expressions, T stands for the period of the RF signal, t, is the
displacement parameter of the tg3 power law acceleration model, A,y
and A,r are the device under test and reference areas for area scaling
(where half the total Aox is assumed as a rough approximation for GS or
GD breakdown). For HCI models, 1, is the mobility parameter of a fresh
device, Cox the oxide capacitance per unit area, q the electron charge,
Eox is the vertical electric field (due to Vgg), E,, is the lateral electric
field. Model-specific parameters are defined in the footnote of Table 1.
It should be pointed out that technological parameters are strongly
dependent of technology node and fabrication process, therefore
parameter spread can be expected for different manufacturers. In this
work, typical parameter values for a 130 nm CMOS node were con-
sidered.

3. Design trade-offs for reliability in RF PA
3.1. Impact of BD path modeling on PA performance

Modelling of the BD path between gate and source or gate and drain
can show very different sensitivities in terms of circuit performance.
This can be explained by the impact of such resistors on the RF per-
formance of the device. While RGD has a direct impact on the trans-
ducer gain, RGS impacts introducing an impedance mismatch at the
input of the circuit, without any impact on the transducing character-
istics. Therefore, same performance degradation of the PA is observed
for slightly higher values of RGD than RGS, so RGD can be considered
as a worst case from the point of view of its impact on reliability.

In terms of impedance, as the whole circuit operates at relatively
low impedance values (tens of Q), high valued resistive breakdown
paths don't represent a hazard for performance of the PA. For the
process used in this work, considerable degradation of PA performance
is only observed for resistances < 2KQ. Under this condition, for such
low values of RGD and RGS required to observe a clear degradation of
circuit performance, it is fairly accurate to only consider severe gate
dielectric breakdown (i.e. HBD) in the reliability estimation of a PA.

3.2. Design exploration for reliability
The PA is a circuit block where high voltages and currents are

handled, thus pushing reliability limits. RF PA design is most often a
trade-off between linearity, area consumption and power efficiency at a
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Fig. 1. Reliability indicators. (a) t;ogppm Vs. Rp for different PA class and (b)
impact of transistor sizing at constant Vgqc, in both cases considering Vgs and
Vpg stress. (c) Relative pycr and (d) Avgpcr due to HCL

fixed desired output power (P,,). A good approximation to optimal
design can be achieved by a generalized design space evaluation [15]
but bringing reliability to the table adds new degrees of freedom to take
into account. Considering that the drain is operating at a high se-
lectivity (Qp), the fundamental component of the drain current (idy 1)
or voltage (vd,) should be such to obtain the desired output power,
given by Py = vd,?/2RD = idn,l2 ‘Rp / 2, neglecting for the moment
the losses in the output matching network, being Rp the converted
impedance towards the drain.

From a reliability perspective at constant P, higher RF resistance
on the drain implies higher drain RF voltage and hence higher Vpq. to
ensure a Vpsmin that keeps the device in saturation. This is desirable for
MOSFET efficiency #nmos -calculated as idn1'(Vpde — Vpsmin) /
(2Idpc* Vpgc) but larger lateral and vertical electric fields will result in a
faster degradation. On the other hand, lower RF resistance on the drain
results in a higher required drain current, which means a larger RF peak
voltage at the gate of a transistor of a given size. This design perspective
of reliability is summarized in Fig. 1a to 1d, where the main reliability
indicators (t;00ppm» AVenmcr and Upcy) are shown as a function of the Rp
for different transistor size or gate DC bias on the considered RF CMOS
130 nm commercial process. The main feature observed in Fig. 1a is the
fast drop on t;9gppm With Rp when considering drain-to-gate stress (Vpg)
for a fixed transistor width of 200um.

It should be pointed out that the vertical dashed line in the plot
indicates the maximum value of Rp that ensures a peak Vp below the
nominal for this technology (1.2 V). Higher resistance values are con-
sidered, nonetheless, as oxide stress can be linked instead to the rms
electric field [16] or the QS approach [14]. Another important char-
acteristic is that under the QS assumption, for gate-to-drain stress,
TDDB models are strongly dependent with the operating class of the
amplifier, determined by the conduction angle 6, which is defined by
VGpc and VGgg. This is observed as for smaller 6, (towards class C,
lower VGpc in Fig. 1a) tyooppm is reduced at constant Rp due to higher
drain-gate DC and RF peak stress. Fig. 1c¢ and d show HCI degradation
curves, observing a displacement of the pyc; and Avgycr towards longer
times as Rp decreases, as expected at lower drain RF voltages.
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Fig. 2. Space of inductors in the 130 nm technology used in this work. Q vs. L is
shown, where a maximum of 24 is observed for inductors around 1nH.

In addition to P, specification, efficiency is a key parameter in PA
design. Total efficiency is comprised by #y0s and output matching
network efficiency (ynw), i.e. its insertion loss (IL), caused by real
elements. In this regard, and for on-chip matching, inductors are the
bottleneck in virtually every RF design due to their high losses and
limited range of values. For the inductor space available in a given
technology, only a handful of matching networks can be designed for a
given Rp/Ry, each one resulting in different Qp and IL.

The main limitation, as mentioned previously, is the limited in-
ductor space for a given technology. This can be observed in Fig. 2,
where inductor Qg vs. inductance (L) is represented in a scatter plot for
the whole space of inductors in the technology being em ployed (scatter
was slightly down sampled for clarity purposes). Clearly, highest Q
values > 20 (lower loss) are limited to an inductance range between
400 pH and 1 nH, dropping rapidly for higher and lower L values. For a
given Rp/R;, these inductors are used to create a space of matching
networks that comply with this impedance hop, but each with a dif-
ferent Q at the load and drain sides and different magnitudes for IL.
Additionally, network topology is different for Rp/R, > 1 or < 1.
Fig. 3a shows a PA with a generalized m-network for output matching.
The capacitive or inductive nature of the series branch defines Rp/
R;, > 1 or < 1 respectively.

Fig. 3b shows, for those networks that achieve a certain Qp (~1%
tolerance), the one that has the lowest IL. It is now possible to directly
observe the trade-off between impedance conversion (RL is 50 Q in all
cases), IL and operating Qp. It is important to notice that a low Qp, value
results in high harmonic content, rendering the high selectivity condi-
tion for PA design invalid, requiring specific analysis of the drain vol-
tage waveforms for such condition to assess reliability. As general
trend, highest efficiencies are obtained for Rp/Ry > 1 with an IL loss
higher bound of around 2 dB but for low Qp, values. From the reliability
perspective, for Rp/R;, < 1 and high Qp, IL rapidly increases due to
inductor losses in the series branch, highlighting a trade-off between
reliability and efficiency. As a rule of thumb, considering a design for
Rp lower than 20 Q would imply such a drastic efficiency loss (< 1/4
from the ideal case) at an acceptable Qp, that the design would be vir-
tually unemployable for a majority of applications. Nevertheless, it
should be pointed out that this lower bound is technology dependent,
and therefore it should be explored for each particular case.

4. Reliability simulations of PA design cases

Transistor degradation models [2, 8, 9, 13] were introduced into a
Spectre RF simulation flow. The circuit is simulated under a periodic
steady state (pss) for different elapsed times of continuous operation. In
each time instant, the drain and gate voltage waveforms are obtained
and used to calculate the degradation parameters to be introduced into
the design and used for the simulation of the next time step. The general
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Fig. 4. Flow chart summarizing the used simulation script under Spectre RF for assessing PA degradation over time.

simulation procedure here described is represented in the flow chart of to the negligible impact of TDDB in these designs. This will be discussed
Fig. 4. It should be pointed out that, for these specific circuits, although further along this section.

TDDB parameters were calculated during simulations, the BD resistance Two fully integrated 0 dBm P, PA designs suitable for low power
model was not implemented for the circuits under test in this work due short range links were simulated, each with a different matching
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Fig. 5. SPICE simulation results for des. A (Rp = 40Q) and des. B (Rp = 85Q). (a) PAE and Pout evolution with time. (b) Comparison between the estimated
parametric degradation at fresh condition (dotted) and the impact of updating stress conditions with time in SPICE (solid and dashed).

strategy at the drain: circuit A was designed to present Rp = 40 Q while
circuit B presents Rp = 85 Q. Drain DC voltage was afterwards fixed to
maximize power added efficiency (PAE) and both circuits have iden-
tical Vgqg. and transistor sizing. Fig. 5 shows the summary of the si-
mulation results for both circuits under test. P, (solid) and PAE (da-
shed) evolution with time are shown in Fig. 5a, where design A shows a
clear advantage on the parametric degradation when compared to de-
sign B: for a reference time, e.g. 10 years, circuit B shows a Pout re-
duction of > 2 dB while circuit A suffers a loss < 0.05dB. The trade-
off to this robustness is, as expected in the design stage, power effi-
ciency: circuit A shows PAE around 15% while circuit B around 28%.
Nevertheless, efficiency also degrades rapidly for circuit B, dropping
6% for the considered reference time while circuit A suffers an effi-
ciency loss smaller than 1%. These simulations highlight the strong
trade-off between design robustness and power efficiency of two dif-
ferent implementations of the same circuit.

It is important to point out the fact that, for this particular study,
HCI degradation requires much shorter times to impact on circuit
performance than the required time that, statistically, it would take
100 ppm circuits to experience gate oxide HBD (extrapolated from
Weibull statistics). This is a consequence of the high extrapolated BD
times for the referenced experimental data [10] to small transistor areas
and low voltages, which yielded t;ogppm values in the order of 1 X 103
seconds for the operating conditions of our circuits. Nevertheless, for
different experimental TDDB data, the general variation of reliability
indicators under projected design conditions would show the same
trends as in Fig. 1, not affecting the design approach here presented. It
would be required though, to take into account TDDB effects in the PA
reliability simulation flow depicted in Fig. 4 if t;pgppm values are low
enough.

Finally, another interesting issue is included in Fig. 5b, where the
parameter values for pyc and Avgycr are shown for both circuits as
obtained from Spectre RF simulations (solid and dashed lines) and as
estimated at the design stage considering the operation of the fresh
circuit (dotted lines). Clearly, the design estimation shows much faster
parametric degradation than the SPICE simulation results, highlighting
the importance of updating the stress conditions over time for a precise
assessment of reliability after a specific design has been chosen.

5. Conclusions

In this work, a design perspective for reliability of low power CMOS
RF PAs is introduced. Results show a reliability enhancement for lower
drain voltages at constant output power, but with a strong trade-off
with matching network efficiency for on-chip implementations. This
trade-off can be performed, at constant output power, by reducing the
RF drain resistance. Finally, the importance of a SPICE implementation
to simulate device lifetime was highlighted by the fact that circuit de-
gradation changes the stressing conditions as well, and these should be
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updated in time dependent reliability simulations to avoid under-
estimating circuit lifetime.
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