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Instead of blindly tracking the rapid
downsizing of supply voltage (Vpp) in
technology scaling, high-/mixed-volt-
age radio-frequency (RF) and analog
CMOS circuits have emerged as a pro-
spective alternative comes of age. An
elevated V,p, or a hybrid use of 1/0 and
core Vpp's, in conjunction with thin-
and thick-oxide MOS transistors open
up many possibilities in defining cir-
cuit topologies, while maintaining the
speed and area benefits of advanced
processes. Circuit reliability can be
guaranteed through advanced circuit
techniques. This paper aims to provide
a glimpse of the basic concept, system
design considerations and circuit ex-
amples. A wide variety of RF and ana-
log CMOS circuits designed based on
such techniques are examined and new
topologies are proposed. Those cir-
cuit topologies comprise the RF pow-
er amplifier, the low-noise amplifier,
the mixer, operational-amplifier-based
analog circuits, the sample-and-hold
amplifier and, finally, the line driver.
Reliability considerations such as oxide
breakdown, hot carrier injection (HCI),
time dependent dielectric breakdown
(TDDB), and bias temperature instabil-
ity (BTI) will be discussed, and their im-
plications in different types of circuits
will be justified. The outlined principles
are extendable to other RF and analog
circuits, motivating the adoption of new
voltage-conscious topologies in ultra-
scaled CMOS processes.
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I. Introduction

apid downscaling of CMOS has led to more compact and faster

radio frequency (RF) and analog circuits but with deteriorated

linearity and accuracy due to the associated low-voltage con-
straints. The value of the supply voltage (Vpp) predominantly defines
the number of transistors that can be placed in cascode for an amplifi-
er. Entered into the sub-1V nanoscale regime, the downsizing of thresh-
old voltage (Vr) is decelerated due to transistor variability, matching
and leakage issues. Insufficient voltage headroom makes cascoding of
transistors very inefficient. Cascading of transistors, on the other hand,
demand more power and achieves lower operating speed. Innovative
techniques befitting sub-1V nanoscale processes must be investigated
in order to keep driving up circuit performances along with technology
advancements.

In this article, high-/mixed-voltage CMOS circuits are presented as
the technology comes of age. The research goal is to enlarge the design
headroom through the elevation of Vyp in ultra-scaled CMOS processes and
the hybrid use of thin- and thick-oxide transistors. In advanced processes,
thin-oxide transistors are for core design that have a voltage limit the
same as the standard supply Vpp.. Thick-oxide transistors are for I/O
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Bringing thick-oxide transistors, and their associated Vo, into the
RF and analog circuit design portfolio appears to be a handy option to
increase the design flexibility.

design that can work at a higher supply voltage Vppo.
When design-for-reliability (i.e., no overstress on any
device) is included in the design flow, an elevated Vpp
outpacing the technology roadmap can reliably enlarge
the voltage headroom (Vpp — V) as depicted in Fig. 1.

Il. System Considerations
A general perception of mixed-voltage wireless system-
on-chip (SoC) for portable applications is depicted in
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Figure 1. Voltage headroom increment through an
elevated Vpp.

Fig. 2. Thin-oxide transistors powered by Vpp . exhibit
the simplest structure to maximize the speed-to-power
efficiency of digital functions such as the digital signal
processor. However, RF and analog circuits such as
the RF power amplifier and the baseband operational
amplifier are not that efficient to work under the same
Vbp.e» which in the latest technologies, such as the 65
and 40-nm CMOS, has values in the order of 1 to 0.9 V
[1], respectively. Such Vj, . leads to small voltage head-
room burdening the performance optimization, espe-
cially in multistandard wireless systems that demand
high-linearity low-noise wideband RF circuits [2]. Con-
sequently, the exploration of a voltage islanding con-
cept in a power management unit would become essen-
tial for distribution of the supply voltages to different
functions appropriately.

On the other hand, since many peripherals do not scale
synchronously with the silicon technologies, thick-oxide
transistors are still kept available in advanced processes
to facilitate I/O communications. Thus, bringing thick-
oxide transistors, and their associated Vo, into the RF
and analog circuit design portfolio appears to be a handy
option to increase the design flexibility. Thick-oxide tran-
sistors can be considered as devices from previous tech-
nology nodes: 0.25 and 0.18 um. Their reliable operating
voltages are 2.5 and 1.8 V, respectively. Both are much
more comfortable values for RF and analog circuit design
and can be easily generated by a

3.6/3.7-V Li-ion battery. Obviously,
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circuits built with purely thick-ox-

ide transistors are not preferred as
they cannot profit from the speed

and area benefits of advanced

|
B |"| processes. A hybrid use of thin-

and thick-oxide transistors, Vpp,
and Vpp o, emerges then as a new
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In the latter sections, before we
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describe the high-/mixed-voltage-
enabled circuits for wide types of

voltage and thick-oxide transistor.

Figure 2. Increase RF and analog circuit design flexibility with add-on 1/0 supply

RF and analog functions, the key
device reliability concerns are
discussed first.
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Punchthrough is a critical concern in high-power circuits such as the
power amplifier (PA), but it can be avoided for low-power low-swing
RF circuits such as the low-noise amplifier (LNA).

Ill. Device Reliability
in Ultra-Scaled Process

The technology Design Rule Manual provides the key
device reliability concerns including the absolute maxi-
mum rating (AMR), hot carrier injection (HCI), elec-
trostatic discharge (ESD), time dependent dielectric
breakdown (TDDB), bias temperature instability (BTI)
and punchthrough effect. Complying with them in the
design indeed translates the term “design for reliabil-
ity” into “voltage-conscious design”, highly simplifying
the design and verification methodologies [3]. Further-
more, in the topology formation phase, their implica-
tions to the circuits can be easily justified.

A. AMR

The AMR corresponds to the maximum voltage applied
to a minimum-gate-length device with no unrecoverable
hard failure. AMR is concerned mainly with the gate-ox-
ide breakdown voltage as it is 3 to 4 times smaller than
the junction breakdown voltage [3]. A device biased
close to the AMR limit may also lead to a deviation in
device parameters, degrading the long-term reliability.
The tolerable AMR is continuously reducing with the
technologies (e.g., 1.6 V in 90-nm CMOS), complicating
the design of ESD protection in high-frequency pins.

B. HCI Lifetime

Degradation of MOS device characteristics occurs as a
result of exposure to a high Vs with alarge drain current.
Examples of degradation are a shift of V; and a shorter
gate-oxide breakdown lifetime. HCI normally happens in
high-power circuits such as the power amplifier, where
the worst HCI bias conditions: Vs = Vgs= Vi and Vg =
Vpp/2 are concurrently satisfied. HCI degradation can be
reduced by lowering the drain current or increasing the
device channel length (L).

C. TDDB

TDDB is the wear-out of insulating properties of
silicon dioxide in the CMOS gate, leading to the
formation of a conducting path through the ox-
ide to the substrate. In order to protect the cir-

Table 1, NMOS has a higher voltage standing capability
than PMOS for all cases to prevent TDDB. Thus, NMOS
is preferable when considering TDDB in circuit design.

D. NBTI

BTI degradation happens under steady-state conditions.
It is design dependent in analog and RF circuits and pri-
marily only PMOS devices are subjected to BTI stress,
namely negative BTI (NBTI). In a Vp-upscaled design, an-
alyzing NBTlinvolves detecting, in all modes of operation
(DC and small signal), which PMOS device is exposed to
a peak or rms voltage value exceeding the standard Vjp,
which is around 1V in 90 and 65-nm CMOS. Thus, NMOS
is also preferred when implementing analog switches.

E. Punchthrough

Transistor gate length should be increased wherever
possible to prevent the drain-source depletion regions
from punchthrough. In 90-nm CMOS, for a transistor hav-
ing an aspect ratio (W/L) of 10/0.1, a strong increment
of drain current due to punchthrough effect starts at a
value of Vgl around 2.3 V. Although the punchthrough
effect is not intrinsically destructive it can accelerate, in
the long term, the gate oxide breakdown because of the
induction of hot carriers. Punchthrough is a critical con-
cern in high-power circuits such as the power amplifier
(PA), but it can be avoided for low-power low-swing RF
circuits such as the low-noise amplifier (LNA).

IV. Extend the Voltage Capability of

Thin- and Thick-Oxide Transistors
With respect to the above-mentioned reliability con-
cerns, individual thin (thick)-oxide transistors can
withstand maximally just one Vpp . (Vppjo) voltage dif-
ference for any of the two terminals. In order to extend
their voltage capability, stacking of devices can be
applied. The concept is illustrated in Fig. 3. In steady
state, the possible structures can be a stack of two (or

Table 1.

Maximum DC gate oxide voltage to prevent TDDB.

cuit against TDDB the catastrophic destruction 90 nm CMOS 65 nm CMOS

of gate oxides induced by the maximum DC gate = = = =

oxide voltage at different temperatures must be e st L e
considered. According to the maximum DC gate GP NMOS 143V 1.28V GP NMOS 135V 1.23V
oxide voltages of 90- and 65-nm CMOS given in GP PMOS 129V L7 GP PMOS 123V v
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One basic request of this technigue is that the bulk should be tied to
the source terminal to avoid overstress between them, implying the need
of a triple-well process for NMOS to have an isolated bulk.

more) thin-oxide transistors, thick-oxide transistors, or
a hybrid use of both. Generally, the voltage capability
across the drain and source terminals can be multiplied
by the number of stacked transistors. One basic re-
quest of this technique is that the bulk should be tied to
the source terminal to avoid overstress between them,
implying the need of a triple-well process for NMOS to
have an isolated bulk.

Among the three structures shown in Fig. 3 only pure
stack of thin-oxide transistors and a hybrid stack of thin-
and thick-oxide transistors are relevant to balance the
speed and voltage capability. Pure stack of thick-oxide
transistors cannot take advantage of the area and speed
features of advanced technologies. In the hybrid case
the thin-oxide transistor can serve as the amplification
device for minimization of the loading effect to the pre-
vious stage. The thick-oxide transistor serves as the
cascode device thus increasing the voltage capability.
High-/mixed-voltage RF and analog circuits are generally
based on these two stacking structures.

In addition to steady-state overstress, transient-state
overstress should not be allowed too. Depending on the
nature of the signal processing, large-signal circuits (e.g.,
line driver) requires checking the trajectory of all nodes.
Alternative solutions are to employ voltage-biased and
self-biased circuit topologies; both of them have the
benefit that the internal node voltages can be easily con-
trolled during power up/-down transients. Examples of
the techniques will be discussed in the next section.

V. High-/Mixed-Voltage RF and Analog Circuits

A. Power Amplifier and Wideband Balun-LNA

(High- Vpp 1 Mixed-Transistor)

Vpbp-upscaling circuits have appeared in the literature
for many years. The most common application is on
the PA. As shown in Fig. 4(a) a hybrid use of thin- and
thick-oxide devices in cascode permits high speed op-
eration and the use of an elevated Vp, (3.3 V) to maxi-
mize the possible output power in 0.13-um CMOS [4].
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Figure 3. Extending the voltage capability of thin-and thick-oxide transistor through stacking.
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(b) Wideband balun LNA.

Figure 4. RF circuits using an elevated V. (a) Power amplifier with automatic protection of M; from being overstress.

(b)

This topology successfully prevents steady-state over-
stress. On the other hand, in order to protect M, from
overstress automatically during the power-up/down
transients, we propose to add a thick-oxide device M,
at V, node. Its size is not critical as it is to ensure V, <
Vbp,e When Vpp glevated i activated first and can be turned
off when Vpp . has caught up automatically.

Mixed-transistor circuit topologies also found appli-
cations in small-signal linearity-demanding RF circuits
[5]-[7]. A 90-nm CMOS ultra-wideband balun low-noise
amplifier (LNA) [5] based on an elevated Vpp (2.5 V) in-
creases the output dynamic range while allowing more
voltage drop at the resistive load R, [Fig. 4(b)], achiev-
ing both high gain and high linearity but a smaller out-
put bandwidth due to an increased R;. A gain-peaking
inductor L; can be exploited to extend the output
bandwidth. M, in Fig. 4(a) can also be applied to this
topology to protect M; and M.

B. ESD-Protected LNA (Mixed-Vp,+

Thin-Oxide Transistor)

Figure 5 depicts the simplified schematic of a PMOS-
based, open-source-input ESD-protected ultra-wide-
band (UWB) LNA for full-band mobile TV [8]. Reverse-
biased P*-diffusion diode Dy, and N*-diffusion diode Dy,
are adopted for pin-to-rail ESD clamp. The aim of choos-
ing a PMOS-based input structure is to take advantage
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Figure 5. Mixed-voltage ESD-protected LNA (simplified).

of the presence of Vo and comparison features with a
NMOS-based structure are described next.

In case NMOS is selected as the input device together
with an input common-mode voltage Vi set to 0.6 V
with respect to a 1.2 V Vpp . in a 90-nm CMOS process
[Fig. 6(@)], the input swing is optimum as it is midway the
rail-clamp supply that is the Vp .. Regrettably, Veyn =
0.6 V will offset the output common-mode level by the
same amount, resulting in a limited output swing. Though
Vemun = 0V can resolve such an output swing limitation
[Fig. 6(b)], Dy at such a V¢ v is at a higher risk of forward
bias, unavoidably sacrificing part of the input swing.

Conventionally, the above tradeoff cannot be re-
solved by using PMOS devices as shown in Fig. 7(a), but
the presence of Vpp 0 enables the use of a higher ESD
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Figure 6. Diode clamps with a NMOS-input structure:

@) Vemn = 0.6 V and (b) Vey iy =0 V.
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sat p

out
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Figure 7. Diode clamps with a PMOS-input structure: (a)
Vewn = 0.6 V and (b) Vey, v = Vpp,c = 1.2 V but the clamping
voltage is the Vpp 0 = 2.5 V.

protection rail. For a Vpp 0 of 2.5 V, the I/O swings can be
concurrently maximized as shown in Fig. 7(b). The im-
provement is illustrated by plotting the diode-clamp 1/0
transfer curves and their 1st derivatives at typical and
extreme temperatures [Fig. 8]. With Vey iy = Vpp = 1.2V,
the linear input [v,(t)], even at the highest tempera-
ture, has a swing of roughly 3 V,, in the PMOS case,
while it is just roughly 0.8 V,, in the NMOS case with
Vemun = GND (0 V). Besides, considering the ESD robust-
ness, Veyn = Vpp balances the discharge capability of
=+ zapping events.

C. Cascode-Inverter LNA

(High-Vpp+ Thin-Oxide Transistor)

HV-enabling circuit techniques are normally based on
stacked transistors to lower the voltage stress on each
device. Consequently, only one transistor can serve as
the amplification device. A 90-nm CMOS cascode-inverter
LNA was proposed [9]-[10] to enhance the gain-to-power
efficiency and boost up the voltage withstand capability.
The formation of the circuit is illustrated by introducing a
Vpbp partitioning concept. In order to reliably bias the thin-
oxide transistors under an elevated supply it is design-
convenient to equally divide the supply into four regions,
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Figure 8. Diode-clamp 1/O transfer curves and their 1st
derivatives at different temperatures, showing the linear
input swing versus the selected V¢ y.

as shown in Fig. 9. On the left, a 1XV}, inverter-type ampli-
fier (IA; to [A;) can be connected in three different ways
without affecting the performance and reliability. Such an
amplifier is self-biased by a feedback resistor. It can be
observed that the inter-rail voltage levels (0.5XVpp, 1XVpp
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By doubling the supply to 2xVyp as shown in Fig. 11(b), the overdrive voltage
of the MOS switches is maximized to the technology allowable limit.

and 1.5XVpp) call for additional
circuitry supply rails. This over-

Single Stage

Cascode Cascode-Cascade

A A

head, however, can be avoided by

exploiting a cascode of two iden- ,|
tical inverter amplifiers (IA, and '
[A5). The intermediate point is still
the RF input node, self-biased to P .
a value close to 1XVp because of N

voltage division. Due to a matched seeppacazos —[E\} """"""""""""""" (] e ® oo

I/0 DC level, the voltage gain can
be enhanced further by cascading
the cascoded inverter amplifiers
(1Ag to TAy), without needing any
ac-couplings.

Inverter
d~.._Amplifier

2X VDD

1.5XVDD

Iy A |
lﬁs |ﬁ4 Ag>—{IAg>

Self-Biased
to 1xVpp
A

1xVpp

0.5xVpp

Figure 10(a) shows the sche-
matic of a cascode-inverter LNA
that is enabled to work underneath

Figure 9. Three 2xV,p partitioning schemes for the LNA.

a 2XVpp supply with no reliability
issue. The common source node of M, and M; provides
an input impedance match. Assuming a differential input
is available, the overall transconductance can be boosted
by applying the inverting input to the gate of M,—-M,. Every
transistor shares a voltage drop of 0.5XVpp, ensuring reli-
ability in both steady and transient states [Fig. 10(b)] with-
out needing additional biasing circuits. The dual outputs
can be passively summed by a capacitor Cy,,, to halve the
output impedance, or actively summed in current mode
by using transistors to further enhance the gain.
Self-based inverter-based circuits are sensitive to
process, voltage and temperature (PVT) variation.
The back-gate control scheme highlighted in [11] is an
effective solution for this problem. It keeps the supply
current constant and reduces the sensitivity to supply
ripple by returning the correcting signals to V, ;,,x and
Vabui A triple-well process is required to isolate the
bulk of NMOS from the substrate.

D. Passive Mixers (High-V,,+ Thin-Oxide Transistor)
A passive current-mode downconversion mixer can be
implemented with a resistor Ry in-series with a MOS
switch, and terminated with a virtual ground through
the use of an operational amplifier (OpAmp). The
OpAmp provides linear I-V conversion and first-order
lowpass filtering at the output. In order to achieve a
rail-to-rail output swing the output dc-level should
be at half of the supply. For a generic 1XV,, design as
shown in Fig. 11(a), the clocked MOS switch can only
have a maximum overdrive voltage of 0.5 V. However,
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Figure 10. (@) A 2xV,, cascode-inverter LNA and (b) its

internal node voltage varation when V,, ramps up.
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Figure 11. Downconversion passive mixers: (a) 1xVp, design. (b) 2%V, design.
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Figure 13. The reference schematics of two types of I/Q mixer drivers: (a) 1-V common-source amplifier and (b) 2-V cascode
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Given the same voltage gain requirement, power budget, source and load
impedances, the first advantage of the 2xV,, design is that it
exhibits 2.8-dB higher IIP3 than the 1xV,, one.

by doubling the supply to 2XVp, as
shown in Fig. 11(b), the overdrive volt-
age of the MOS switches is maximized
to the technology allowable limit, i.e.,

Table 2.

Parameters

Simulated performances of 1-V and 2-V 1/Q mixer drivers.

1XVpp. This act significantly reduces
the size of the MOS switch and its in-
duced nonlinearity.

Another type of 2XVp, passive mix-
er with a mixer driver is shown in Fig.
12(@). A 2XVpp 90-nm CMOS cascode
amplifier serves as the mixer driver
improving the linearity and reverse
isolation [10] but the output dc-level is
up-shifted to 1.5XV,p. Under a 1.5XVp,
dc-level PMOS is preferred as the mix-

Technology

Voltage gain

Load

Power consumption
Source impedance

IIP3 (2-tone test at 500 & 505 MHz)
Reverse isolation (Vio/ V)

1/Q isolation (Viytq/ Viouti)

Output -3-dB bandwidth

Output noise voltage (at 500 MHz)

1V Mixer Driver 2 V Mixer Driver
90 nm CMOS
2.54 mW

8 dB

200V

0.2 pF
+2.7 dBm +5.5 dBm
31dB 76.3 dB
39dB 38.4dB
5.37 GHz 1.58 GHz
5.29 nV/sqrtHz 6.25 nV/sqrtHz

ing MOS to maximize the overdrive volt-
age. The unmatched input and output dc-levels of the
OpAmp require an extra bias current I, to sink out the
excess dc-current in the feedback loop. Since I, depends
on the absolutely value of Ry, a resistance-tracking bias
circuit can be utilized for this purpose. As shown in Fig.
12(b), an error amplifier together with a 3R, and a cur-
rent mirror generates the required value of I, = 0.5XVpp/
Ry It should be noted that no device is under overstress.
It is also of interest to compare the performances be-
tween 1-V and 2-V [/Q 90-nm CMOS mixer drivers. Figures
13(a) and (b) illustrate the schematics of two types of [/Q
mixer drivers with the respective component parameters
shown. The former is based on typical 1XVp, common-
source amplifiers whereas the latter is based on 2XVp,
cascode amplifiers with a shared input device (M;) be-
tween | and Q channel to minimize the input capacitance.
M, and M5 are voltage-biased using a MOS-based divider
as shown on the left. Figure 14 shows the simulated inter-
nal node voltages of the I/Q mixer drivers [markers cor-
respond to Fig. 13(b)] when the 2XV,, ramps up from 0
to 2 V. The potential differences of all internal nodes are
within the reliable limits given by the Design Rule Manual.
A performance summary of Figures 13(a) and (b) is
presented in Table 2. Given the same voltage gain re-
quirement, power budget, source and load impedances,
the first advantage of the 2XV},;, design is that it exhibits
2.8-dB higher IIP3 than the 1XV,,one. It can be observed
that although M,-M; can be biased to have the same Vg
close to 0.5V, only M; can have a Vg = V5 while main-
taining an output swing of around 0.8 V,,,, given that Vi =
0.3V and Vg of My and Msis 1 V. M, and M; can be sized to
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have a long channel length in order to minimize the non-
linearity of its output resistance. However, for the 1XV}
design, an output swing of 0.8 V,,, implies a minimum Vpg
of 0.2V on M; and M,, resulting in a deteriorated linearity
because of strong channel-length modulation.

The second advantage of the 2XV,, design is on the
reverse isolation. Because of the presence of the cas-
code transistors M, and M;, the 2XVp, design shows
45.3-dB better reverse isolation than the 1XV}, one.

The main drawback of the 2XV,, design is on the out-
put bandwidth. It is 3.4X smaller than the 1XV,, design
due to the need of a larger load resistor and one extra
pole formed internally. Nevertheless, this speed penalty
is acceptable for many applications.

1.2

Ramp U%XVDD My, Ms: Vps = _©\
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Figure 14. Simulated DC-node voltage variation of Fig. 13(b)
with the 2%V, ramps up from O to 2 V.
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(a)

Figure 15. OpAmp's input stage with a current mirror load: (a) 1V (typical) (b) 2 V-enabled.
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E. Operational Amplifier

(High-Vpp + Thin-Oxide Transistor)

A 3.3-V 0.18-um CMOS two-stage operational ampli-
fier (OpAmp) was demonstrated in [12]. The con-
cept of extending the voltage is related with the
addition of extra cascode transistors, boosting the
voltage-withstand capability from 1.8 to 3.3 V. The
input stage is of particular interest as it is based on a
high-voltage-enabled differential pair using a current
mirror load. In order to understand the performance
difference in an advanced process, we re-design and
compare only the input stage of the OpAmp (output

stage is more customized) in 65-nm CMOS, as shown
in Fig. 15(a) and (b). Table 3 summarizes the simula-
tion results showing that the dc gain and linear out-
put swing of the 2-V design are 8.4 dB and 2.6 times
better than its 1-V counterpart, respectively. On the
other hand, the unity-gain frequency is reduced by
40% due to the additional parasitic poles in the 2-V
design. Thus, when the speed is not that demanding,
a 2-V-enabled OpAmp is better since OpAmp-based
circuits such as the active filter are normally for
baseband operation.

F. OpAmp-Based Analog-Baseband

Table 3 Circuits (High-Vpp+ Thin-Oxide
Comparison between 65-nm 1-V and 2-V OpAmp's input stage Transistor)
with a current-mirror load. A Vppelevated OpAmp can lead to a
1V OpAmp’s Input 2V OpAmp’'s Input wide range of analog-baseband cir-
Parameters Stage Stage cuits which will take advantage of area
Technology 65 nm CMOS and power savings. The general topol-
Transistor type 1V GP NMOS and PMOS ogy is shown in Fig. 16. Depending on
Power consumption 0.4 mW the wanted impedances of Z;, and Zj
Load C, 1pF several types of continuous-time and
DC gain 10 dB 18.4 dB discrete-time circuits can be synthe-
Unity-gain frequency 318.5 MHz 191 MHz sized. Its power and area advantages
Phase marin 07° 95° are particularly obvious for quadra-
9 . ture (I/Q) wireless systems that re-
HD3 (at 1 MHz input) 45.6 dB at 125 mV,,, 44.3 dB at 330 mV,, . -
Output Output quire many OpAmps for realizing
Output noise voltage (at 100 MHz)  14.6 nV/sqrtHz 14.7 nV/sqrtHz high-order  channel-selection filters
and programmable-gain amplifiers.
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Figure 16. Analog-baseband circuits based on a 2xV,, OpAmp.
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Figure 17. Sample-and-hold circuits: (a) 1-V design. (b) 2.5-V design.

(b)

G. Sample-and-Hold Amplifier

(High-Vpp+ Mixed-Transistor)

Discrete-time analog-baseband circuits not only can ben-
efit from the area and power savings of a Vpy-elevated
OpAmp, but also the extra voltage headroom to im-
prove the linearity of sampling. Shown in Fig. 17(a) and
(b) are two sample-and-hold circuits with 1-V and 2.5-V
supplies, respectively. At a 100-MHz sampling rate, to
sample-and-hold a 10-MHz 0.6-V,,, sinusoidal input at a
dc level that is midway to Vpp/2, the former based on
thin-oxide MOS with a minimum channel length of 60 nm
can achieve 1.18-GHz tracking bandwidth (BW) but the
HD3 is limited to 31.5 dB. Alternatively, the latter based
on thick-oxide MOS with a minimum channel length of
280 nm can achieve 50-dB HD3, but the tracking BW is
almost halved. Then, this speed-linearity tradeoff is sub-
ject to applications and can be flexibly selected in ad-
vanced processes, as both thin- and thick-oxide devices
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Figure 18. Clock level shifter for1to 2.5 V.

1V
o UL
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s
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are available. Since the clock is normally synthesized
with the thin-oxide circuit for power and area reduction,
a clock level shifter, as shown in Fig. 18, would be re-
quired for the 2.5-V design.
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Figure 19. (a) CO line driver with a 2xVpp .. (b) The internal node voltages when the output stage is delivering high and
low-state outputs showing all voltage differences are within 1xVpp ..

(b)

H. Line Driver (High-Vy;, + Thin-Oxide Transistor)
Ref [13] has demonstrated that a 5.5-V line driver real-
ized in a standard 1.2-V 0.13-um process is capable to
attain state-of-the-art performances with no reliability
degradation. Figure 19(a) depicts the block schematic
of such a line driver topology (the output stage), where
a 2XVpp. supply is adopted for simplicity. The input
signal is delayed (to synchronize with the upper path)
and buffered to drive the NMOS device M;, besides be-
ing also level-shifted up to drive the PMOS device M,.
The cascode transistors M, and M; serve to increase
the voltage-withstand capability. With a 2XVjp, . supply,
the gate-bias voltages of M, and M; are very simple, i.e.,
1XVpp, to ensure no overstress in both high- and low-
state outputs [Fig. 19(b)]. For a higher Vp, multiplying
design (i.e., greater than 2), a dedicated bias circuit for
each cascode transistor is necessary to guarantee no
device is under overstress in both steady-state and tran-
sient operations. The circuit needs two supplies 1XVp, .
and 2XVpp .. The application-related performance met-
rics are available elsewhere [3], [13].

VI. Conclusions
High-/mixed-voltage RF and analog CMOS circuits feature
high potential to boost up the performances of advanced
nanometer-scale chips without degrading the reliability.
Bringing the Vo and thick-oxide transistors into the RF
and analog circuit design portfolio does not by itself re-
quire any add-on resource or technology option, but ef-
fectively increase the design flexibility. Circuit techniques
play a key role in this development, and are therefore long-
term reusable when the technology continues to advance.

This article only serves as a glimpse of this research
trend and guiding direction, while highlighting the neces-
sary gate-drain-source engineering skills to take a broad-
er advantage of available techniques. One of the critical
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points would be to guarantee the circuit reliability com-
pliance with the foundry guidelines when considering de-
vice size and the potential adopted bias in transient and
steady states. Advantages of high-/mixed-voltage RF and
analog CMOS circuits have been demonstrated by sever-
al recent works, and are believed to be easily extendable
to other circuits and systems in different applications.

Acknowledgment
The authors thank the anonymous reviewers for valu-
able comments and suggestions. This work has been
funded by the Macau Science and Technology Develop-
ment Fund (FDCT) and the Research Committee of Uni-
versity of Macau.

Pui-In Mak (S5’00-M’08) received the
BSEEE and PhDEEE degrees from Uni-
versity of Macau (UM), Macao, China, in
! 2003 and 2006, respectively. He was with
Chipidea Microelectronics (Macau) Ltd.
in summer 2003 as an Trainee Engineer.
Since 2004, he has been with the Analog
and Mixed-Signal VLSI Laboratory at UM as Research
Assistant (2004-2006), Invited Research Fellow (2006-
2007) and (Co)-Coordinator of the Wireless (Biomedical)
Research Line (2008-). He is currently Assistant Profes-
sor at UM. His research interests are on analog and RF
circuits and systems for wireless and biomedical appli-
cations, and engineering education.

Dr. Mak was a Visiting Fellow at University of Cam-
bridge, UK and a Visiting Scholar at INESC-ID, Instituto
Superior Técnico/UTL, Portugal in 2009. He served on
the Technical/Organization Committees of numerous
conferences such as APCCAS’08 and ISCAS’10. He co-
initiated the GOLD Special Sessions in ISCAS’09-10. He is
Associate Editor of IEEE Trans. on CAS I-Regular Papers

FOURTH QUARTER 2010



(2010-2011), IEEFE Trans. on CAS II-Express Briefs (2010-
2011) and [EEE CASS Newsletter (2010-).

Dr. Mak (co)-received paper awards at ASICON’03,
MWSCAS’04, IEEJ Analog VLSI Workshop’04, PRIME’05,
DAC/ISSCC-SDC’05, APCCAS’08 and PrimeAsia’09. He
received the Honorary Title of Value decoration from
Macao Government in 2005; the Clare-Hall Visiting Fel-
lowship from University of Cambridge UK in 2009; the
IEFE MGA GOLD Achievement Award in 2009; the IEEF
CASS Chapter-of-the-Year Award in 2009, the UM Research
Award in 2010, and the [EEE CASS Outstanding Young Au-
thor Award in 2010.

Dr. Mak is a Member of: I[EEE GOLD Committee
(2007- ), CASS Board-of-Governors (2009-2011), CASS
Publication Activities Committee (2009-2011), CASS
Web Ad-Hoc Committee (2010-) and Technical Com-
mittees of CASCOM (2008-) and CASEO (2009-). He
co-authored a book: Analog-Baseband Architectures
and Circuits for Multistandard and Low-Voltage Wireless
Transceivers (Springer, 2007), and around 50 papers in
referred journals and conferences. He holds 1 U.S. pat-
ent and several in applications.

Rui P. Martins (M’'88-SM’99-F’08) re-
ceived the Bachelor (5-years), Masters,
and Ph.D. degrees as well as the Ha-
bilitation for Full-Professor in electrical
engineering and computers from the
Department of Electrical and Computer
Engineering, Instituto Superior Técnico
(IST), TU of Lisbon, Portugal, in 1980, 1985, 1992 and
2001, respectively. He has been with the Department of
Electrical and Computer Engineering/IST, TU of Lisbon,
since October 1980.

Since 1992, he has been on leave from IST, TU of Lis-
bon, and is also with the Department of Electrical and
Electronics Engineering, Faculty of Science and Tech-
nology (FST), University of Macau (UM), Macao, China,
where he is a Full-Professor since 1998. In FST he was
the Dean of the Faculty from 1994 to 1997 and he has
been Vice-Rector of the University of Macau since 1997.
From September 2008, after the reform of the UM Char-
ter, he was nominated after open international recruit-
ment as Vice-Rector (Research) until August 31, 2013.
Within the scope of his teaching and research activity
he has taught 20 bachelor and master courses and has
supervised 21 theses, Ph.D. (9) and Masters (12). He
has published: 13 books, co-authoring (3) and co-edit-
ing (10), plus 5 book chapters; 176 refereed papers, in
scientific journals (34) and in conference proceedings
(142); as well as other 70 academic works, in a total
of 264 publications, in the areas of microelectronics,
electrical and electronics engineering, engineering and

FOURTH QUARTER 2010

university education. He has co-authored also 7 submit-
ted US Patents (1 approved and issued in 2009, 1 classi-
fied as “patent pending” and 5 still in the process of ap-
plication). He has founded the Analog and Mixed-Signal
VLSI Research Laboratory of UM: http://www.fst.umac.
mo/ en/lab/ans_vlsi/ .

Prof. Rui Martins is an IEEE Fellow, was the Founding
Chairman of the IEEE Macau Section from 2003 to 2005,
and of the IEEE Macau Joint-Chapter on Circuits And
Systems (CAS)/Communications (COM) from 2005 to
2008 [World Chapter of the Year 2009 of the IEEFE Circuits
and Systems Society (CASS)]. He was the General Chair
of the 2008 IEEE Asia-Pacific Conference on Circuits
And Systems—APCCAS’2008, and was elected Vice-
President for the Region 10 (Asia, Australia, the Pacific)
of the IEEFE Circuits and Systems Society (CASS), for the
period of 2009 to 2010. He is Associate Editor of the I[FEE
Transactions on Circuits and Systems Il — Express Briefs,
for the period of 2010 to 2011. He was the recipient of 2
government decorations: the Medal of Professional Merit
from Macao Government (Portuguese Administration)
in 1999, and the Honorary Title of Value from Macao SAR
Government (Chinese Administration) in 2001.

References
[1] STMicroelectronics technology profile in Circuits Multi-Projet (R)
[Online]. Available: http://cmp.imag.fr/products/ic/
[2] P.-I. Mak, S.-P. U, and R. P. Martins, “Transceiver architecture se-
lection—Review, state-of-the-art survey and case study,” IEEE Cir-
cuits Syst. Mag., no. 2, pp. 6-25, June 2007.
[3] B. Serneels and M. Steyaert, Design of High voltage xDSL Line Drivers
in Standard CMOS. New York: Springer-Verlag, 2008.
[4] M. Zargari, L. Nathawad, H. Samavati, et al., “A Dual-Band CMOS
MIMO Radio SoC for IEEE 802.11n Wireless LAN,” IEEE J. Solid-State Cir-
cuits, vol. 43, pp. 2882-2895, Dec. 2008.
[5] R. Bagheri, A. Mirzaei, S. Chehrazi, M. E. Heidari, M. Lee, M. Mikhe-
mar, W. Tang, and A. A. Abidi, “An 800-MHz-6-GHz software-defined
wireless receiver in 90-nm CMOS,” [EEE J. Solid-State Circuits, vol. 41, no.
12, pp. 2860-2876, Dec. 2006.
[6] C. Andrews and A. Molnar, “A passive-mixer-first receiver with
baseband-controlled RF impedance matching, <6dB NF, and > 27dBm
wideband IIP3,” in ISSCC Dig. Tech. Papers, Feb. 2010, pp. 46-47.
[7]1H. Moon, S. Lee, S.-C. Heo, H. Yu, J. Yu, J.-S. Chang, S.-I. Choi, and B.-H.
Park, “A 23mW fully integrated GPS receiver with robust interferer rejec-
tion in 65nm CMOS,” in ISSCC Dig. Tech. Papers, Feb. 2010, pp. 68—69.
[8] P.-I. Mak and R. P. Martins, “Design of an ESD-protected ultra-wide-
band LNA in nanoscale CMOS for full-band mobile TV tuners,” IEEE
Trans. Circuits Syst. I, vol. 56, no. 5, pp. 933-942, May 2009.
[9] P.-I. Mak and R. P. Martins, “A 2XVp—enabled TV-tuner RF front-end
supporting TV-GSM interoperation in 90nm CMOS,” in /[EEE Symp. VLSI
Circuits (VLSI), Dig. Tech. Papers, June 2009, pp. 278-279.
[10] P-I. Mak and R. P. Martins, “A 2XVjy-enabled mobile-TV RF front-
end with TV-GSM interoperability in 1-V 90-nm CMOS,” [EEE Trans. Mi-
crowave Theory Tech., vol. 58, pp. 1664-1676, July 2010.
[11] L. Tripodi and H. Brekelmans, “Low-noise variable-gain amplifier
in 90-nm CMOS for TV on mobile,” in Proc. European Solid-State Circuits
Conf. (ESSCIRC), Sept. 2007, pp. 368-371.
[12] K. Ishida, A. Tamtrakarn, and T. Sakurai, “An outside-rail opamp
design targeting for future scaled transistors,” in Proc. [EEE Asian Solid-
State Circuits Conf. (A-SSCC), Nov. 2005, pp.73-76.
[13] B. Serneels, M. Steyaert, and W. Dehaene, “A 237 mW aDSL2+
CO line driver in a standard 1.2V 130nm CMOS technology,” in [EEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2007, pp.
524-525.

IEEE CIRCUITS AND SYSTEMS MAGAZINE

39




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


