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Abstract —In this project, we explore the new circuit
topologies and operation schemes to achieve low
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power RF CMOS IC targeting applications on
5.2~5.8GHz wireless communication. LNA and mixer
are two major circuit elements of our focus and the
performance target is set as LNA+mixer total power <
10mW by using 0.13G CMOS technology with supply
voltage at 1.2V. CMOS cascode and transformer
degeneration are two new topologies that have been
implemented in a test chip. Besides the new circuit
architectures, new test structures for RF CMOS
modeling have been designed and implemented in the
same test chip with support from tsmc R&D in terms
of tape-out, mask making, and wafer processing. To
achieve low noise for LNA, impedance matching by
using inductance degeneration is generally used but
extra noise arising from the non-idea inductor is
suggested by simulation. The non-zero series
resistance associated with the existing inductors will
contribute noise figure of near 1dB. Lossy pads and
lossy substrate are identified as two key factors
introducing extra noise to intrinsic CMOS,
particularly for the smaller devices with fewer finger
numbers. A novel transmission line de-embedding
method is developed for accurate RF CMOS noise
extraction and modeling. The extracted minimum
noise figure (NFn) after de-embedding matches well
with the published noise correlation matrix method
but is relatively simple without resort to the
complicated matrices calculation. Regarding the
linearity of special concern for mixer, a new
linearization technique using 2™ harmonic termination
by multi-gated structure has been justified by
simulation and implemented by test key tape-out to
CiC adopting tsmc 0.18um RF CMOS process. The
IM3 can be suppressed by around 10dBm at RF power
of —20~-35dBm and maintain the same DC power.
Key words : Low power RF CMOS, noise, linearity,
de-embedding



Background and Objective
Wireless communication and mobile phones are
among the numerous applications of RF ICs to drive
the features of low power, low noise, small form
factor, and low cost. Submicron CMOS technology is
recognized with great potential for
RF front-end at GHz era attributed to its advantages of

low voltage, high speed, high integration, and low cost.

LNA and mixer are two most frequently used RF
circuits adopting CMOS devices. Both circuits include
active transistors and passive elements like inductors,
capacitors, and resistors. The major challenges lie in
the trade-off among various performance parameters
such as NF (noise figure), 11P3 (third order intercept
points representing the linearity), Pz (1 dB
compression), power gain (G;), power dissipation,
reverse isolation (Sy), input/output return loss, and
stability factor, etc. Contradiction exist between some
parameters by nature, e.g. the lower noise paid the
penaty of higher power dissipation, the better
matching led to higher noise, etc. Of these parameters
the trade-off between dissipated power and the
dynamic range is the critical concern for low-power
RF circuits. For MOSFET devices, low power
dissipation requires low supply voltage and low drain
current, while large dynamic range necessitates large
transconductance and large effective gate voltage
(defined as VgVr1) [1][2]. Roughly conforming to
square law, however, the bias current in saturation is
linked to the product of the latter two quantities,
which sets a fundamental constraint on low-power
circuit design. In tuned circuits such a constraint can
be relaxed if appropriate circuit architecture is chosen,
e.g. improvement of linearity by reactive degeneration
without degradation of noise performance [3]. In this
project power-conscious design for RF front-end
circuits is to be implemented by taking the advantage
of scaling technology in both passive components and
active devices. For passive components, high quality
factor is the key to low power design to achieve the
same level of noise and gain performance. For
example, the loss of an inductor in the input matching
network and the output loading for a LNA circuit
causes high power consumption to compensate for the
loss. The quality factor of on-chip inductors is
hardly larger than 15. In recent years extensive effort
has been focused on improvement of quality factor for
on-chip inductors [4, 5]. Advanced process technology
offers better material of metal lines and thicker metal

layer that result in lower resistivity due to metal lines
and skin effect. Besides, it occurs that advanced
technology offers more metal layers that increase the
flexibility in design of better structures. New
structures  will be investigated for high-quality
inductors. For active devices, scaling of channel
length dramatically raises up the cut-off frequency (f1)
such that power consumption can be lowered down
with acceptable trade-off of other parameters [6]. The
development of CMOS devices has made it
competitive to bipolar devices for applicationsin radio
frequency circuits. Most published work, however,
is gtill applying only NMOS devices in circuit design
for its higher fr than that of PMOS devices. As PMOS
devices are applicable to radio frequency operation,
circuit design can benefit in the topology of
complementary circuits. The concept of current
reuse in such kind of CMOS circuits has been
published [7]. This concept can be extended further
for low power design. The mentioned issues cannot be
solved just by device tuning but new circuit
architectures are considered the “must” approaches to
achieve the true solution. Novel circuit architectures
accompanied with device technology advancement is
recoghized as the right way to go. Regarding LNA and
mixer, different circuit topologies such as
single-ended and differential pair accompanied with
single stage or cascode structure, degeneration by
inductor or transformer, capacitively coupled LC tank
or decoupling by transformer, pure nMOS or
complementary pair by nMOS/pMOS, etc. have been
verified by simulation to investigate different flavors
of circuit topology. Among the mentioned topologies,
transformer degeneration and CMOS cascode have
been implemented on the test chip taped out through
support of tsmc R&D using 0.13G RF CMOS process.

Resultsand Discussion
A. New Circuit Topologies for Low Power and Low
Noise LNA — CMOS cascode and Transformer
Degeneration
CMOS cascode is a new circuit topology proposed to
increase the amplifier transconductance without
increasing the power dissipation [8]. Current reuse
technique by CMOS structure at the input stage is
adopted and verified by simulation. Fig.1 shows the
circuit topology that we have implemented through
0.13um RF CMOS tape-out in which passive elements
of inductors and capacitors are used for impedance



matching, eg. Lg, Lg, and Ly for input impedance
matching while Ly, Cyy, and Cy, for output impedance
matching. Table 1. demonstrates the performance
calculated by simulation using tsmc 0.13um RF
CMOS model. All the key parameters as listed can
meet the spec. quite well. It's worthy of mention that
NFmin can be maintained as low as 1.8dB and power
dissipation can be reduced below 5mW.
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Fig. 1. CMOS cascode circuit scheme for LNA

TSMC CMOS 0.13um | TSMC CMOS 0.13um
DC Supply Voltage 12v 12v
S21 14.6dB >14dB
S12 -20.9dB <-20dB
s11 -14.3dB <13dB
S22 -24dB <-22dB
Noise Figure (NFrin) 1.8dB <2dB
Py -20.4dBm >-22dBm
IP3 -10.3dBm >11dBm
Power Dissipation 4.5mwW <5mw

Table 1. Simulation Results and Spec. for Low Power
LNA using CMOS cascode topol ogy

As mentioned previously that cascode configuration
is the most widely used topology for CMOS LNA,
particularly for those reported to date for 5GHz
wireless LANSs. However, the two-transistor stack sets
constraint on supply voltage scaling. On-chip
transformer degeneration was proposed to provide
reactive negative feedback to neutralize the Miller
capacitance Cyy While maintain low Vg [9]. Fig.2
illustrates the circuit topology of a single-end LNA

adopting transformer degeneration in which feeding
back a portion of the output signal via the transformer
can effectively cancel the feedback from output to
input through the Miller capacitance and neutralize the
amplifier. The magnetic coupling between input and
output using a transformer adds negative feedback,
which can be appreciated by applying a small positive
test voltage at node RF_jn. The increased drain current
lowers RF_o: or equivalently, increases the ac voltage
drop across L. The voltage across Ly; also increases
but in the opposite direction due to inverting wire
configuration. On-chip inductor Lg is employed at gate
to achieve input impedance matching while Cy is
adopted at drain to realize output impedance matching.
Table 2. shows the performance calculated by ADS
simulation in which ADS momentum is employed to
simulate the transformer characteristics. Device layout
size and bias conditions are fine tuned to achieve the
optimized performance. It's demonstrated that Vg as
low as 0.8V can achieve low power a 4mW and
maintain sufficient gain at 12dB and low noise, NFn
<2dB. S verification will be done after tsmc 0.13um
RF CMOS wafer out.
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Fig. 2. Single-end LNA with transformer degeneration

Performance( ) Simulation Target( )

Process TSMC 0.13uym (G) RF CMOS
DC Supply 0.8v 0.8v
Voltage

Gain 12dB >10dB

Noise Figure 1.98dB <2.5dB

Input return loss -12.2dB <-10dB

Output return loss -29.2dB <-10dB

P.igs -4.4dBm > 10dBm

IIP3

Power Dissipation AmwW <5mw




Table 2. Simulation results and spec. for low power
LNA using transformer degeneration

B. New Circuit Topologies for Low Power and High

Linearity LNA & Mixer — Multi-gated Transistor

The integration of LNA, mixer, and driver amplifier

on a single —chip is becoming a reality by using RF

CMOS technology. Due to the fact, the linearity

requirement per DC power is getting stringent. To

meet the spec. of linearity with minimum power, new

linearization techniques with low power are
demanded. Topology of multi-gated transistors is
proposed to improve the linearity (11Ps, IM3) by 2™

harmonic termination technique [10-11]. Fig. 3

indicates the topology of multi-gated common

transistors that we have taped out to CiC for Si

implementation and verification. g, cancellation is
the major concept to suppress IM; and improve 11Ps.
Fig. 4 shows the simulation result of g, cancellation
using dual-gated transistors with optimized gate bias
offset and transistor widths. Regarding the
suppression of IM3 of our maor concern, Fig. 5
demonstrates the improvement by 10~20dB can be
achieved under operation a 5.5GHz and RF power
of —35dBm.
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Fig. 3. The schematics of multi-gated transistors
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Fig. 4. g" cancellation using dual-gated transistors

Fig. 5 IM3 comparison (a) single gate (2) dual-gate
transistor scheme (RF power is—-35dBm)
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Table 3. demonstrates the simulation results and
comparison with the spec. for nonlinearity and noise figure

C. Novel Test Structures for RF CMOS Parameter

Extraction and Accurate Modeling

It has been well recognized that design of RF
device test structure plays a critical role in accurate
parameter extraction and modeling. De-embedding
technique cannot eliminate all the parasitics existing
on chip, particularly true for lossy pad and lossy
substrate effect on noise. In this project, we have
created a full set of test key incorporating 4 categories



of novel test structures to facilitate accurate parameter
extraction, decoupling, and RF CMOS modeling. This
set of test key has been taped out through support of
tsmc R&D. The 4 categories of test structures are
summarized in table 4.
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Two new circuit topologies for low power and low
noise CMOS LNA (CMOS cascode and transformer
degeneration) have been implemented and taped out
through tsmc R&D wusing 0.13um RF CMOS
technology. The circuit performance can meet spec. in
terms of power, noise, and isolation by simulation
using current version of tsmc 0.13um RF CMOS
model. Besides, a set of novel test key for accurate
parameter extraction and modeling has been
implemented and taped out along with the circuits to
go through tsmc 0.13um RF CMOS process. One new
topology named as multi-gated transistor for linearity
improvement has been implemented and taped out to
CiC to go through tsmc 0.18um RF CMOS process.
On chip test and verification will be done to study the
created new circuit topologies and the novel test key
for modeling.
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