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ABSTRACT
In this paper, we present the design of a P4 (Power-Performance-
Process-Parasitic) aware voltage controlled oscillator (VCO) at nano-
CMOS technologies. Through simulations, we have shown that
parasitics and process have a drastic effect on the performance (cen-
ter frequency) of the VCO. For process variation analysis, we pro-
pose a methodology called Design of Experiments-Monte Carlo
(DOE-MC), which offers up to6.25x time savings over a tradi-
tional Monte Carlo (TMC) method. A performance optimization
of the VCO along with dual-oxide power minimization technique
has been carried out in the presence of worst case process. The
end product of the proposed methodology is a process aware, per-
formance optimized, dual oxide VCO physical design. We have
achieved25% power (including leakage) minimization with only
1% degradation in center frequency compared to target frequency,
in the presence ofworst-case processand parasitics. The dual-
oxide physical design of the VCO is carried out at90nm. To the
best of the authors’ knowledge, this is the first research reporting a
dual-oxide nano-CMOS VCO design simultaneously optimizedfor
power (including leakage), performance, parasitics and process.

Categories and Subject Descriptors
B.7.1 [Integrated Circuits ]: Types and Design Styles—VLSI (very
large scale integration)

General Terms
Design

Keywords
VCO, Dual Oxide Technology, Process Variation, Parasitics, Power
Aware Design, Performance Aware Design, Nano-CMOS

1. INTRODUCTION
The battle to deliver maximum performance has taken center

stage in the evolution of Radio Frequency Integrated Circuits (RFICs).
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Minimum power expenditure is demanded in addition to perfor-
mance. Power conservation impacts every budget, whether techno-
logical or financial. Product acceptability, reliability and profitabil-
ity depend as much on power efficiency as they do on performance.

There is a difference between low-power design and power-aware
design [23]. Low-power design refers to minimizing power with
or without a performance constraint. Power-aware design refers
to maximizing some other performance metric, subject to a power
budget. Two of the biggest challenges to maintaining performance
are the increasing power specifications because of leakage power
and potential yield loss caused by increasing process variations.
The impact of variations in process parameters and operating con-
ditions on the performance factors of a design is much higherfor
today’s nanometer than the sub-micron technologies of the past [9].
Hence, the nominal operating point, which is the center of the dis-
tribution of the parameters for a given process, may not be the best
operating point for design yield. An automated way is required to
maximize design yield such that the design operates as specified
across the entire process and operating environment.

One of the difficulties for analog circuits in high frequencyappli-
cations is that the exact performance prediction is very challenging
due to many parasitic effects [22]. Unfortunately, before circuit
layout and implementation, it is difficult to estimate the parasitic
effect. Therefore, in order to improve design efficiency andreduce
the time-to-market, it is crucial to be able to predict parasitic effects
for accurate performance. The objective of this paper is to present a
design methodology of general RFIC components, using a Voltage
Controlled Oscillator (VCO) in nano-CMOS technology as a case
study. To accomplish this goal, a current starved topology has been
exploited and a new P4 (power-performance-process-parasitic) op-
timization technique is proposed. The center frequency of VCOs is
one of the most critical performance parameters. Thus, thispaper
deals with the optimization of the center frequency.

2. NOVEL CONTRIBUTIONS OF THIS PA-
PER TO THE STATE OF THE ART

The novel contributions of this paper are in multiple forms:

(1) We propose a P4 (Power-Performance-Parasitic-Process) op-
timal design flow for nanoscale CMOS analog circuits.

(2) The design of a P4 optimal RF circuit (VCO) is presented.

(3) The P4 optimization of the VCO has been carried out using a
dual-oxide process technique. This technique is effectivein
minimizing the power of a circuit [19], as thick-oxide transis-
tors consume less power (including leakage) than thin-oxide
transistors. However, their judicious use is necessary to com-



pensate the performance penalty due to use of higher oxide
thickness.

(4) A dual-oxide physical design of the VCO is presented for
90nm CMOS technology.

(5) A novelworst case process analysistechnique called Design
of Experiments-Monte Carlo (DOE-MC) approach is pro-
posed, which offers up to6.25x computational time savings
over traditional Monte-Carlo (TMC).

The rest of the paper is organized as follows: related research
works are discussed in section 3. Section 4 presents the proposed
design flow for P4 optimization of the VCO. Section 5 discusses the
baseline logical design of the VCO. The process variation analysis
is discussed in section 6. P4 optimization is presented in section
7. The paper is concluded with directions for future research in
section 8.

3. RELATED PRIOR RESEARCH
RFIC design is highly sensitive to layout parasitics. This has mo-

tivated a lot of research in the parasitic aware synthesis area to over-
come degradations due to device and package parasitics to achieve
optimal performance [22, 3]. Simulated annealing is used for syn-
thesizing RF power amplifiers in [6]. Optimization techniques such
as particle swarm optimization are proposed for parasitic aware de-
sign in [7].

In [8], an LC VCO has been subjected to a parasitic-aware syn-
thesis. A parasitic and process aware design flow has been pro-
posed in [10]. In [26], a Design of Experiments (DOE) approach
has been used to optimize the center frequency, but the methodol-
ogy is not parasitic aware. The simulation-based circuit synthesis
example in [28] also does not include the layout parasitics in the
design.

Process variation in analog circuits [4] and power aware design
is on the research forefront now. In [21], an analysis of the pro-
cess parameters affecting a ring oscillator’s frequency performance
is performed. In [9], a current-controlled oscillator has been sub-
jected to process variations. In [11], the authors propose adual-
oxide technique for power and delay optimization at circuitlevel.
In [19], the authors have shown the effect of simultaneous varia-
tion of supply and process parameters on power consumption of
datapath components.

Analog and mixed-signal designs require accurate frequency or
time reference signals. Generally, Phase-Locked Loops (PLLs) are
used to provide such stable references [5] and one of the impor-
tant components of a PLL is the VCO [1]. A number of PLL and
VCO designs have been presented in [24, 14]. The authors in [27]
and [16] have studied high performance designs using CMOS pro-
cesses. Low-power LC VCOs have been presented in [15, 25, 20,
17]. Jitter and phase noise are studied in [18] and [12]. A tab-
ular comparison of our research with existing literature (Table 1)
reveals our design to be low power, high-performance at nanoscale
technology.

Table 1: Performance comparison of the proposed VCO.
Reference Technology Performance Power

Tiebout [20] 250nm 1.8GHz 20mW

Dehghani [25] 250nm 2.5GHz 2.6mW

Long [17] 180nm 2.4GHz 1.8mW

Kwok [15] 180nm 1.4GHz 1.46mW

This Work 90nm dual-oxide 2.3GHz 158µW

4. THE PROPOSED NOVEL RFIC P4 OP-
TIMAL DESIGN FLOW

The proposed design flow is shown in figure 1. We call this
a P4 optimal design flow because it accounts for parasitics, pro-
cess, power, and performance in the circuit in an unified manner.
Once the logical design is done to meet the required specifications,
an initial physical design is prepared. The physical designis sub-
jected to Design Rule Check (DRC), LVS (Layout vs. Schematic)
and parasitic (RCLK) extraction. A worst case process variation
analysis of the physical design with respect to performance(center
frequency) is carried out, where the worst case process is identi-
fied and the physical design is subjected to it. This is followed by
thick-oxide assignment (Toxpth, Toxnth) to the power-hungry tran-
sistors (NMOS, PMOS ) of the VCO using thethick oxide model
file. The rest of the transistors in the circuit operate on thebaseline
model file. We call this technique “intelligent dual-oxide assign-
ment”, used to minimize power consumption of the VCO circuit
[19]. The parasitic netlist obtained from the initial layout is then pa-
rameterized for parameter setD (widths of transistors andToxpth,
Toxnth). We call this “parameterized parasitic netlist”. The param-
eterized parasitic netlist is then subjected to a conjugategradient
based optimization loop in order to meet the specifications (per-
formance, power) in a worst case process environment. Once the
parameter values for which the specifications are met are obtained,
a final physical design of the VCO is created using these parameter
values. Hence, the physical design which involves tedious manual
work for designers, needs to be done only twice. Once before the
optimization (initial physical design), and then after theoptimiza-
tion (final physical design). The optimization loop is automatic and
done using a simulator [13]. Hence we obtain a P4 optimal dual-
oxide VCO layout as a result of the proposed design flow.

5. DESIGN OF THE VCO FOR 90NM CMOS
A current starved VCO has been considered in this paper. The

design, as shown in figure 2, comprises of three stages: (1) input
stage consisting of two transistors with high impedance, (2) an odd
numbered chain of inverters along with two current source transis-
tors per inverter, which limit the current flow to the inverter and (3)
buffer stage. The circuit has no stable operating point and it will
oscillate at some frequency that is determined by the numberof in-
verters, size of the transistors in the circuit, and the current flowing
through the inverter, which is dependent upon the input voltage to
the VCO. The operating frequency of the VCO,f0 can be deter-
mined using the relation [2]:

f0 =

(

Iinv

N × Ct × VDD

)

, (1)

whereVDD is the supply voltage,Iinv is the current flowing through
the inverter, N is the odd number of inverters in the VCO circuit and
Ct is the total capacitance given by the sum of the input and output
capacitances of the inverter. The operating frequency of the VCO
can be mainly controlled by an applied DC input voltage, which ad-
justs the currentIinv through each inverter stage. The expression
for Ct is:

Ct =

(

5

2

)

× Cox × (Wp × Lp + Wn × Ln), (2)

wereCox is the gate oxide capacitance per unit area,Wn andWp

are the widths andLn andLp are the lengths of the inverter NMOS
and PMOS transistors, respectively.C′

ox is formulated as:

Cox =

(

ǫSiO2
× ǫ0

Tox

)

, (3)
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Figure 1: The proposed novel RFIC P4 optimal design flow.

whereǫSiO2
is the relative dielectric constant ofSiO2, ǫ0 is vac-

uum dielectric constant andTox is the gate oxide thickness.
The functional specification for the design is the center frequency.

The target center frequency has been kept at a minimum of2 GHz.
The number of stages is fixed to 13 for high frequency requirement.
For baseline design, we have chosenLn = Lp = 100 nm,Wn = 250
nm andWp = 2×Wn = 500 nm. Ct is calculated using equation 3.
Finally, Iinv is calculated using equation 1, and the current starved
NMOS and PMOS devices are sized to provide the required current
Iinv. Thus we obtainedLncs = Lpcs = 100 nm, andWncs = 500
nm andWpcs = 10 × Wncs = 5µm, whereWncs andWpcs are
the widths andLncs andLpcs are the lengths of the current-starved
NMOS and PMOS transistors, respectively.

From these equations, we obtain the minimum sizes of transis-
tors needed for successful operation. The initial physicaldesign of
the VCO is then carried out using these transistor sizes (shown in
figure 2).

6. PROCESS VARIATION ANALYSIS OF VCO
The process variation analysis has been carried out on the ini-

tial physical design with parasitics extracted (RLCK). We present
two methods for process variation study of the VCO: (1) Traditional
Monte-Carlo (TMC), and (2) Design of Experiments-Monte Carlo
(DOE-MC) method. The DOE-MC methodology offers the advan-
tage of faster computation over TMC. For process variation,we
have considered variation in 5 process parameters, namely:(1)VDD:
Supply voltage, (2)Vtn: NMOS threshold voltage, (3)Vtp: PMOS
threshold voltage, (4)Toxn: NMOS gate oxide thickness, (5)Toxp:
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Figure 2: Logical design of the VCO.

PMOS gate oxide thickness. A correlation coefficient (cc) of0.9 is
assumed betweenToxn andToxp. Each of these process parame-
ters is assumed to have a Gaussian distribution with mean (µ) taken
as the nominal value in the process design kit, and a standardde-
viation (σ) equal to10% of the mean. TMC withN = 1000 runs
gives the oscillation frequency (f0) having a Gaussian distribution
with µ = 1.54GHz and σ = 103.5MHz. The plot is shown in
figure 3.
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Figure 3: Traditional Monte Carlo result for f0.

The DOE-MC methodology has also been used for the study of
effect of process variation onf0. A two level full factorial design
is run for the 5 process parameters, where level 1:µ - 2 × σ, ( µ=
mean,σ = 10% of µ) and level 2:µ + 2 × σ. A full factorial run
requires25 = 32 trials. 5 MC replicate runs are run for every trial,
and theµ andσ of f0 are recorded for every trial. Hence we obtain
32 values ofµ andσ for f0, one for every trial. The finalµ andσ

for f0 are recorded as the average of the 32 trials. Considering 5
replicates per trial, we get a total of 32× 5 = 160 runs (as compared
to 1000 runs for traditional MC).µ(f0) andσ(f0) for DOE-MC
approach are recorded in figures 4. This technique is less accurate
than traditional MC, but saves on computing time. The results for
MC replicates per trial = 10 and 20 and the percentage error inµ

andσ is also presented in Table 2.

Table 2: Statistical information from DOE-MC approach.
MC runs Total % error % error Time saving
per trial runs (µ) (σ) over TMC

5 160 7.47 25.1 6.25X
10 320 6.78 14.7 2X
20 640 5.78 10.3 1.5625X
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Figure 4: DOE-MC approach for accuracy vs. speed trade-offs.

From the above methods, we have identified the worst case pro-
cess forf0 to be the one in whichVDD reduced by10%, and all
the other process parameters (Vtn, Vtp, Toxn, Toxp) are increased
by 10%.

7. P4 OPTIMIZATION OF THE VCO
In this section, we demonstrate how the performance (f0) dis-

crepancy (caused by parasitics and worst case process) is overcome
along with power minimization of the VCO using dual-oxide tech-
nique. After full-extraction(RCLK), a 25% degradation in the
performance (center frequency) is observed between the physical
design and target frequency. Furthermore, a43.5% discrepancy is
observed between the physical design and target frequency when
the VCO is subjected toworst case process(section 6). Details are
given in Table 3.

Table 3: Results showing performance discrepancy and worst
case process values for a target frequency>= 2GHz.

Parameter Initial Initial Final
Physical Physical Physical
Design Design Design

+ Process + Process
Variation Variation

f0 1.56GHz 1.13GHz 1.98GHz

discrepancy 25% 43.5% 1%

VDD 1.2V 1.08V 1.08V
(nominal) (−10%)

Vtn 0.1692662V 0.186193V 0.186193V
(nominal) (+10%)

Vtp −0.1359511V −0.149546V −0.149546V
(nominal) (+10%)

Toxn 2.33nm 2.563nm 2.563nm
(nominal) (+10%)

Toxp 2.48nm 2.728nm 2.728nm
(nominal) (+10%)

Hence we obtain the following parameters:

• Target center frequencyf0 = 2 GHz.

• Initial Physical design center frequencyf0p = 1.56 GHz.

• Initial Physical design center frequency in a worst case pro-
cess variation environmentfop−p = 1.13 GHz.

• Initial average power consumption (including leakage) (PV CO)
= 212µW .

7.1 Intelligent Dual-Oxide Assignment
A transient analysis is run on the physical design of the VCO,

and the average power consumed by all the transistors is measured.
The input stage transistors ( shown by solid circles in figure5) col-
lectively consume48% of the total average power of the VCO cir-
cuit, hence are most suitable candidates for higher thickness oxide
assignment (Toxpth, Toxnth). The buffer stage transistors (shown
by dashed circles in figure 5) consume11.5% of the total average
power, and hence may be treated to higher thickness oxide, for fur-
ther power minimization. In this paper, we have subjected the input
stage transistors to dual-oxide assignment. These transistors follow
a different model file calledthick oxide model file. The other tran-
sistors in the VCO circuit follow thebaseline model file.
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Figure 5: Possible candidate transistors for intelligent dual-
oxide assignment.

7.2 Parameterizing the Parasitic Netlist
Followed by the dual-oxide assignment, the parasitic-aware netlist

generated from the first layout is then parameterized with opti-
mization parameters. The parameter set includes the widthsof
PMOS and NMOS devices in the inverter (Wn, Wp), the PMOS
and NMOS devices in the current-starved circuitry (Wncs, Wpcs),
andToxpth, Toxnth.

7.3 Conjugate Gradient Optimization
After parametrization of the netlist, we subject this netlist to con-

jugate gradient based optimization, where the parameter set takes
on different values, till the specifications are met. The candidates
for optimization are widths of the inverters (Wn, Wp) and current-
starved transistors (Wncs, Wpcs), and the oxide thicknesses (Toxnth,
Toxpth) of thick-oxide (input stage) transistors. While the thicker
oxide thicknesses minimize power consumption of VCO, the higher
widths of the devices maximize performance. Our specifications
include f0 >= 2GHz, andPV CO = min. The algorithm is
shown as algorithm 1. Table 4 shows the final values of the param-
eter set for P4 optimal VCO.

Table 4: Optimized values of the parameter set.
D Clow Cup Dopt

Wn 200nm 500nm 210nm

Wp 400nm 1µm 415nm

Wncs 1µm 5µm 8.5µm

Wpcs 5µm 10µm 5µm

Toxpth 2.48nm 5nm 5nm

Toxnth 2.33nm 5nm 3.54nm



Algorithm 1 Algorithm for P4 optimization in VCO.

1: Input: Parasitic Aware netlist, Baseline model
file, Thick oxide model file, SpecificationsF =
[f0, PV CO ], Stopping criteria S, parameter set
D = [Wn, Wp, Wncs, Wpcs, Toxpth, Toxnth], Lower pa-
rameter constraintClow, Upper parameter constraintCup.

2: Output: Optimized objective setFopt, Optimal parameter set
Dopt for S = ±β. {where1% ≤ β ≤ 5%}

3: Run initial simulation in order to obtain feasible valuesof pa-
rameters for the given specifications.

4: while (Clow < D < Cup) do
5: Usefinite difference perturbation to generate new set of

parametersD′ = D ± δD.
6: ComputeF = [f0, PV CO ].
7: if (S == ±β) then
8: return Dopt = D′.
9: end if

10: end while
11: UsingDopt, construct final physical design and simulate.
12: RecordFopt.

The physical design of the VCO is then carried out using these
parameter values, and the following results are obtained:

• Target center frequencyf0 = 2 GHz.

• Final Physical design center frequencyf0p = 2.3 GHz.

• Final Physical design center frequency in a worst case pro-
cess variation environmentf0p−p = 1.98 GHz.

• Final average power consumption (including leakage) (PV CO)
= 158µW

Hence we obtained a final optimized dual-oxide layout, with
1.98GHz center frequency under worst case process variation, and
2.3GHz center frequency in nominal process conditions and25%
power minimization. The frequency versus voltage characteristics
show acceptable linearity.

7.4 P4 Optimal Dual-Oxide Physical Design
of the VCO

The dual-oxide physical design of the VCO has been carried out
using a generic90 nm Salicide1.2V/2.5V 1 Poly 9 Metal process
design kit. At high frequencies, parasitic inductance has amajor
impact on chip performance. Hence it is necessary to extractself
(L) and mutual (K) inductance so that the impact of inductive cou-
pling could be assessed and minimized on the layout. A full extrac-
tion of the layout was carried out (including resistors (R), capaci-
tors (C), inductors (L) and mutual inductors (K) ). The P4 optimal
physical design is shown in figure 6. The final optimal widths of the
P4 optimal circuit and thick oxide transistors are shown in figure 7.

8. CONCLUSIONS
In this paper, we present the design of a P4 (Power-Performance-

Parasitic-Process) optimal nano-CMOS VCO. The presented de-
sign flow may be used for optimization of nanoscale circuits in
general. The center frequency has been treated as the targetspec-
ification. The degradation of the center frequency due to parasitic
and process variation effects has been narrowed down from43.5%
to 1%, along with25% power minimization using dual-oxide tech-
nique. The performance summary of the VCO is given in Table 5.

Figure 6: P4 optimal dual-oxide layout of the VCO.

The end product of the proposed design flow is a P4 optimal dual-
oxide VCO physical design. For future research, we plan to con-
sider thermal effects in the VCO design as well. Alternativeopti-
mization techniques such as simulated annealing and genetic algo-
rithms are also being explored, so that a fair comparison with other
approaches for the P4 design flow may be done.

Table 5: Measured performance of the optimal VCO.
Parameters Values

Technology 90nm CMOS1P 9M

Supply Voltage (VDD) 1.2V

center frequency 2.3GHz
(Nominal process)

Process and VT (+10%), Tox (+10%),
supply variation VDD (−10%)
center frequency 1.98GHz

(Worst-case process)
Parameter 6 (Wn, Wp, Wncs, Wpcs,

set Toxpth, Toxnth)
Number of 2 (f0 >= 2GHz,
objectives PV CO=minimum)
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Figure 7: Optimal widths and oxide thicknesses of transistors of the P4 optimal VCO.
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