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Abstract

Because of temperature effects, existing Radio-Frequency Integrated Circuit (RFIC) design method-
ologies are deviating further away from the reality of how today’s silicon behaves. Constant on-chip
temperature can no longer be assumed. Analysis of temperature effects indicates where a design must be
optimized. We present the design flow for a Power-Performance-Process-Parasitic-Voltage-Temperature
(P4VT) aware Voltage Controlled Oscillator (VCO) for dual-Vp, nano-CMOS technologies. Through
simulations, we have shown that parasitics, process, voltage and temperature have a drastic effect on the
performance (center frequency) of the VCO. A design optimization of the VCO, along with dual-threshold
power minimization has been performed in the presence of worst case process-voltage-temperature
conditions. The end product of the proposed methodology is a P4VT aware performance optimized dual
threshold 90nm VCO physical design. We have achieved 16.4% power (including leakage) minimization
with 10% degradation in center frequency compared to the target frequency, in presence of worst-case
P4VT and parasitics. To the best of the authors’ knowledge, this is the first research reporting a dual-
threshold nanoscale CMOS VCO design optimized for power (including leakage), performance, parasitics,

process, voltage and temperature.

Index Terms

Voltage Controlled Oscillator, Nanoscale CMOS, Process Variation, Power Aware Design, Perfor-

mance Aware Design, Parasitic Aware Design, Dual-Threshold Voltage

I. INTRODUCTION, MOTIVATION, AND CONTRIBUTIONS

A dichotomy exists in the design of Radio Frequency Integrated Circuits (RFICs): they must be
simultaneously low power and high performance. Minimum power expenditure is expected concurrently
with performance today. The goal of power-aware design is to minimize power consumption while meeting
performance requirements. Therefore, as power dissipation increases, the cost of power delivery to the
ever-increasing number of transistors on a chip multiplies rapidly.

The impact of process variation on performance factors of a design is much more severe for nanometer
technologies [1]. Just as in digital design where interconnect delays make or break a design, the move to
90nm and lower process technologies means that the variations in process parameters have a significant
effect on the performance metrics of analog/mixed-signal, memory and RF circuits.

In addition, the numerous parasitic effects induced by layout, especially for high performance and
high speed circuits, pose a problem for RFIC design. Lack of exact layout information during circuit

sizing leads to long design iterations involving time consuming runs of complex tools. The traditional IC
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design flow involves repetitive iterations of circuit sizing, layout generation, parasitic value extraction,
and performance evaluation. Redesign is needed whenever the final performance does not conform to the
specification. In order to improve design efficiency and reduce the time-to-market, it is crucial to be able
to predict parasitic effects for accurate performance.

Another emerging critical issue due to technology scaling is the effect of on-die temperature variation.
What was previously a second-order effect that could be adequately addressed with a few corner cases
and guard-bands has now become a first-order effect. It interacts with a number of these other issues
in ways that make analysis difficult. There is a need for new, temperature-aware design methodologies
in order to produce properly functioning and reliable first silicon. Both power dissipation and operating
frequency are worsened at high temperatures due to the increase of leakage currents and the reduction
of carrier mobility. The challenge for RF design is the centering of a design including PVT variations
[2]. By integrating temperature-aware capabilities into today’s design flows, there is no need to reinvent
analysis standards that have been established during the past decades. Instead, through the use of tools
that incrementally retrofit today’s flows with temperature aware data, the temperature effects can be fully
accounted for. Applying thermal analysis reduces pessimism or risk associated with the assumption of a
uniform on-chip temperature. A temperature-aware design flow is useful for existing technologies down
to 90nm, and is required for technologies below 90nm.

In this paper we address these issues by proposing a new P4VT (power-performance-process-parasitic-
voltage-temperature) optimization methodology for RFIC circuits, using a CMOS Voltage Controlled
Oscillator as a case study. This paper focuses on center frequency optimization of VCO, as it is a critical

performance parameter. The novel contributions of this paper are as follows:

1) We propose a Power-Performance-Parasitic-Process-Voltage-Temperature (P4VT) aware optimiza-
tion flow for nanoscale CMOS analog circuits.

2) The design of a P4AVT aware RF nano-CMOS VCO is presented.

3) For power optimization of the VCO, we apply a judicious dual-threshold level process technique.
The dual-threshold technique is an effective means for minimizing the power of a circuit [3], where
high-threshold transistors consume less power than low-threshold transistors.

4) A dual-threshold physical design of the VCO is presented.

The rest of the paper is organized as follows. Related research works are discussed in section II.
Section III presents the P4VT aware optimization flow of VCO. The proposed PAVT flow is discussed

in section III. Section IV discusses the baseline logical design of the VCO. Process variation analysis
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is discussed in section V. PAVT optimization is presented in section VI. The paper is concluded with

directions for future research in section VII.

II. RELATED PRIOR RESEARCH
A tabular comparison of our research with existing literature (Table I) reveals our design to be a low

power, high-performance VCO at nanoscale technology.

TABLE 1

VCO PERFORMANCE COMPARISON

Reference Technology Performance Power
Troedsson [4] 250nm 2.4GHz 5.5mW
Tiebout [5] 250nm 1.8GHz 20mWwW
Dehghani [6] 250nm 2.5GHz 2.6mW
Long [7] 180nm 2.4GHz 1.8mW
Kwok [8] 180nm 1.4GH~ 1.46mW
Ghai [9] 90nm dual-T,, 2.3GHz 158uW
Ghai [10] 90nm 2.54GHz ——
This Paper | 90nm dual-Vpy, 24GHz 137.5uW

In [11], novel circuit level techniques using adaptive supply voltage and a body-bias voltage generating
technique is proposed to achieve PVT variation tolerant designs. In [12], an operational amplifier used in
a switch capacitor integrator is designed to be insensitive to PVT variations using corner analysis. A new
all-digital-PLL for fast frequency acquisition is proposed in [13], where the digital controlled oscillator
codeword is predicted by measuring the PVT variations. A PVT tolerant digital PLL is presented in [14],
that has output frequency ranging from 0.18M H z to 600M Hz. An LC-VCO is presented in [15] that
uses an automatic amplitude control circuit to minimize influence of PVT variations. A PVT tolerant
PLL architecture which uses two on-chip digital calibration circuits to maintain loop transfer function is
presented in [16].

There is a significant amount of research in the area of parasitic aware synthesis to overcome device
and package parasitic degradations and to achieve optimal performance [17], [18]. This is due to high

sensitivity of RFIC design to layout parasitics. Simulated annealing based approach is proposed in [19]
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for synthesizing RF power amplifiers. Particle swarm optimization techniques are proposed for parasitic
aware design in [20]. In [21], an LC VCO has been subjected to a parasitic-aware synthesis. A parasitic
and process aware design flow has been proposed in [10]. In [22], the center frequency of a VCO has
been optimized using a Design of Experiments (DOE) approach. The simulation-based circuit synthesis
example in [23] does not include the layout parasitics in the design.

Accounting Process variation in analog circuits [24] and their power aware design are on the research
forefront now. In [25], an analysis of the process parameters affecting a ring oscillator’s frequency
performance is presented. In [1], a current-controlled oscillator has been subjected to process variations.
In [26], a dual-oxide technique for power and delay optimization is proposed at circuit level but do not
address temperature effects. In [3], the effects of simultaneous variation of supply and process parameters
are discussed on power consumption of datapath components.

This archival journal paper is based on the shorter blind peer-reviewed conference paper [27]. The
current journal paper provides substantially expanded details on the design methodology for the VCO. The
modified conjugate gradient optimization algorithm used to obtain the final design is further elaborated.

The overall design of the VCO is presented in detail.

III. P4VT AWARE DESIGN FLOW

The P4AVT design flow (figure 1) accounts for parasitic, process, power, performance, voltage and
temperature in the VCO circuit.

First, the logical design is done to meet the required center frequency (target fp) specification of fy >
2GHz. Using the device dimensions from the logical design, a preliminary physical design is prepared
and is subjected to Design Rule Check (DRC), LVS (Layout versus Schematic) and parasitic (RCLK)
extraction. A worst case process, voltage, and temperature analysis of the parasitic extracted preliminary
physical design with respect to performance (center frequency) is carried out, where the worst case
process is identified and the physical design is subjected to it. Figure 2(a) shows the behavior of VCO
center frequency (fp) with respect to temperature (measured at 27°C, 50°C, 75°C, 100°C and 125°C).
The VCO is subjected to process-voltage variation at each of these temperatures (using Monte-Carlo
simulations). Hence, we can observe the behavior of the u(fo), u(fo) +3 x o and p(fo) — 3 x o with
temperature (4 = mean, o = standard deviation). It is clear from figure 2(a), that the center frequency
moves away from the target fy; it reduces with increase in temperature.

This is followed by high-threshold voltage assignment (H Vrpy,,H Vrp,y,) to the power-hungry transistors
(NMOS, PMOS) of the VCO using the High threshold model file. The rest of the transistors in the circuit
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Fig. 1. The Proposed RFIC P4VT Optimal Design Flow

operate on the baseline model file. We call this technique “judicious dual-threshold assignment”, used
to minimize the power consumption of the VCO circuit [3]. The netlist obtained from the preliminary
physical design is then parameterized for parameter set D (widths of transistors and HVpp,, HVrpy).
We call this “parameterized parasitic netlist”. The parameterized parasitic netlist is then subjected to a
modified conjugate gradient based optimization loop in order to meet the specifications (performance,

power) in a worst case PAVT environment. The details of the optimization algorithm are given in
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algorithm 1. 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 we obtain a PAVT optimal dual-
threshold VCO layout from the proposed design flow. From figure 2(b), we can observe that fy meets
the target specifications of fy >2GHz (with a 10% degradation at worst case) across the entire specified

temperature range.

Algorithm 1 Modified conjugate gradient algorithm

1: Input: Arbitrary parameter set starting x(°), maximum number of iterations n, objective function
q(x) = ¢+ bT + IxTBx, gradient function g = b + Bx of objective function.

2: Output: Optimized parameter set X.

3 k=0.

4: Start in steepest descent direction s(?) = —g(©), where g(®) = g(x(?)).

5: while (k < n) do

S ()T g (k)
6: Calculate scalar factor ¢;, to move along direction of steepest descent: t; = —%.
7: Find the minimum point along direction s(*); x(*+1) = x(k) 1 t’,;s(k).
8: Calculate gradient at the turning point: g*+1) = g(x(k+1)),
. , (k+D)]T[g(k+1) _g(k)
9: Compute modified norm ratio: hy = [g[sm]T][g[iH)_gi)] L.

10: Find new direction: s(*t1) = —g(k+1) 4 p, 5(k),
11: end while

12: Record x(k+1),

I'V. TRANSISTOR LEVEL DESIGN OF THE VCO

We have considered a current starved VCO in this work. The VCO design (figure 3(a)) 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 transistors 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 number of inverters, 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, fy can be determined using the relation [28]:

1 Iinv
fo= <N><Tt> - <N><C’><VDD> M
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where Vpp is the supply voltage, I;,, is the current flowing through the inverter, N is the odd number
of inverters in the VCO circuit, 7T; is the total time required to charge or discharge the capacitance
of each stage of an inverter and C} is the total capacitance given by the sum of the input and output
capacitances of the inverter. 7} is the sum of two times: ¢1, which is the time to charge C; from O to the
inverter switching point, Vg, , and t, which is the time to discharge C; from Vpp to V. Assuming
that the same current, I;;,, flows through the PMOS and NMOS during the charging and discharging,

respectively, the two times can be calculated as:

Vsw
t1 = Cpx <Im> ) ()
ty = Cx <‘/f’l}_‘/;7ﬂ> ] (3)

Since T; = t; + t2, combining equations 2, 3 and inserting the expresion of 7} in equation 1, we get the
required expression.

The operating frequency of the VCO can be mainly controlled by an applied DC input voltage, which
adjusts the current I;,,,, through each inverter stage. The expression for C} is:

Cy = <2> X Cop X (Wp x Ly + W, x Ly), )

where C,,, is the gate oxide capacitance per unit area, W,, and W), are the widths and L,, and L, are

the lengths of the inverter NMOS and PMOS transistors, respectively. C,, is formulated as:

[ €5i0, X €0
Cox = (Tox ) ; &)

where €g;0, is the relative dielectric constant of Si0Os, €y is vacuum dielectric constant and T, is the
gate oxide thickness.

The functional specification for this design is the center frequency. The target center frequency has
been kept at a minimum of 2 GHz. The number of stages is fixed to 13 for high frequency requirement.
For baseline design, we have chosen L, = L, = 100 nm, W,, = 250 nm and W), = 2 x W,, = 500 nm.
C; is calculated using equation 5. Finally, Iy, is calculated using equation 1, and the current starved
NMOS and PMOS devices are sized to provide the required current I;;,,,. Thus we obtained Lycs = Lpes
= 100 nm, and W, = 500 nm and Wp.s = 10 x W5 = Spum, where W, and W), are the widths
and L., and L. are the lengths of the current-starved NMOS and PMOS transistors, respectively.

From these equations, we obtain the minimum sizes of transistors needed for successful operation.

The preliminary physical design of the VCO is then carried out using these transistor sizes. It occupies

an area of 228.43m?, shown in figure 3(b).
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V. PROCESS-VOLTAGE VARIATION ANALYSIS OF VCO

For process-voltage variation, we have considered variation in 5 parameters, namely: (1.)Vpp: Supply
voltage, (2.) Vrpy,: NMOS threshold voltage, (3.) Vrp,: PMOS threshold voltage, (4.) T)y: NMOS gate
oxide thickness, (5.) Tozp: PMOS gate oxide thickness. A correlation coefficient (cc) of 0.9 is assumed
between T, and T,,,. Each of these process parameters is assumed to have a Gaussian distribution
with mean (u) taken as nominal value specified in the process design kit, and a standard deviation (o)
of 10% of the mean is assumed. The VCO is subjected to Monte Carlo (MC) simulations for N = 1000
runs at temperature T, where T = 27°C, 50°C, 75°C, 100°C and 125°C. The methodology is shown in
figure 4.

aram 1+ VCO

aam 2" | ynder +fOU\k

. Param 5% Consideration
ﬂ Temperature T

Fig. 4. Methodology for process-voltage variation at given temperature T.

The mean (u(fy)) and standard deviation (o(fp)) for fy are recorded at each temperature. At 27°C
(room temperature), the center frequency (fp) is observed to have a Gaussian distribution with y =
1.54GHz and o = 103.5MHz. The plot is shown in figure 5.

The worst case process for fy is identified to be the one where process parameters (Vrun, Vrnp, Town.
Tozp) are increased by 10%. The worst case voltage is where Vpp is reduced by 10%. The worst case

temperature is 125°C.

VI. P4VT OPTIMIZATION OF THE VCO

In this section, we demonstrate how the performance (fy) discrepancy is overcome along with power
minimization of the VCO using a dual-oxide technique. After full-extraction(RC LK), a 22% degradation
in the performance (center frequency) is observed between the preliminary physical design and target
frequency. Furthermore, a 50% discrepancy is observed between the preliminary physical design and target
frequency when the VCO is subjected to worst case process-voltage-temperature (wcP4VT) (section V).

Details are given in Table II.
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Statistical Distribution of fj for process-voltage variation at room temperature (27°C).

RESULTS SHOWING PERFORMANCE DISCREPANCY AND WORST CASE PROCESS VALUES FOR A TARGET FREQUENCY >

2GHz
Parameter | Preliminary | Preliminary Final
Physical Physical Physical
Design Design Design
+ wcP4AVT | + wcP4VT
fo 1.56GHz 1GHz 1.8GHz
discrepancy 22% 50% 10%
Vbp 1.2V 1.08V 1.08V
(nominal) (—=10%)
Vrhn 0.169V 0.186V 0.186V
(nominal) (+10%)
Vrnp —0.136V —0.145V —0.145V
(nominal) (+10%)
Torn 2.33nm 2.563nm 2.563nm
(nominal) (+10%)
Towp 2.48nm 2.728nm 2.728nm
(nominal) (+10%)

12
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Hence we obtain:

o Target center frequency fo > 2GHz.
o Preliminary Physical design center frequency fo, = 1.56GH 2.
o Preliminary Physical design center frequency in worst case PAVT conditions f,psyvT = 1GH 2.

o Initial average power consumption (including leakage) Pyco = 164.5uW.

A. Judicious dual-threshold assignment

A transient analysis is performed on the physical design of the VCO, and the average power consumed
by all transistors is measured. The input stage transistors (shown by solid circles in figure 6) collectively
consume 48% of the total average power of the VCO circuit, hence are most suitable candidates for higher
threshold voltage assignment (HVryy,, HVryy,). The buffer stage transistors (shown by dashed circles
in figure 6) consume 11.5% of the total average power, and hence may be treated to higher threshold
voltage, for further power minimization. In this paper, we have subjected the input stage transistors to
dual-threshold assignment. These transistors follow a different model file called High threshold model

file. The other transistors in the VCO circuit follow the Baseline model file.
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Fig. 6. Possible candidate transistors for judicious dual-threshold assignment.

B. Parameterizing the Parasitic Netlist

Followed by the dual-threshold assignment, the parasitic-aware netlist generated from the preliminary

layout is then parameterized with respect to the optimization parameters. The parameter set includes the
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widths of PMOS and NMOS devices in the inverter (Wp,, W), the PMOS and NMOS devices in the

current-starved circuitry (Wies, Wies), and HVppy,, HVppy,.

C. Power-performance Optimization

After parametrization of the netlist, it is subjected to power-performance optimization using a conjugate
gradient method, where the parameter set takes on different values, till the specifications are met. The
conjugate gradient method has been used as it has low memory requirements and high convergence
speed [29]. The candidates for optimization are the widths of the inverters (W,,, W},) and current-starved
transistors (Wycs, Wpes), and the threshold voltages (HVryp,, HVrpp) of high-threshold (input stage)
transistors. While the higher threshold voltages minimize power consumption of VCO, the higher widths
of the devices maximize performance. Our objective set is fy > 2GHz, and Pyco = minimum. The
algorithm is shown in algorithm 2. Table III shows the final values of the parameter set for PAVT optimal
VCO. S is the stopping criteria for the optimization to stop when the objective set is within +e (where €
is designer specified error margin, in percentage). For our design, we have taken ¢ = 10%. The outputs of
the algorithm are the optimized objective set F,,; which satisfies the stopping criteria .S, and the optimal
values of the design variable set D,,; within the upper and lower design constraints.

The algorithm starts out with a guess of D, and then it performs iterations, improving the guess at

each one, until the guess is close enough and the objective set Fy,,; is met with the stopping criteria S.

TABLE III

TABLE SHOWING OPTIMIZED VALUES OF THE PARAMETER SET

’ D ‘ Clow Cup Dopt
Wha 200nm 500nm 390nm
Wy 400nm 1um 445nm
Whes lum 5um 10pm
Whes 5um 10pm 30um
HVrp, | 0.1692662V 0.5V 0.5V
HVrny, —0.5V —0.1359511V | —0.4975V

The final physical design of the VCO is then carried out using these parameter values, and the following

results are obtained:

o Target center frequency fo > 2GHz.
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Algorithm 2 Power-Performance optimization algorithm for VCO

1: Input: Parasitic Aware netlist, Baseline model file, High threshold model file, Worst case
PAVT settings, Objective set F' = [fy, Pycol, Stopping criteria S, parameter set D =
(W, Wy, Whes, Wpes, HVrhpn, HVrp,|, Lower parameter constraint Cj,,,,, Upper parameter constraint
Cup-

2: Output: Optimized objective set F,,;, Optimal parameter set D, for stopping criteria S < e. {where
e=10%}

3: Perform first iteration with initial guess of D.

4: while (Cj,, < D < Cyp) do

5: Use conjugate gradient to generate D’ = D £+ AD in the direction of travel of F,,; =+ €.
6: Compute F'(D') = [fo, Pycol-

7 Compute S as the difference of target objective set and current objective set.

8: if § < e then

9: {stopping criteria is within the error margin}

10 return D, = D’

11: end if

12: end while

13: Using D, construct final physical design and simulate.

14: Record F,p;.

o Final Physical design center frequency fo, = 2.4GHz.

« Final Physical design center frequency in a worst case PAVT conditions fopgyvT = 1.8GH 2.

o Final average power consumption (including leakage) Py co = 137.5uW

Hence we obtained a final optimized dual-threshold layout, with 1.8GHz center frequency under
worst case PAVT conditions, and 2.4GHz center frequency in nominal P4VT conditions and 16.4%
power minimization. The conjugate gradient optimization converged in 8 iterations, with each iteration

typically lasting 4 minutes.

D. P4VT optimal dual-threshold layout of the VCO

The dual-threshold physical design of the VCO has been performed using a generic 90 nm Salicide

1.2V/2.5V 1 Poly 9 Metal process design kit. At high frequencies, parasitic inductance has a major
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impact on chip performance. Hence it is necessary to extract self (I.) and mutual (K) inductance so that
the impact of inductive coupling could be assessed and minimized on the layout. A full extraction of the
layout was carried out (including resistors (R), capacitors (C), inductors (L) and mutual inductors (K)).
The P4VT optimal physical design is shown in figure 7(a). It occupies an area of 547.74;m?. There is
an area penalty of 58.3% over the preliminary physical design. The final optimal widths of the P4VT

optimal circuit and high threshold transistors are shown in figure 7(b).
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(b) Optimal widths and threshold voltages of transistors of the PAVT optimal VCO.

Fig. 7. P4VT optimal dual-threshold design of the VCO.

The performance summary of the VCO is given in Table IV.
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TABLE IV

MEASURED PERFORMANCE OF THE VCO

Parameter Value
Technology 90nm CMOS 1P 9M
Supply Voltage (Vpp) 1.2V
center frequency 2.4GHz

(Nominal P4VT)
Worst case PAVT Vrn (+10%), Tor (+10%),
Vop (—10%), 125°C

center frequency 1.8GHz
(worst case P4VT)
Parameter 6 Wh, Wy, Whes, Wpes,
set HVrhn, HVrnp)
Number of 2 (fo > 2GHz,
objectives Py co=minimum,)
Area occupied 547.74pm? (58.3% penalty)

VII. CONCLUSIONS AND FUTURE RESEARCH

We presented the design flow for a PAVT (Power-Performance-Parasitic-Process- Voltage-Temperature)
optimal nano-CMOS VCO. Our proposed design flow can be implemented on top of existing electrical
analysis and physical design tools. This provides for the analysis of temperature effects at an early stage in
the design cycle. The center frequency has been treated as the target specification. The degradation of the
center frequency due to worst case P4VT effects has been narrowed down from 50% to 10%, along with
16.4% power minimization using a dual-threshold technique. The end product of the proposed design flow
is a P4VT optimal dual-threshold VCO physical design that meets the functional specifications across
the entire range of expected temperatures. As part of extension of this research, we plan to propose a

P5SVT optimal methodology, where the 5th P would be phase noise.
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