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Abstract sign flow involves repetitive iterations of circuit sizingy-
out generation, parasitic value extraction, and perfogaan

We present the design flow for a P4VT (Power- evaluation. Redesign is needed whenever the final perfor-
Performance-Process-Parasitic-Voltage-Temperature) mance does not meet to the specification. To improve de-
aware voltage controlled oscillator (VCO). Through sim- sign efficiency and reduce the time-to-market, it is crutzial
ulations, we have shown that parasitics, process, voltagebe able to predict parasitic effects for accurate perfocaan
and temperature have a drastic effect on the performance The effect of on-die temperature variation is one criti-
(center frequency) of the VCO. A design optimization of cal issue in nano-CMOS RFIC design. It interacts with a
the VCO, along with dual-threshold power minimization number of these other issues in ways that make analysis
has been performed in the presence of worst-case varia-difficult. There is a need for new, temperature-aware de-
tions. The end product of the proposed methodology is asign methodologies in order to produce properly function-
P4VT-optimal dual-thresholéionm VCO layout. We have ing and reliable first silicon. The challenge for RF design
achieved16.4% power (including leakage) minimization is the centering of a design including PVT variations [6].
with 10% degradation in center frequency compared to the By integrating temperature-aware capabilities into téslay
target frequency, in the presencewbrst-casevariations. design flows, there is no need to reinvent established analy-
sis standards. Instead, through the use of tools that ftetrofi
today’s flows with temperature aware data, the temperature
effects can be fully accounted.

A voltage-controlled oscillator or VCO is an electronic

h di d Circui oscillator designed to be controlled in oscillation freqog
The Radio Frequency Integrated Circuits (RFICs) must by a voltage input. It is an important RFIC block used in

be S|mulltar.1e01_.|sly. low power and high performant;e. As applications such as clock recovery circuits for seriahdat
power d|§S|pat|or1 increases, the cost of power dell_very to communications, disk-drive read channels, on-chip clock
t.hT. ever—|r_1(;:|reaT\|/|r?g_ number of tranS|st(cj>_rs on a chip ml(le'distribution, and integrated frequency synthesizers.[16]
tiplies rapidly. Minimum power expenditure Is expected ,cog gre required to be designed in the GHz-Range for

while m_eetlng performance reqw-rements. applications such as radio frequency transceivers.
Thg impact of process variation on performance of @ Thedistinct contributions of this papere as follows:
RFIC is severe for nanometer technologies [9]. Just as in

digital design where interconnect delays make or break a 1. A P4VT-aware design flow for nano-CMOS RFICs.
design, the move to sufBnm technologies means that the
variations in process parameters have a significant effect o
the performance of analog/mixed-signal and RF circuits.
The numerous parasitic effects induced by layout, es- 3. Design of a P4VT-optima&0nm VCO.
pecially for high performance circuits, pose a problem for

RF_IC_d_eS|gn. Lack of exact Iz?\you.t mfo_rmatpn du_nng cir- prior research are discussed in Section 2. The P4VT flow
cuit sizing leads to long design iterations involving time g yiscyssed in Section 3. Section 4 discusses the baseline
consuming runs of complex tools. The traditional IC de- yegign of VCO. The process variation analysis is discussed

OThis research is supported in part by NSF award numbers CCF- in Section S. PAVT optimization is presented in Section 6.
0702361 and CNS-0854182, and SRC award number P10883. The paper is concluded in Section 7.

1 Introduction

2. Judicious use of dual-threshold process-level tech-
nigue for power optimization of nano-CMQOS VCO.

The rest of the paper is organized as follows: Related




2 Related Prior Research 3 P4VT Aware Design Flow

In [18], the authors propose novel circuit level tech- ~ The P4VT design flow in Fig. 1 accounts for parasitic,
niques using adaptive supply/body-bias voltage generatin process, power, performance, voltage and temperature.
technique for PVT-variation tolerant designs. In [4], an op

erational amplifier used in switch capacitor integrators is
designed using corner analysis for PVT awareness. A all- Logical
digital-PLL for fast frequency acquisition is proposed in IdeSiQ”
[17], where the digital controlled oscillator codeword igp 0P
dicted by measuring the PVT variations. A PVT-tolerant
digital PLL has been reported in [11]. An LC-VCO has
been designed in [10], which uses automatic amplitude con- Physical Layout with -
trol to minimize influence of PVT variations. A PVT tol- DRC/LVS/RCLK extraction 2
erant PLL architecture which uses two on-chip digital cal- wOrs: P §
ibration circuits to maintain loop transfer function is pre process, voltage, temperature analysis §
>
£|8

sented in [19]. A comparison of this paper with existing High—thresholg ¥

literature (Table 1) reveals the design to be low power and Judicious dual-threshold assignment
high-performance. A P4-optimal VCO is presented in [14]; |
however, thermal (temperature) effects were not accounted

Parameterize parasitic netlist
for parameter set D, where
D = {widths of nominal threshold transistors +
threshold voltage of high threshold transistors

Table 1. VCO performance comparison

[ Reference | Technology | Performance| Power | Using conjugate gradient methog
Troedsson [28] 250nm 2.4GHz 5.5mW generate D+
Tiebout [24] 250nm T.8GHz 20mW v
Dehghani [27] 250nm 2.5GHz 2.6mW Power and performance simulatic ng
Long [22] 180nm 2.4GHz 1.8mW using transient analysis =
Kwok [21] 180nm 1.4GHz 1.46mW N
Ghai [14 90nm dualT, 2.3GHz 158 W Ela
Ghai[12 90nm 2.54GHz —— g 8
This Paper 90nm dual-Vry, 2.4GHz 137.5uW Specifications

Due to high sensitivity of RFIC design to layout para- ves
sitics, there is a significant amount of research in the area @
of parasitic aware synthesis to overcome parasitic degra- VCO
dations and achieve optimal performance [26, 2]. Simu-
lated annealing is proposed for synthesizing RF power am- Figure 1. The PAVT-Optimal Design Flow.

plifiers in [5]. Particle swarm optimization techniques are
proposed for parasitic aware design in [7]. In [8], an LC- First, the logical design is performed to meet the required
VCO has been subjected to parasitic-aware synthesis. Acenter frequency (target) specification off, > 2 GHz.
parasitic and process aware design flow has been proposedsing the device dimensions from the logical design, a pre-
in [12]. In [20], the center frequency of a VCO has been liminary physical design is prepared and is subjected to De-
optimized using a Design of Experiments (DOE) approach. sign Rule Check, Layout vs. Schematic, and parasitic ex-
The simulation-based circuit synthesis example in [29kdoe traction. A worst-case variability analysis of the paiasit
not include the layout parasitics in the design. extracted preliminary physical design with respect to cen-
Process variation in analog circuits [3] and power aware ter frequency is carried out, where the worst-case process-
design are on the research forefront now. In [25], an anal-variation is identified. Fig. 2(a) shows the behavior of VCO
ysis of the process parameters affecting a ring oscillator’ center frequencyfg) with respect to temperature (measured
frequency performance is done. In [9], a current-conttblle at 27C, 50°C, 75°C, 100°C and 125C). The VCO is sub-
oscillator has been subjected to process variations. [[a [13 jected to process-voltage variations at each of these tempe
the authors propose a dual-oxide technique for power andatures. Hence, we can observe the behavior ofuftyg),
delay optimization at circuit level but do not address tem- pu(fo) + 3 x o andu(fo) — 3 x o with temperaturey =
perature effects. In [23], the authors have shown the effectmean,o = standard deviation). It is clear from Fig. 2(a),
of simultaneous variation of supply and process parametergshat the center frequency moves away from the taifget
on power consumption of datapath components. (reduces) with increase in temperature.



oaf whereVpp is the supply voltagdl;,,., is the current flowing
through each invertery is the odd number of inverters in
the VCO circuit,T; 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 invertgg. can be mainly

] controlled by an applied DC input voltage, which adjusts
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Tempérafire’(c) Temperature®(C) the currentl;,,, through each inverter stage. When the ap-

(a) Non-optimized VCO (b) PAVT optimized plied DC voltage is half of the supply voltag&{p), the

oscillation frequency is called center frequency.

) The target specification for this design is the center fre-
Figure 2. Center frequency Vs. temperature. quency which has been kept at a minimun26fH z. The
number of stages is fixed to 13 for high frequency operation.
L . . For baseline design, we have choderF L, = 100nm, W,
This is followed by high-threshold voltage assignment _ 250nm andW, = 2 x W, = 500nm. I, is calculated

(HVrn, HViny) 10 the power-hungry trapsistors (NM.OS’. using equation 1, and the current starved NMOS and PMOS
PMOS) of the VCO. The rest of the transistors in the circuit devices are sized to provide the required curfent. Thus

operate on nominal threshold voltage. We call this tech-
nigue “judicious dual-threshold assignment”, used to min-
imize the power dissipation of the VCO circuit. The dual-
threshold technique is an effective means for minimizing
the power of a circuit, where high-threshold transistors-co
sume less power than low-threshold transistors. However
high-threshold transistors are slower than low-threshold
transistors and cause the speed of the circuit (VCO oscil- o )
lation frequency) to decrease. The effects of dual-thresho © Process-Voltage Variation Analysisof VCO
assignment on digital circuits is discussed in [23].

The netlist obtained from the preliminary physical de- For process-voltage variation, we have considered varia-
sign, including full parasitics, is then parameterizeddor tion in 5 parameters, namely: (¥pp: Supply voltage, (2)
parameter set D (widths of transistors &ttty H Vryp). Vrin: NMOS threshold voltage, (3)ry,: PMOS thresh-

We call this “parameterized parasitic netlist”. The parame old voltage, (4)1,,,: NMOS gate oxide thickness, (5)
terized parasitic netlist is then subjected to optimizaiio Toep: PMOS gate oxide thickness. A correlation coeffi-
order to meet the specifications (performance, power) in acient (cc) of 0.9 is assumed betwegr,,, andT,.,. Each
worst case PVT environment. Once the parameter valueof these process parameters is assumed to have a Gaussian
for which the specifications are met are obtained, a final distribution with . the nominal value specified in the pro-
physical design of the VCO is created using these parame-<ess design kit, and a of 10%. The VCO is subjected
ter values. Hence we obtain a P4VT optimal dual-threshold to Monte Carlo simulations for 1000 runs at temperature T,
VCO layout from the proposed design flow. From figure where T =27C, 50°C, 75°C, 100°C and 125C.

2(b), we can observe thdy meets the target specifications At 27°C (room temperature), the center frequenfy) (s

of fo >2GHz (with a10% degradation at worst casajross observed to have a Gaussian distribution with1.54G H z

the entire specified temperature range ando =103.5M H z, as shown in Fig. 3.

Targel ] +10%

) + 3 x0(fy) Target]

Targét = 16%

1eph(fo)

VCO Center FrequencyOQf(Hz)

VCO Center Frequencyoof(Hz)

we obtainedL,.s = Lycs = 100nm, and W, s = 500nm
andWpes = 10 x Wiyes = 5um, whereW,,.s andW., are
the widths and_,,.s and L, are the lengths of the current-
starved NMOS and PMOS transistors, respectively.

The preliminary physical design of the VCO uses these
transistor sizes. The layout has an area of 22843

30!

4 Transistor Level Design of the VCO w1 = 1.54 GHz fi
0 =103.5 MHz

The current-starved VCO design comprises of three
stages [1]: (1) input stage consisting of two transistots wi
high impedance, (2) an odd numbered chain of inverters
along with two current source transistors per inverterolvhi
limit the current flow to the inverter, and (3) buffer stage.

The operating frequency of the VCO is given by [1]: VeO Centar lfquulesnc;};Qf(ﬁ;)uég

Number of runs

fo= 7))\ xc,xvon ) 1) Figure 3. Distribution of f; at 27°C.



The worst case process f¢i is identified to be the one
where process parameteist,n, Vrnp, Tozn, Towp) are in-
creased byl0%. The worst case voltage is whevg p is
reduced byl 0%. The worst case temperature is 225

6 P4AVT Optimization of the VCO

In this section, we demonstrate how the performance
(fo) discrepancy is overcome along with power minimiza-
tion of the VCO using a dual-threshold technique. After
full extraction (RC LK), a22% degradation in the perfor-

of the VCO circuit, hence are most suitable candidates
for higher threshold voltage assignmeBtWry,,, H Virnp).

The buffer stage transistors (dashed circles in Fig. 4) con-
sumell1.5% of the total average power, and hence may be
treated to higher threshold voltage, for power minimizatio

In this paper, we have subjected the input stage transistors
dual-threshold assignment. These transistors are assiggne
high threshold while the other transistors in the VCO circui
follow the baseline process value.

mance (center frequency) is observed between the prelimi- | L)t
nary physical design and target frequency. Furthermore, a | ‘
50% discrepancy is observed between the preliminary phys-
ical design and target frequency when the VCO is subjected |

to worst case process-voltage-temperat(wePVT) (Sec-

tion 5). Details results are presented in Table 2.

Table 2. Performance discrepancy and worst-

case process values for atarget f, > 2GHz.

In summary, the following results are obtained:
e Target center frequencly > 2GH z.

e Preliminary Physical design center frequeny =
1.56 GHz.

e Preliminary Physical design center frequency in worst
case PVT conditiong,p.t = 1GH z.

¢ Initial average power consumption (including leakage)
(Pvco) = 164.5/LW.

6.1 Judicious Dual-Threshold Assignment

A transient analysis is run on the physical design of the

! vin :
: nmos [

Figure 4. Candidate transistors for High-Vry,.

Parameter Preliminary Preliminary Final
Physical Physical Physical
Design Design Design
+ WePVT + WePVT 6.2 Parameterizing the Parasitic Netlist
fo 1.56GHz 1GH=z 1.8GH=z
discrepancy 22% 50% 10%
Voo (n})ﬁi‘;al) (1-(1)(8);’) 1.08V Following the dual-threshold assignment, the parasitic-
- 0 . . . .
Vo 0.1692662V 0.136193V 0.186193V aware netlist generated from the preliminary physical de-
(nominal) (+10%) sign is then taken and parameterized with respect to
Vrhp —0.1359511V —0.149546V —0.149546V .. . .
(nominal) (+10%) the optimization parameters. The parameter set includes
Toan (2-337_””0 2(&??6;7;% 2.563nm the widths of PMOS and NMOS devices in the inverter
nominal . .
Tory 2 ASnm RpTTr ORPETT™ (Wn,Wp)_, th_e PMOS and NMOS devices in the current-
(nominal) (+10%) starved circuitry Wyes, Wpes), andH Vrpy,, H Vg,

6.3 Power-Performance Optimization

The parameterized netlist is subjected to optimization
using a conjugate gradient method, where the parameter
set takes on different values, till the specifications aré me
The conjugate gradient method is an algorithm for the nu-
merical solution of systems of linear equations offering th
advantages of low memory requirements and faster con-
vergence [15]. The candidates for optimization are the
widths of the invertersiy/,,, W,) and current-starved tran-
sistors Vs, Wpes), and the threshold voltage& Vs,
HVryp) of high-threshold (input stage) transistors. While
the higher threshold voltages minimize power consump-
tion of the VCO, the higher widths of the devices maxi-
mize performance. Our objective set gte> 2GH z, and

VCO, and the average power consumed by all the transis-Pyco = minimum. The optimization approach is shown

tors is measured. The input stage transistors (solid sifale
Fig. 4) collectively consumé8% of the total average power

in Algorithm 1. Table 3 shows the final values of the param-
eter set for P4VT optimal VC( is the stopping criteria for



the optimization to stop when the objective set is within
(wheree is error percentage). The outputs of the algorithm
are the optimized objective sB},,; which satisfies the stop- The dual-threshold physical design of the VCO is car-
ping criteriaS, and the optimal values of the design variable ried out using a generi@0 nm Salicide1.2V/2.5V 1 Poly
setD,,+ within the upper and lower design constraints. The 9 Metal process design kit. At high frequencies, parasitic
algorithm starts out with a guess bf and then ititeratesto  inductance has a major impact on chip performance. Hence
improve the guess, until the guess is close enough, and thex is necessary to extract selfY and mutual ) inductance
objective set,,; is met with the stopping criteris. so that the impact of inductive coupling could be assessed
and minimized on the layout. A full extraction of the lay-
out was carried out (including RLCK). The P4VT optimal
physical design is shown in Fig. 5. It occupies an area of
547.74:m?2. The final optimal widths of the P4VT optimal
circuit and high threshold transistors are shown in Fig. 6.

6.4 P4VT-Optimal Dual-V;, Layout

Algorithm 1 Power-Performance optimization of the VCO.

1: Input: Parasitic Aware netlist, Worst case PVT settings,
Objective setF" = [fo, Pvco], Stopping criteriaS, Pa-
rameter setD = [W,, Wy, Whcs, Wpes, HVrnn, HVrnp),
Lower/Upper parameter constraif,.,/Cup-

2: Output: Optimized objective sek,,., Optimal parameter set
D, for stopping criteriaS < e. {wheree = 10%}

3: Perform first iteration with initial guess db.

4: while (Ciow < D < Cyp) do

5: Use conjugate gradient to generde= D 4+ AD inthe

direction of travel ofF,,; + €. —

6: ComputeF(D’) = [fo, Pvcol.
7: S is the difference of target and current objective set.

8: if S < ethen

9: return Doyt = D’
10: end if

11: end while
12: Using Do, construct final physical design and simulate.

PMOS |
1000n}100nm

Table 3. Optimized values of the parameters. Loty
[ D [ Clow | Cup | Dopt | i ‘
Wn 200nm 500nm 390nm j ! v
W, 400nm Tum 445nm 4 ‘
Whes lum 50um 10um :
Whpes 5um 50um 30um i
HVrnn | 0.1692662V 0.5V 0.5V —
HVrhp —0.5V —0.1359511V —0.4975V % 7;32"6'““?0"m
The final physical design of the VCO uses these param- T e— 1 ——

eter values for which the following results are obtained:
« Target center frequency > 2G H . Figure 6. Parameters of P4VT-optimal VCO.

¢ Final physical design center frequenfy, =2.4 GH . The performance summary of the VCO is given in Ta-
. . . . ble 4. It can be seen that the target frequency is met within
e Final physical design center frequency in a worst case . .
PVT conditions 18 CH a 10% discrepancy even at the worst case PVT settings.
fopet = 1. = The resulting physical design, however, incut8a8% area
e Final average power consumption (including leakage) penalty (increase) over the preliminary physical design.

(Pvco) = 1375,LLW

Hence we obtained a final optimized dual-threshold lay- /  Conclusions and Future Research
out, with1.8 GH z center frequency under worst case vari-
ations, an®2.4GH z center frequency in nominal process We presented a novel design flow for a P4VT- optimal
conditions and 6.4% power minimization. The conjugate nano-CMOS VCO. The design flow can be implemented on
gradient optimization converged in 8 iterations, with each top of existing electrical analysis and physical desigistoo
iteration typically lasting 4 minutes. This provides for the analysis of temperature effects at an



early stage in the design cycle. The center frequency has

Table 4. Measured performance of the VCO.

[ Parameter [ Value |
Technology 90nm CMOS1P 9M
Supply Voltage Vb p) 1.2V

Center frequency 2.4GHz

(Nominal PVT)

Worst case PVT Vrn (+10%), Tor (+10%),

Vbop (—10%), 125 C
Center frequency 1.8GH=z

(worst case PVT)
Parameter
set
Number of
objectives
Area occupied

6 (Wo, Wy, Waes, Wpes,
HVrnn, HVrnp)
2(fo > 2GHz,

Py co=minimum)

547.74m? (58.3% penalty)

[11]

[12]

[13]

[14]

[15]

been treated as the target specification. The degradation 0f16]
the center frequency due to worst case PVT effects has been
narrowed down fron30% to 10%, along with16.4% power

min

imization. The end product of the proposed design flow

J. Lin, et al. A PVT toleran®.18M H z to 600M H z self-
calibrated digital PLL in90nm CMOS process. IProc.
Inter. Solid State Circuits Confpages 488-541, 2004.
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Quality Electronic Designpages 257-260, 2008.

D. Ghai, S. P. Mohanty, and E. Kougianos. Unified
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tion of a Nano-CMOS VCO. IrProceedings of the Great
Lakes Symposium on VL $ages 303—-308, 2009.

W. W. Hager and H. Zhang. Algorithm 851: CG-DESCENT,
A Conjugate Gradient Method with Guaranteed Descent.
ACM Trans. Mathematical Softwarg2(1):113-137, 2006.

A. Hajimiri, et al. Jitter and Phase Noise in Ring Osatidlrs.
IEEE J. Solid State Circuit34(6):790-804, 1999.

] H. S. Jeon, D. H. You, and I. C. Park. Fast frequency acqui

is a P4VT optimal dual-threshold VCO physical design that [18]
meets the functional specifications across the entire range

of expected temperatures. As part of extension of this re-
search, we plan to incorporate additional performance cri-

teria to the optimization set, such as phase noise.
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