T_D = 0.5 x R_{line} x C_{line}

Unloaded Line Dela y (ps)

T_D = L_{line} x C_{line}

Transistor gate dela y / risetime

W_{line} = 5 μm R,L,Cextracted at 3 GHz

Clock line in M5

5-metal layer 0.25-μm process with real-chip power-grid

0 2 4 6 8 10 0

50

100

150

200

X_{RC}

X_{GATE}

Line Length (mm)

Fig. 10.4.1(a) Line delay for different delay models.

Xiaoning Qi, Bendik Kleveland, Zhiping Yu, Simon S. Wong, Robert W. Dutton and Tak Young

1986 1992

0.5μm 0.25μ

0.35μ 0.18μ

CMOS Technology Generation

1998

Line Length (mm)

Inductance prominent

0.13μ 0.8μm

1.0μm

2004

Delay=X_{RC}

Delay=X_{GATE}

Line length W_{line} = 5 μm

R,L,Cextracted

Clock line in M5

Year 1

10

100

Fig. 10.4.1(b) Inductive effects vs. technology scaling.

Xiaoning Qi, Bendik Kleveland, Zhiping Yu, Simon S. Wong, Robert W. Dutton and Tak Young

Fig. 10.4.2 Inductance effects on cross talk.

Xiaoning Qi, Bendik Kleveland, Zhiping Yu, Simon S. Wong, Robert W. Dutton and Tak Young

Buses are 9.6 m wide with spacing 1.6 m on metal layer 4. μ μ

0 0.5 1 1.5 2 Time (ns) -2

-1

0

1

2

3

4

5

6

Voltage (V)

Neighboring line with inductance included in simulation Input to the driver of the signal line Neighboring line with inductance excluded in simulation

Fig. 10.4.3 Photo of the test chip.

Xiaoning Qi, Bendik Kleveland, Zhiping Yu, Simon S. Wong, Robert W. Dutton and Tak Young

Ground Lines Signal Lines

0 20 40 60 80 100 Spacing between Signal Line and Ground Line ( m) 0.2

0.7

1.2 Measurement @ 10 GHz Simulation @ 10 GHz Measurement @ 1 GHz Simulation @ 1 GHz

Fig 10.4.4. Measurement and simulations comparison.

Xiaoning Qi, Bendik Kleveland, Zhiping Yu, Simon S. Wong, Robert W. Dutton and Tak Young

Wire Width is 6 m.μ

μ

0 20 40 60 80 100 Wire Width ( m) 0

0.5

1

1.5

Measurement @ 10 GHz Simulation @ 10 GHz Measurement @ 1 GHz Simulation @ 1 GHz

Spacing to ground line is (60 -w/2) m. w is wire width. μ

Fig. 10.4.5 Measurement and simulations comparison.

Xiaoning Qi, Bendik Kleveland, Zhiping Yu, Simon S. Wong, Robert W. Dutton and Tak Young μ

Fig. 10.4.6 Wire inductance formulae.

Xiaoning Qi, Bendik Kleveland, Zhiping Yu, Simon S. Wong, Robert W. Dutton and Tak Young

Wire width is 6 m.μ

0 50 100 150 Spacing between Signal Line and Ground Line ( m) 0

0.5

1

1.5

Simulation @ 3.1 GHz Simplified Formula @ 3.1 GHz Complete Formula @ 3.1 GHz

μ

Fig. 10.4.7 Wire inductance with substrate effect.

Xiaoning Qi, Bendik Kleveland, Zhiping Yu, Simon S. Wong, Robert W. Dutton and Tak Young ρ_{sub} 0.015Ω cm– =

0 20 40 60 80 Spacing between Signal Line and Ground Line ( ) 0

0.5

1

1.5

Measurement of test chip Formula with substrate correction Formula without substrate correction

μm