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Delay-time definitions
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Figure 6.3 Input and output voltage waveforms of a typical inverter, and T — tB _ tA
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Figure 6.4 Output voltage rise and fall times.



Calculation of delay time

 The simplest approach for calculating the
propagation delay times tp,, and tp

— Estimating the average capacitance current during
charge down and charge up

— Cioad - AVir — Cioaa - (Vor —V s0%)

TPHL =

Iavg, HL [avg, HL
Cload - AVirn  Cioad - (V's0% — Vo)
TPLH = =
[avg, LH Iavg, LH

Lavg, HL = %[iC(Vin =Vou,Vou =Vou) +ic(Vin = Vou,Vour = V s0m)
[avg, LH = %[ZC(VZI’Z = VOL, Vout = V50%) + lC(I/m = VOL, Vout = VOL)]

— Not very accurate estimate of the delay time



Calculation of delay time(1)

« The propagation delay times can be found more accurately by solving the state equation
of the output node in the time domain

d out ‘ -
load 7 = lC = lD,p - lD,n
- " First, we consider the resing - input case for a CMOS inverter
. ou
bn | the nMOS on = starting to discharge, pMOS off
ks AMOS T Cioad . av,. .
_l_ lD,p ~ 0’ Cload dt = _lD,n
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Figure 8,5 Equivalent circuit of the CMOS inverter
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Example 6.1

Consider the CMOS inverter circuit shown in Fig. 6.2, with Vpp = 3.3 V. The I-V
characteristics of the nMOS transistor are specified as follows: when Vgg =3.3 V,
the drain current reaches its saturation level I;,, = 2 mA for Vpg = 2.5 V. Assume
that the input signal applied to the gate is a step pulse that switches instantaneously
from 0 V to 3.3 V. Using the data above, calculate the delay time necessary for the
output to fall from its initial value of 3.3 V to 1.65 V, assuming an output load
capacitance of 300 fF.

For the solution, consider the simplified pull-down circuit shown in Fig. 6.5.
We will assume that the nMOS transistor operates in saturation from ¢z =0 to
t =1t = ty,, and that it will operate in the linear region from ¢ =1t =ty to
t =1 = tgelay. We can also deduce from the /-V characteristics that V7, = 0.8 V,
since the nMOS transistor enters saturation when Vps > Vg — V.. The voltage
Vis is equal to 3.3 V fort = 0.

The current equation for the saturation region can be written as

C2E LISy Ll (Viom = Ve )
dt 2

We can calculate the amount of time in which the nMOS transistor operates in
saturation (7., ), by integrating this equation.

1=leq Vour=2.5 C
f dt = — f e dvom
=0 ey )

. _ YaC _ 08V-300fF
Gk !’sm — A

= 120 [ps]

The transconductance k, of the nMOS transistor can be found as follows:

) fe 2D el

= = =0.640 x 107° [A/V?]
(Vou — Vrn)*  (3.3-0.8)?

ky

Now, the current equation for the linear operating region is

d"”(’“ l
@ - b —Ip = —Ek,;[Q( Vou — Vran) Vour — Vo%rr]

Integrating this differential equation between the two voltage boundary conditions
yields the time in which the nMOS transistor operates in the linear region during this
transition.

I1=lelay Vour=1.65 dv :
f dt = —2C f 5
F=lsar Vour=2.5 k"[z( VOH ¥ VT‘H)VUHT =T, VOHF]
G 1 V Viour=1.65
Ldelay — lsar = _k_ In ( o )
n (VOH R VT,H) Z(VOH pex VT_.H) " vmu Vour =2.5
e ]
= ku (VOH 0 VT,n)
2(Vou = Vr.n) — Vies Al ez o
x | In — In
Vies Vas
i (Ui 1 . 5— ]'65)—1n (5—2.5)]
T 0.640 x 1073 (3.3 — 0.8) 1.65 255
= 133 [ps]

Thus, the total delay time is found to be
Ldelay = 120:-41133:= 253 {pS]

Note that 7414, corresponds to the propagation delay time zpp, for falling output.




Example 6.2

For the CMOS inverter shown in Fig. 6.2 with a power supply voltage of Vpp =5 V,
determine the fall time 77, which is defined as the time elapsed between the time
point at which V., = Vogg, = 4.5 V and the time point at which V,, = Vigg, = 0.5V,
Use both the average-current method and the differential equation method for

Integrating this simple expression yields the time during which the nMOS transistor
operates in safuration.

I=lgqr 1 Vour=4
dt = —-—— dv,
1; 16xm%kﬁﬁ A

= ———— = 03125 x 107 [s] = 0.3125
li =T 0.3125 x 107 [g] [ns]

The nMOS transistor operates in the linear region for 0.5 V < V,,, <4.0 V. The
current equation for this operating region is written as follows:

dVous 1
B

I VT,n)Vout o Vozut]

calculating t . The output load capacitance is 1 pF. The nMOS transistor parameters
are given as

oy Cop = 20 pe ASWVE
(W/LYy, = 10
1';]'-_7'.‘ — 170 "-"-

Using a simple expression similar to (6.10). we can determine the average capacitor
current during the charge-down event described earlier.

Fovg = ;lh e = 3V Vo =45V TV, =5V, V. =0.5V)]
11 ) o B
=3 | Fkn(Vin — Vi) + —& (20 Vin — Vi) Vious — V2,)
11 » _ N i B )
=55 -20x 107" 10[(5 — 1)? + (2(5 — 1)0.5 — 0.5°)] = 0.9875 [mA]

The fall time is then found as

C oAV 1 = 107'2(4.5 — 0.5)
Trall = _

favg 0.9875 = 102

= 4.05 = 107 [s] = 4.05 [ns]

MNow, we will recalculate the fall time using the differential equation approach. The
nNMOS transistor operates in the saturation region for 4.0V < V,,, =< 4.5 V. Writing
the current equation for the saturation region, we obtain

o Ve 1 . . W
g = 7;.{»,,(1-”, — Vr.e)*©, where k, = p,Cox T
ad V., —20 3 107% - 10-(5 — 1)?
= = —1.6 x 10% [V/s
d 2.1 = 10-12 8 (Vs

Integrating this equation, we obtain the delay component during which the nMOS
transistor operates in the linear region.

t=lgeiay Vour=0.5 d Vm”
dt = —ZC.[
jg:lm; Vour =4 ky [Z(Vm = e n) Vour — Vom]
& 1
Trall — fsar = E_( =5 7] )
(2(‘/:" IVT n] VU.S) =0 (2( Viu 0 V?'.n) N V4.U)jl
Vos Vao
Jooesl 0522

o= [0 (550 - ()]

T 20 x 10-6-

= 3.385 x 1077 [s] = 3.385 [ns]
Thus, the fall time of the CMOS inverter is found as follows:
Tfall = 3.6975 [I'IS]



Calculation of delay time (2)

In a CMOS inverter, the charge - up event of the output load capacitanc e for falling
input tran sition is completely analogous to the charge - down event for rising input

Cload 2|VT, P| 2(Vo =Vor—|Vr,p|)
X +1In -1
kpy(Vou —=Vor—|Vr,p|) | Vou =Vor—|Vr,p| Vor —V so%

0a Vr, p —

= kp(VDf—l |dVT, r) g |:VDD|— | V|T, »| ’ In(4(VDDVD|DVT' ) j _1}

the sufficient conditions for balanced propagatio n delays, i.e. for z,, =17,

=V, =Wy, | andk, =k, lor W, /W, = pu,/u,)

When the input volt age switches from high to low, nMOS off, pMOS on charging load
AV ou

TPLH =

Cload

=ip,1oad (Vour), NOte the pMOS initially in saturation , and enter linear

when the output vol tage is rises above (VDD +Vrloud )

i oad = k”'z”’“d (V7 ) 08 ¥y <V Vs
. kn, load 2
LD, load = [2 | VT,/oad | (VDD - Vout) — (VDD - Vout) ]fOl’ Vout > VDD— | VT, load |
C Voul:VDD —lVT,load| dVout Vout:VSO% dVaut
e = Cload — |+
Vou=VoL iD, load (sat) Vou=Voo=V1.10ad|\ ip. 1aa (linear)
Cload 2(Vop—|VT ,load | -Vor) (2 | V1, 10ad | —(VDD — V50%)j
TPLH = +1In
kn, 10aa | V1, 10aa | | V7, 10aa | Voo —V s0%

2
teur (actual ) = \/ TemL (stepinput ) + (%j

2
teen (actual ) = \/ trun % (stepinput ) + (%)



Calculation of delay time (3)

« Considering the input voltage waveform is not an ideal
(step) pulse waveform, but has finite rise and fall times
— Using an empirical expression as 6.29, 6.30

« The former expression based on the gradual channel
approximation

— Can still be used for sub-micron MOS transistors with proper
parameter adjustments

— Yet, the current driving capability of sub-micron transistors is
significantly reduced as a result of channel velocity saturation
e (W/L)-ratio
* In deep-sub-micron nMOS =saturation current no longeroc(Vgg-Vo)?
- Isat:KWn(VGS'VT)
— TpHLR(CloadVs0%) lsa=[Cioad(Voo/ 2)I/ kW, (Ves-Vr)
— The propagation delay has only a weak dependence od the power
supply
— Better estimate can be obtain by using an accurate short-
channel MOSFET model



Inverter design with delay constrains

e The load capacitance C, 4 consist of

— Intrinsic components = parasitic drain capacitances which depend on transistor
dimensions

— Extrinsic component = interconnect/wiring capacitance and fan-out capacitance

« If C,,,q Mmainly consists of extrinsic components, and if this overall load
capamtance can be estimated accurately and independently of the transistor
dimensions

— Given arequired (target) delay value of t*5,,
— The (W/L)-ratio can be found as

Wn . Cload ZVT, n n In(4(VDD - VT, n) —lj
Ln L pinCox(Voo —V1.1) | Voo —Vr,n Voo
@ . Cload 2|VT,p| +In(4(VDD—|VT,p|)_1j
Ly e ppyCox(Voo — V7, p) | Voo— |V, p | Vbp
Yoo
_c“: (WpLp)
Vin
1L J_
——l /o I Cioag(W,
Figure 6.7 General circuit structure considered in 10

the inverter design problem.



Example 6.3

A company has access to a CMOS fabrication process with the device parameters
listed below.

tnCor = 120 uA/V?

tpCox = 60 uA/V?

L = 0.6 um for both nMOS and pMOS devices

Vron = 0.8V
Vo, =—10V
Wmin T l2,um

Design a CMOS inverter by determining the channel widths W, and W, of the
nMOS and pMOS transistors, to meet the following performance specifications.

n V;;,=l.5Vf0rVDD=3V,

B Propagation delay times 7, < 0.2ns and 75, 5 < 0.15 ns,

B A falling delay of 0.35 ns for an output transition from 2 V to 0.5 V, assuming
a combined output load capacitance of 300 fF and ideal step input.

We start our design by satisfying the time delay constraints. First, the minimum
(W/L) ratios of the nMOS and pMOS transistors which are dictated by the propaga-
tion delay constraints can be found using (6.33) and (6.34), as follows.

(Wu) A Cfu(m’ [ 2VT." +1In (4( Vop — VTJI') i l)}
Ln o T;H;,uncu,r(vﬂf) e VT,") Ii‘“’DD o VT.M VDD
300 x 1071 2.0.8 g (4(3—0.8) g 1)]
~ 02x10°-120x 10-5-(3—0.8) [3—0.8 3
=7.9

(%) ) C.fuad
Lp r;f_HﬂpCu,r(V.’)D = |VT.;J|)

2Vr, 4(Vop — |Vr
x[ |Vr,pl +ln(( pp — | ?.p|)_l)]
Vop — [Vl Vbp

2 300 x 10719 [2-1 +]n(4(3— D _1)]
= (G (e G0 MRS ey = by el 3

— s

During the falling output transition (from 2 V to 0.5 V), the nMOS transistor of the
CMOS inverter will operate entirely in the linear region. The current equation of the
nMOS transistor in this region is

dVou 1 Wi 2
Crm =M wy ucm' — | 2(V, — Vron) Vour — Vv i
load di 2“ e [ (Von 70,n) Vour o ;]

By integrating this expression, we obtain the following relationship.

Vour =0.5
ldelay = 0.35 x 10_9 — _choadf dvmu’
) Vour=2 W, >
»u*ncm-L—[Z( VOH = VTU-“)VDHr — Vom]
n
o i —Ch.md 1 ]n( vm” ) 0.5
dela) ﬂ“C"& (Vou — Vron) 2(Vor — Vron) — Vour .
S

b Ol 1 i 0.5 In 2
i uC (W) (3-0.8) 2(3-0.8)—0.5 2(3-0.8) -2
n'-ox L_,,

—300 x 10715
W,
12001 0pC (=8
3 (L)

0.35 x 107° = [—2.054 + 0.182]

Now we solve this equation for the nMOS transistor (W /L) ratio:

W"
(—E:) =6.1

Notice that this ratio is smaller than the (W /L)-ratio found from the propagation delay
constraint. Thus, we take the larger ratio which will satisfy both timing constraints, and
determine the size of the nMOS transistor as W,, = 4.7 um, for the given L,, = 0.6 um.
Next, the logic threshold constraint of Vi, = 1.5 V will help determine the pMOS tran-
sistor dimensions. Using (5.87) for the logic threshold voltage of the CMOS inverter,

1
Vron + k—(VDD + Vro,p)
\ kg

Vin = =1L

1+ :
kg

we find that the ratio kg which satisfies this design constraint is equal to 0.51. This
value can now be used to calculate the (W /L)-ratio of the pMOS transistor, as follows.
wﬂ
HnCox (L_) 120 x 1076 (7.9)
kg = =

£y W W
Col=2 ) 60 1075t
§ (L,,) 5 (Lp)
W
Lp

Note that this ratio is /arger than the one found from the propagation delay constraint
earlier. Since the larger ratio will satisfy both the timing constraint and the V-
constraint, we determine the pMOS transistor size as W, = 18.6 yum, for the given
Ly, =0.6um.

=10551

11



Inverter design with delay constrains
If Cload have to take into accunt that the intrinsic component
Cioad = Cad, n(Wn) + Cea, p(Wp) + Cav, s(Wn) + Cav, p(Wp) + Cint+ Cg = f(Wn,Wp)
the fan - out capacotance C, is also a function of the device dimensionsin the next - stage gates

Condering the simplified layoutin Fig.6.8 =
The relatively small gate - to - drain capacitances C , , and C, , will be neglected in the analysis

The drain parasitic capacitance are:

Cav, n = WaDarainCjo, nKeq, n + 2(Wn + Darain) Cjsw, nKeg, n

Cab, p = WpDarainCjo, pKeq, p + 2(Wp + Darain) Cjsw, pKeq, p

Cioad = (WnCjo,nKeg, n +WpCjo, pKeq, p) Darain + 2(Wn + Darain) Cjsw, nKeg, n + 2(Wp + Drain) Cjsw, pKeg, p + Cyy + Ce

The total capacitive load can be expressed as:

Cload = o+ aaWn + cpW)p

where a0 = 2Darain(Cisw, nKeq, n + Cisw, pKeg, p) + Cint+ Cg _
0t = Keq, n(Cy0,nDarain+ 2Cjsw, n) %/’ ' e
o = Keq, p(Cjo, pDdrain + 2Cisw, p) S i —

VD D

pMOS
transistor

Input Qutput
Dyrain
nMOS
transistor
SOURCE
]
Figure 6.8 Simplified CMOS invertar mask 12

layout used for delay analysis.



Inverter design with delay constrains

The propagatio n delay :

a0+aan+apr L ZVT,n 4(VDD—VT,n)
TPHL = X X + In ——1
W Hn Cox(VDD - VT, n) Vop + VT, n Vop

a0+aan+apr Lp 2|VT,p| 4(VDD—|VT,p|)
TPLH = X X +1In -1
W L Cox(Voo— |V, ) Voo—|Vr, p| Vo

Note that the channel lengths Z, and L, are usually fixed and equal to each other

: : w
the transisto r aspect rat io be defined as: R(aspect r atio) = W”

n

On
a0+(an+Rap)Wn a0+(?+ap)Wp

W

TPHL = Fn( j, e =1

Wp

Whe]/‘e rn _ Ln % 2VT,n n In(4(VDD—VT,n) _1j
Hn Cox(VDD -Vr , n) Voo —Vr . n Vpp

r,= Ly " 2|Vr.p| +In(4(VDD—|VT,P|)_1j
pCox(Voo— |V, p ) Voo—|Vr, p | Vo

Given targ et delay value 7, and 7,,,, the minimum channel widths of the nMOS transisto r and the pMOS transisto r which
satisfy these delay constraints can be calculated from (6.46a) and (6.46b), by solving for ¥, and W, respective ly.

Increasing Wn and Wop to reduce the propagatio n delay times will have a dimishing influence upon delay beyond certain values,
A=, v Re,) =% v,

The propagatio n delay can not be reduced beyond these limit values, which are dictated by technol ogy - related parameters.
The propagatio n delay time is independen t of the extrinsic capacitanc e component, C;, and C

int

13



Example 6.4

To illustrate some of the fundamental issues discussed in this section, we consider
the design of a CMOS inverter using the 0.8 um technology parameters given in
Chapter 4. The power supply voltage is Vpp = 3.3 V; the extrinsic capacitance com-
ponent of the load (which consists of interconnect capacitance and next-stage fan-in
capacitance) is 100 fF. The channel lengths of nMOS and pMOS transistors are
L, = L, = 0.8 um. The transistor aspect ratio is chosen as R = (W,,/W,) = 2.75.

In this example, a number of CMOS inverter circuits with various transistor
widths were designed to drive the same extrinsic capacitance. The actual mask layout
of each inverter was drawn, the parasitic capacitances were calculated from the lay-
out (parasitic extraction), and the extracted circuit file was simulated using SPICE in
order to determine the transient response and the propagation delay of each inverter.
The simulated output voltage waveforms obtained for five different inverter designs
are shown below.

4.0 T T T T T T T T

g Input
/] —o— out W,=20um) |
—— Out (W,=32um) T
—o— Qut (W, =6.0um)
—o— Out (W, =10um) |
—=— Out (W, =20um)

Voltage (V)

L " L Il 1 1 i 1 i 1 i 1

0 2.0 4.0 6.0 8.0

Time (ns)

As expected, the inverter circuit with the smallest transistor dimensions (W, =
2pum, W, = 5.5 um) has the largest propagation delay. The delay is reduced by in-
creasing the channel widths of both the nMOS and the pMOS devices. Initially, the
amount of delay reduction can be quite significant; for example, the propagation
delay 7ppy; is reduced by about 50% when the transistor widths are increased to
W, = 3.2 umand W, = 8.8 um. Yet the rate of delay reduction gradually diminishes
when the transistor widths are further increased, and the delays approach limit val-
ues which are described by (6.48). For example, the effect of a 100% width increase

from W, = 10 um to W,, = 20 um is almost negligible, due to the increased drain
parasitic capacitances of both transistors, as explained in the previous discussion.

In the following figure, the falling-output propagation delay tps . (obtained from
SPICE simulation) is plotted as a function of the nMOS channel width. The delay
asymptotically approaches a limit value of about 0.2 ns, which is mainly determined by
technology-specific parameters, independent of the extrinsic capacitance component.

16 T x T T

14 | 7]

o Vpo=33V
a2
= External load
‘3 10 | capacitance =100 fF J
e i
a Aspect ratio:
s 908 r R = (WyWp) =275 :
E=3
©
g 06 La=Lp=08um 1
a
g
o 04 |
02 | o
0.0 - - L

nMOS Channel Width Wy, (um)
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Example 6.4

In addition to the fact that the influence of device sizing upon propagation delay
is inherently limited by the parasitic capacitances, the overall silicon area occupied
by the circuit should also be considered. In fact, the increase in silicon area can be
viewed as a design trade-off for delay reduction, since the circuit speed improve-
ments are typically obtained at the expense of increased transistor dimensions. In our
example, the circuit area is proportional to W, and W), since the other transistor di-
mensions are simply kept constant while the channel widths are increased to reduce
the delay. Based on the simulation results given above, it can be argued that increas-
ing W, beyond about 4-5 pm will result in a waste of valuable silicon area, since the
obtainable delay reduction is very small beyond that point.

50 = T T T

45 |

F Area x Delay
4,
d product

35

3.0

25 | minimum

Area x Delay Product (arbitrary units)

20 L L i 1 M L Il L L i L " " i 1

nMOS Channel Width W, (pm)

A practical measure used for quantifying design quality is the (Area x Delay)
product, which takes into account the silicon-area cost of transistor sizing for delay
reduction. While the propagation delay asymptotically approaches a limit value for
increasing channel widths, the (Area x Delay) product exhibits a clear minimum

around W, = 4 pum, indicating the optimum choice both in terms of speed and over-
all silicon area.

15



CMOS ring oscillator circuit

» This circuit does not have a stable operating point

 The only DC operating point:

— the input and output voltages of all inverters are equal to the logic threshold V,
(unstable)

* A closed-loop cascade connection of any odd number of inverter will display
astable behavior

— will oscillate once any of the inverter input or output voltages deviate from the
unstable operating point, V,

— V1, Vo =V = trigger V, to fall, Vo=V, difference between the Vgq,-
crossing times of V, and V,, 1y », = trigger V; to rise, Vo -V, difference
between the Vg, -crossing times of V, and Vs, tpy 3.-----

T=tpp1t TpuLit T2t TrHL2 T TPHLST TPHLE =6Tp
_ f=1/T=1/(2ntp), Tp=1/2nf

A
V2 V1 V3 Vz V-'
VOH
1 2 3

2 V, Vg

1 1 1 NN NN

Icload,1 Icloaa,z Iolnad.s

- — — VOL . t
Figure 6.9 Three-stage ring oscillator circuit consisting of identical E‘ > - > :
inverters. !TPHLQ TpLHe TPHLY TPLH2 TPHL3 prmi

T

Figure 6.10 Typical voltage waveforms of the three inverters shown in Fig. 6.9. 16



Estimation of interconnect parasitics

e The load
— Classical approach
= capacitive and lumped

 Internal parasitic capacitance
of the transistor

 Interconnect (line)
capacitances

» Input capacitances of the fan-
out gates

 Now, the interconnect line
itself
— Three dimensional structure in
metal and/or polysilicon
* Non-negligible resistance

* The (length/width) ratio of the
wire = distributed = making
the interconnect a true
transmission line

* An interconnect is rarely
isolated from other influence

£ interconnect 1

1
4|>C _J_ . intrconnect r E
L ] L

lumped
interconnect 3 :

interconnect
capacitance

Figure 6.11 An inverter driving three other inverters over
interconnection lines.
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Estimation of interconnect parasitics

« If the time of flight across the interconnection line

Is much shorter than the signal rise/fall times

The wire can be modeled as a capacitive load, or
as a lumped or distributed RC network

 If the interconnection lines are sufficient long and
the rise times of the signal comparable to ...

The inductance becomes important
Modeled as transmission lines

7,0 (T ) < 2.5% (ij = {transmission — line modeling}
’ \%

IJ {either transmission - Iine}
=

2.5><(i <rm(rﬁ,,,)<5x(— i
v o v or lumped modeling

T e (Tyr) > 5{1) = { lumped modeling}
A%
Here, [ is the interconnect line length, and v is the propagation speed

The longest wire on a VLSI chip (2cm)=fright
time=133ps, shorter than rise/fall time= capacitive
or RC model

10 cm multi-chip module = 1ns, the same order as
rise/fall time =considering RLCG

TR
@) _,W%I ﬂqﬂ,wl C So—

Voltage Vp

time

(b) fdelay

Voltage Vg

| Toutier * Thight

time
Trise

Figure 6.12 (a) An BLCG interconnection tree. (b) Typical signal waveforms at the nodes A
and B, showing the signal delay and the various delay components.
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The transmission line effect

 IN CMQOS VLSI chips

— Not serious concern
— The gate delay due to capacitive load component dominated the line delay

e The sub-micron design rules
— The intrinsic gate delay tend to decrease significantly
— The overall chip size and the worse-case line length on a chip tend to increase

* Mainly due to increasing chip complexity

The widths of metal lines shrink while thickness increase
— The transmission line effects and signal coupling between neighboring lines become even more

pronounced

To optimize a system for speed, chip designer must have reliable and

efficient means for
— Estimating the interconnect parasitics in a large chip

— Simulating the transient effect o

Typical
gate delay

Interconnect delay

Delay (ns)

2u 1.5n 1 0.8 05u 0.35u

Minimum Feature Size

Figure 6.13 Interconnect delay dominates gate delay in sub-micron 19
CMQOS technologies.



Interconnection delay

* The hierarchical structure of most VLSI design
— Chip
— Modules
 Inter-module connection = longer

— Logic gates, transistors
* |Intra-module connection = shorter

P A Chip —=|
. |
010 connections Moduies | |
L[\, N
005 T conneciions

s

} } } . - Wire Length / Chip
0.2 0.4 0.6 0.8 Diagonal Length

Figure 6.14 Statistical distribution of interconnection length on a typical chip.

20



Interconnect capacitance estimation

LEVEL 3

LEVEL 2

LEVEL 1

Figure 6.15 An example of six interconnect lines running on three different

levels.

A complicated task
e Fringing-field factor FF=C

1000

T T T 1Tl

Figure 6.18 ‘ariation of the fringing-field factor with the interconnect

gecmetry.

total

Current Flow

==

h

AL

Figure 6.16 Interconnect segment running parallel to the surface,
which is used for parasitic resistance and capacitance estimations.

Fringing fields

SN
gz

AN /
N

CDP
(parallel-plate capacitance)

Figure 6.17 Influence of fringing electric fields
upon the parasitic wire capacitance.
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Estimation of interconnection capacitance

« The formulas provide accurate approximation of the
parasitic capacitance values to within 10% error, even
for very small values of (w/h) and (t/h)

— The linear dash-dotted line = parallel-plate cap.

— WI/T decreases =>cap. Decreases

» Level off at approximately 1pF/cm, when the wire width is
approximately equal to insulator thickness

(W_;) 2 t i
C=¢ + d for w > — “r

h
In(1+ 2h +\/2h (Zh + Zn
t t t

CAPACITANCE (pF/cm)

o
n
T
N\,
N\,
1 o "
i[E . .

] 0.4
n(1—0.0543-t) t | .
C=¢ %+ +147 | forw<o :
2]’! 2]’! 2h P '/11111.1 P BT S BT B
In(1+ +\/ ( + ij Y 02 /0_4 0.6 08 1 2 4 6 810
t t t W/H

Figure 6.19 Capacitance of a single interconnect, as a
function of (w/h) and (t/h).
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Capacitance coupling

e Considering the
Interconnection line is not
completely isolated from
the surrounding
structures, but is coupled
with other lines running Iin
parallel

— The total parasitic
capacitance increased by

* Fringing-field effects

« Capacitive coupling
between the lines
— When the thickness of
the wire is comparable
to its width = coupling
capacitance®
— Signal crosstalk

» Transitions in one
line can cause
noise in the other
lines

N Lateral (inter-wire)
Fringing-field capacitance
capacitance

Parallel-plate capacitance

(@)

Overlap and
fringing-field
capacitance

Fringing-field

capacitance ,—/

Parallel-plate capacitance

(b)

Figure 6.20 Capacitive coupling components, (a) between two
parallel lines running on the same level, and (b) between three parallel
lines running on two different levels.
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Capacitance of an interconnect line

 The capacitance of a line which is coupled with two other lines on
both sides

— If both of the neighboring lines are biased at ground potential

— The total parasitic capacitance can be more than 20 times as large as the
simple parallel-plate capacitance

5 T T Y 1 T T T T
1 m FIELD OXIDE i
1ptm METAL
1um SiN CAP LAYER
4~ -
| --oooag- ]
E CroTaL P —r——r—T—
o
a 3
w
o
z
=
e
Q
g 2f
d
o
1=
00

DESIGN RULE {um)

Figure 6.21 Capacitance of an interconnect line which is

coupled with two other parallel lines on both sides, as a function

of the minimum distance between the lines. Cropy indicates the

combined capacitance of the line, while Carounn and Cy indicate

the capacitance to the ground plane and the lateral (inter-line)

capacitance, respectively. The pure parallel plate capacitance is

also shown as a reference. 2 4



Capacitance between various layers

METAL - 2 METAL - 2
VIA =C Crmzp L
OXIDE =T mat Pe=
~ METAL-1

) 1
POLY-METAL A1 Crmip
OXIDE c.T

c m1f

m2a | POLYSILICON |
FIELD - Crmia | C
OXIDE | T pf

V2 ////1 f A
DIFFUSION

SUBSTRATE

Figure 6.22 Cross-sectional view of a double-metal CMOS structure, showing
capacitances between various layers.,

Table 6.2 Parasitic capacitance values between various layers, for a typical double-metal

Table 6.1 Thickness values of different layers in a typical 0.8 micron GMOS process 0.8 micron CMOS technology
Field oxide thickness 0.52 um Poly over field oxide o Area 8822 gi#mﬁ
Gate oxide thickness 60nm  (=0.016 pm) : Perimeter : pm,
Polysilicon thickness 035um  (minimum width 0.8 ym) ~ Metal-1 over field oxide Coniy f;;; ™ ggzg gim
Poly-metal oxide thickness 0.65 pm i : Metal-2 over field oxide Coisf Area 0.016 fF/pm?
Metal-1 thickness 0.60 pm  (minimum width 1.4 ;m) P i 0.042 fF/ym
Via oxide thickness 1.00 fzm Metal-1 over Pol BEEY Area 0.053 fF/pum?
ol : y ! :

Metal-2 thickness 1.00 pgm  (minimum width 1.4 ;m) Perimeter 0.051 fF/pm
n" junction depth 0.40 um Metal-2 over Poly Czp Area ggﬁ ; gﬂmz
T iuncti Perimeter : jam

tion depth 0.40 pm
p.viu]r:c‘ llﬁgti:f deoth 350 Mm Metal-2 over Metal-1 (G an i Area 0.035 fF/um?
il P Pl d s Perimeter 0.051 fF/pum
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Interconnect resistance estimation

e The total resistance

- Rwire - IO L - Rsheet L
w-t w

R, :the sheet resistivity of the line (€2/square)

sheet

R, =L

sheet

t
— The sheet resistivity

» Polysilicon: 20-40 Q/square

 Silicided ploysilicon: 2-4 QQ/square

e Aluminum: 0.1 QO/square

» Metal-poly, metal-diffusion contact: 20-30 Q
* Via resistance: 0.3 Q

 We can estimate the total parasistic resistance of a wire
segment based on its geometry

— Short distance =negligible

— Long distance =the total lumped resistance connect in series
with the total lumped capacitance
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Calculation of interconnect delay- RC delay models

If the time of flight across the
interconnect line is significant shorter
than the signal rise/fall times
— Can be modeled as a lumped RC
network

— Assuming that the capacitance is
discharged initially, and assuming that
the input signal is a rising step pulse
at time t=0

Vo (t) = VDD(]'_ eXp(_éJj

The rising output voltage reaches the 50% - point at t =z, ,

e e

and the propagation delay for the simple lumped RC network
isfoundas z,,,, =0.69RC

Unfortunately, this simple lumped RC
network provides a very rough
approximation
The accuracy of the simple lumped RC
model can be significant improved by
— Dividing the total resistance into two
equal parts
More accuracy
— RC ladder network

R

in AAA % ] Vout

V

out

o A
in %C

() (b)

Figure 6.23 (a) Simple lumped RC model of an interconnect line, where
R and C represent the total line resistance and capacitance, respectively.
(b) The T-model of the same line.

Total of N segments

____________________

Figure 6.24 Distributed RC ladder network model consisting of N equal segments.
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Calculation of interconnect delay- The Elmore delay

 Consider a general RC tree network
— There are no resistor loops in this circuit

— All of the capacitors in an RC tree are connected between a node and a
ground

— There is one input node in the circuit

— There is a unique resistive path, from the input node to any other node
in the circuit

 Path definitions

— Let P, denote the unique path from the input node to node i, i=1,2,3..n

— Let P =P,nP; denote the portion of the path between the input and the
node I, which is common to the path between the input and node j

Js I
1. =

Vin W_I_C Ic.,, Ics
Bl
1" I 1

28

Figure 6.25 A general RC tree network consisting of several branches.



Calculation of interconnect delay- The Elmore delay
r,, =RC,+RC,+RC,+RC,+RC;+(R +R,)Cs +(R,+ R, + R,)C, + (R, + R, + R, )C,
s =RC,+ (R, +R,)C,+ (R, +R,)Cy +(R, + R, +R,)C, + (R, + R, + R, + R, )C, + R.C, + R,.C, + R,.C,

A specific case of the general RC tree network = simple RC ladder network

N J
Tpy = Z CjZRk
j= k=1
If assume a uniform RC ladder network, consisting of identical element (R/N) and (C/N)

SO EALE IR

TDN:;W;FZN N2 Ry

Ty :%forN—wo

Thus, we see that the propagation delay of a distributed RC line is considerable smaller than that of a lumped RC network

v

out

S i e B
R I

Figure 6.26 Simple RC ladder network consisting of one branch.
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Figure 6.25 A general RC tree network consisting of several branches.



Example 5

In this example, we will examine the signal propagation delay across a long polysil-
icon interconnect line, and we will compare various simulation models that can be
used to represent the transient behavior of the interconnect. First, consider a uniform
polysilicon line with a length of 1000 zm and a width of 4 um. Assuming a sheet re-
sistance value of 30 Q/square, the total lumped resistance of the line can be found
using (6.55), as

R[runped = Rsheer X (# of SqUﬁrES)

1000
— 30(Ssquare) X ( i
4 um

) = 7.5kQ

To calculate the total capacitance associated with this interconnect line, we have
to consider both the parallel-plate capacitance component and the fringing-field
component. Using the unit capacitance values given in Table 6.2, we obtain

Cparallel-plaie = (Unit area capacitance) x (area)
= 0,066 fF/um® x (1000 um x 4 pm) = 264 {F
Cringe = (unit length capacitance) x (perimeter)
= 0,046 fF/um x (1000 zm + 1000 wm 4 4 gm + 4 pem) = 92 fF
Ciumped sotal = Cparaliei-plate + Cringe = 356 fF

Voltage (V)

Voltage (V)

35
30 F 2= g pet—o-o s o s o s o=
[ — Input
25 ! i
Output simulated with:
20 | —o— Lumped RC model |
—+— Distributed RC model
15 | E
1.0
05
0.0 - =
-0.5 -
1.010°® 2010% 3.010% 4010° 5010° 6.010° 7.010%
Time (s)
35
30 B
[ 1.9ns
2ER I
1.1 ns
20 | - //
PLH —— Input
15 -V
o Output simulated with:
IR —o— Lumped RC model
05 | —o— T - model |
—+— Distributed RC madel
00 |—e=—— o d
-05 ~
1810° 2010°® 2210° 2410° 2610° 2810°
Time (s)
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Example 5

We will now consider a polysilicon line consisting of two segments, each
500 um long, as shown below. One of the segments has a width of 2 m, while the
other segment has a width of 6 um. The two terminals of the line are labeled A and

B, respectively.

500 um

500 pum :

LR ¢ <

polysilicon interconnect line

The resistance of each segment, as well as the total lumped resistance of the entire

interconnect line, can be found using (6.55), as follows.

500
Riumpea 1 = 30 (Qsquare) x (—_ﬂ) =7.5kQ
= 2 um
500
Riumpea 2 = 30 (S/square) x (4‘“'"’) =2.5kQ
o 6 um

R!umped_:‘ufa{ = Rhunped_l + R.‘umpcd_Z = 10 k€2

The parasitic capacitances associated with this line are calculated as

Cparatiel-plate1 = 0.066 fF/um?* x (500 um x 2 um) = 66 fF

Cparaltel-plate2 = 0.066 fF/um? x (500 um x 6 um) = 198 fF
Ciringe_1 = Ctringeo = 46 fF

C:’umpcd.tmaf = Cpamﬁe!-p.‘are_l ar Cpm'aﬁd-p!a:e_? 7 Cj'ringe_l i Cfn'uge.? = 356 fF

Voltage (V)

Voltage (V)

35 T T T T T
—— Input A]
Qutput simulated with:
—o— Lumped RC model |
—o— Distributed RC model
| (propagation A= B)
4 —— Distributed RC modal -
i (propagation B A)
A : . . ; 1
1010° 2010 3010° 4010° 5010° 6.010° 7010°
Time (s)
35 T T T T
30 7
25 1
2.0 7
15 — Input |
i Output simulated with:
3 —o— Lumped RC model
05 +— T - model T
00 —— Distributed RC model
-0.5 - ;
1810° 2010° 2210° 2410 2610° 2810°
Time (s)
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Switching power dissipation of CMOS inverters

Vbp
pMOS

|

|-
{ fos

Vyy o—— ; Vout
L Ly ton

nMOS I Cioad

Figure 6.27 CMOS inverter used in the dynamic
power-dissipation analysis.

1 r .
Pag =7 jo w(¢) i) dt

Vin+ Vout

Vou T i i
:\ i : / E

1 H i :

1 H 1 H

) i 1 .

] H i :

) H 1 .

i H 1 H

1 H i :

1 ) 1 .

) i 1 .

] H i :

) . 1 .

i : i :

Voo H : H I[
T T

nMOS active

nMOS active [\ i
: i .
T2 T
| pMOSactve |

Figure 6.28 Typical input and output voltage waveforms and the capacitor
current waveform during switching of the CMOS inverter,

17 dv,, r dv,,
Ijavg = ? IO I/out (_ Cload dt t \Jdt + I% (VDD - I/out {Cload dt t jdt:|
P 1| C V. %(V V. Co—sC VZJT
—_— _ out + . . -
avg T ] load 2 0 DD out load 2 load"” out T2
1

Pavg = ?CloadVgD

Pavg :Cload VDZD ) f

Voo

pMOS
Logic

L1

Vout

L.
Il

I

nMOS
Logic

L

Figure 6.29 Generalized CMQOS
logic circuit.
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Power meter simulation

* Power meter

— Estimating the average power dissipation of an arbitrary device or circuit
driven by a periodic input, with transient circuit simulation

— Consisting Voo
* A linear-controlled current source oo |
» A capacitor :
» A resistor vszJQlis BS# %ny =0 | Y
C, ddiy:ﬂis_lzyv J=_ v, ©=0v
The initial condition of the node voltage V', isaetasV (0) =0V
Periodicinput | pevice
V,(t)= Cﬁ Lt exp[— ;_CT }'DD (r)dz Vi) =Vinlt +T) Gireuit | Ceag
y Yy _L I

- T .
Assuming R, C, >>T,V,(T )~ ﬁj ipy ()7
0 : Cy 0 Figure 6.30 The power meter circuit used for the simulation of average
dynamic power dissipation of an arbitrary device or circuit.

If f=V,, % thenV,(T)=V,, -%LT inp(7)dz

— The right-hand side of (6.75) corresponds to the average power drawn
from the power supply source over one period

— The value of the node voltage V, at t=T gives the average power
dissipation
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Example 6

6.0 T T T T

Consider the simple CMOS inverter circuit shown in Fig. 6.27. We will assume that
the circuit is being driven by a square-wave input signal with period 7 = 20 ns, and
that the total output load capacitance is equal to 1 pF. The power supply voltage is
S V. Using the average dynamic power-dissipation formula (6.70) derived earlier, we
can calculate the expected power dissipation to be P,,, = 1.25mW.

Now, the circuit with an attached power meter will be simulated using SPICE.
The corresponding circuit input file is listed here for reference. The controlled cur-
rent source coefficient is calculated as 0.025, according to (6.74). The resistance and _ . : L
capacitance values R, and Cy are chosen as 100k$2 and 100 pF to satisfy the condi- 0 1010° 2010* 3010° 4010° 5010° 6.010°
tion RyC, > T.

Voltage (V)

Power meter simulation: RDIGET ; : ' :
m 3 2 0 0 nmod w=10u 1l=1u g

mp 3 2 4 1 pmod w=20u l=1u EEIRIC ]

aa 1 05 3

et 10 g w0 |

.model nmod nmos (vto=1 kp=20u) @ i

.model pmod pmos (vto=-1 kp=10u) % 5010° |

vin 2 0 pulse(0 5 8n 2n 2n 8n 20n) = i

@il = (1) s 0010° '

0 1010° 2010® 3010° 4010* 5.010° 68.010*°

7 (05 Bl sy ) (025
rp. 9 0 100k

SR 0055

.tran 1n 60n uic
SprEinE Enan v (80 (2))
.print tran i(vtstp)
.print tran v(9)

.end

4010% T T T

ao10? | 4
P lt=T) =125 mw
2010° +

Power (W)

The simulation results are plotted on the following page. It can be seen that here, the S

significant power supply current is being drawn from the voltage source Vpp only il : r : ) ,
during the charge-up phase of the output capacitor. The power meter output voltage P % 1010° 2010* 3010° 4010% 5010° 6010%
by the end of the first period corresponds to exactly 1.25 mW, as expected. Time (s)
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Power-delay product

For measuring the quality and the performance of a CMOS process
and gate design
The average energy required for a gate to switch its output voltage
from low to high and from high to low

PDP=C,,qV*pp (6.76)

— Dissipated as heat during switching

— To keep C,,4 and V5 as low as possible

PDP=2P*,,, T, (.77

avg
— P*, 1S the average switching power dissipation at maximum operating
frequency

— T, is the average propagation delay
— The factor of 2, accounting two transitions of the output, from low to high
and from high to low

— This result may misleading interpretation that the amount of energy
required per switching event is a function of the operating frequency

PDP = Z(Cload VDZD fmax )TP

N PR
Tpur T Tprn 2

_ 2
- C load VDD
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Super buffer design (1)

e Super buffer
— A chain of inverters designed to drive a large capacitive load with minimal signal
propagation delay time
* A major objective of super buffer design

— Given the load capacitance faced by a logic gate, design a scaled chain of N
inverters such that the delay time between the logic gate and the load
capacitance node is minimized

— The design task is to determine

e The number of stages, N
» The optimal scale factor, o

P
— }: Supatulie

J_Guu
&

Figure A.1 Lisng a super bufler crowt o
drive @ largé capaoithve ioad

Figure A.2 Scaled super buffer circuit conaisting of N inverter slages



Super buffer design (2)

» For the super buffer
— G, the input capacitance of the first stage inverter
— C4: the chain capacitance of the first stage inverter
— The inverters in the chain are scaled up by a factor of o per stage
- Cload: OLNHCg
— Allinverters have identical delay of 1o(Cy+ aCy)/(C4+Cy)
* 1, the per gate delay in the ring oscillator circuit with load capacitance (C,+C )

C,+aC
z-tolal = (N + 1)2-0 . £
¢, +C,

In[claadJ

C

From C,,, =a""C, = (N+l)=|—g
Na

In Cload
_ C, C,+aC,
.
Ine °| C,+C,
1

-~ [ C,+aC C
8Ttotal =1, |n£ctotalJ 24 2( d 8J+ 1 ( g J =0
da C (Inaf| C,+C, ) Ina|C,+C,

g

the optimal scale factor a(In e —1) = %
g

A special case of the above equation occurs when the drain capacitance is neglected;i.e., C, =0. In that case, the optimal
scale factor becomes the natural number e = 2.718, However, in reality the drain parasitics cannot be ignored 37



