Complementary MOS (CMOYS) Inverter

= Concept: transistor switches connect output either to Vpp or to ground
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» Practical redlization: connect input to gate of p-channel device.
V|N = VDD --> Vg_;z = VDD - V|N =0<- VTp --> cutoff

V|N =0--> Vg;z = VDD - V|N = VDD >> - VTp -->0Nn (triOde region)

»n  Graphical analysis: need to find family of load lines since input is connected to
gate of M,
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p-Channel MOSFET Characteristics

= p-channel MOS load device:

Veep = VoD - ViN

as V| increases, the source-gate voltage Vg5, decreases.

note that the bulk connection istied to the source (Vpp), which resultsin a constant
threshold voltage.
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Switchable Current-Source Pull-Up

* The drain characteristics are - Ip = - Ipp (Vg5, Vop), Which can be expressed as
the “switchable” pull-up’s current-voltage characteristic,

isup = isup(Vin: Vaup)
SinceiSJpz 'IDp and Vg; = VDD - VlN and Vqup = VSD
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CMOSTransfer Characteristic

» plotting the p-channel pull-up on the n-channel “driver’s’ drain characteristics
allows us to find the input-output voltage pairs that satisfy the constraint that
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Simplified Voltage Transfer Curve

» For CMOS inverters, the voltage transfer curve of the inverter isideal enough

that we can approximate it with a construction that is suitable for quick hand
calculation

VouT A “\
Vor = Viax 1 -
/—3 OpeA,
Vv
VoL = Win 5
ViL M ViH in

n  Wefirst observe that:

Vou=Vmax = Vpp and Vg =Vy =0V

The edges of the transition region are then found as the intersections of the
tangent to the voltage transfer curve at V= V) (aline of slope A)

= Inorder to construct theVTC for a CMOS inverter (and to find estimates of the
noise margins), we need to first:

(i) find the voltage V),
(i) find the small-signal voltage gain A, a VN =V
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Step 1. Finding V),
= Goal: find V), = input voltage for the output = V),
both transistors are saturated at Vy = V), since
Vs =V - 0>V -V

Veop = Vop - VM = (Vbp - VM) V1

» Equate drain currents, omitting the channel length modulation terms
(1+ Ay Vpg) and (1 + A, Vepp) since they tend to cancel out (if Ay = A,
they exactly cancel out)

_ W 2
lbn = “ncox[Q_LDn(VM_VTn)

_ WO 2
—| Dp = “pCOXEQ_LDp(VDD _VM + VTp)
= Letting Kk, = Py Cox (WIL) and ki = Py Cox (WIL), --

1 > 1 2
SKn(Vin=Vrn) ™ = 5Ko(Vpp = Vi + V)
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Finding V), (cont.)

Result:

We can set V), = Vpp / 2 and achieve a symmetrical transfer curve

Example: suppose Vyp =-Vyp =1V and Vpp =5V

k
oo
Vy = ——— = 25V -->k; =k,

- K
1+F
kn

which makes sense since the transistors must have identical characteristics for the
transfer curve to be symmetrical.

The mobility of holesin p-channelsis about half that of electronsin
n-channels, W, = Up / 2, which implies that we must adjust the width-length
ratios to compensate:

kn = ko > (WIL), = 2(WIL),
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Step 2. Finding A,

ImpVsg2

T gl=g92

d1=d2

5

OmnVgs1 Fon

We note that Vg, = - Vin and can ssmplify the small-signal circuit
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Approximate Transfer Curve

s Thesmall-signa gain (which isthe slope of the transfer curve when the input is
equal to the mid-point voltage) is.

Vout/Vin = _(gmn+gmp)(ron||rop) = A

CMOS inverters have a channel length that is as short as possible (to minimize the
area... and maximum the density) ... the output resistances are relatively small and a
typical valueis vy, / Vi, = - 5to - 10.

* The input-low and input-high voltages are:

VouT A
Vor = Voo 2
> A/_A\I
\ R
h - Voo~V
A
V~ =0V >
oL
ML W MiH Vin

ViL = Vu—(Vpp/(2JA))

Vin = Vi + (Vpp/ (2A))
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Noise Margins
» For ky = kp, the mid-point voltageis V), = 2.5 V. For aslope A, = - 5, the input-
low voltage and input-high voltages are:
Vi =25V - (1/5) (25V)=2V
Viy =25V + (1/5) (25V) =3V
The low and high noise margins are therefore;
Nyl = Vi - VoL =2-0=2V
Nyn = Vou - Vig =5-3=2V
The transition region (or “gray ared’) is the interval

V|L<V|N<V|H or 2V<V|N<3V

» Finding the actual transfer function requires solving the drain current equations
when the p-channel and n-channel are in the appropriate operating regions... and
finding the transition voltages for the regions.

SPICE isgood at thisjob!
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CMOSInverter: Propagation Delay

= The propagation delays tpy and tp| |y are obviously of major importance for
digital circuit design ...

Example:
clock frequency = 250 MHz --> clock period = 4 ns

complex systems (e.g., microprocessor) have around 20-50 propagation delays
per clock period, so we need to have

tPLH and tPHL <100 PS = 10_10 S

» Hand calculation of propagation delays. use approximation that input changes
Instantaneously
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Estimating the L oad Capacitance

= Theload capacitance C; consists of
Cg, the input capacitances of the inverters 2 and 3, and

Cp, the parasitic capacitance to the substrate from the drain regions of inverter 1
and the interconnections between the output of inverter 1 and the inputs of

inverters 2 and 3.
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= For hand calculation, we do aworst case estimate of C by adding the maximum
gate capacitances for inverters 2 and 3

Co = Co (W [I_)IO2 + (W IZI_)nz + (W [L)p3 + (W El_)ns]

EE 105 Spring 1997
Lecture 11




Par asitic Capacitance from Drain Depletion Regions

= Thedrain n and p regions have depletion regions whose stored charge changes

during the transient.

Take the worst case and use the zero-bias depl etion capacitance (the maximum
value) as alinear charge-storage element during the transient.
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Calculation of Parasitic Depletion Capacitance

= “Bottom” of depletion regions of the load inverters’ drain diffusions contribute a
depletion capacitance

Cgorr = CanWhLaifn) + Cap(WpLais)

with Cj, and C;, being the zero-bias junction capacitances (fF/umz) for the n-
channel MOSFET drain-bulk junction and the p-channel MOSFET drain-bulk
junction, respectively.

» “Sidewall” of depletion regions of the load inverters' drain diffusions make an
additional contribution:
Csw = Wy, + 2L g;,)C gswn + (W, + 2L 3,,)C gswyp

with Cygan and Cjgpy being the zero-bias sidewall capacitances (fF/pm) for the
n-channel MOSFET drain-bulk junction and the p-channel MOSFET drain-bulk
junction, respectively.

= Thetotal depletion capacitance Cpg = Cgort + Copny

= Typical numbers: C;y and Cjp are about 0.2 fF/um? and
CJSNI’] and CJS\Np are about 0.5 fF/Hm

EE 105 Spring 1997
Lecture 11




Par asitic Capacitance from Interconnections

» “Wires’ consist of metal lines connecting the output of the inverter to the input
of the next stage. In cross section,

polysilicon metal interconnect
gate (width W, length L)

4

0.6 um deposited oxide

e 2 0.5 pum thermal oxide
P ]
p (grounded)

gate oxide

= Thep" layer (i.e., heavily doped with acceptors) under the thick thermal oxide
(500 nm = 0.5 um) and deposited oxide (600 nm = 0.6 pm) depletes only
slightly when positive voltages appear on the metal line, so the capacitanceis
approximately the oxide capacitance:
CWI RE ~ Cthickox(\Nm D‘m)

where the oxide thickness = 500 nm + 600 nm = 1.1 um.

* For large digital systems, the parasitic interconnect capacitance can dominate the
load capacitance --

Cr=Cqg+Cp=Cqg+ (Cpp+ Cwirg)
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