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Introduction

« Combination logic circuit
— Performing Boolean operations between input and output
— Static and dynamic characteristics Voo

« MOS depletion-load gates y -
— Emphasize the load concept Combinationa

- NAND, NOR V Circuit -TVM

« CMOS logic circuit T I

¢ C M OS trans m ISS I O n g ates Figure 7.1 Generic combinational logic

circuit (gate).

« Transmission gate (TG) logic circuits
e In most general form

— A multiple-input, single-output system

— Using positive logic convention



MQOS logic circuits with depletion nMOS loads

e Two-input NOR gate
— Calculation of VOH
— Calculation of VOL
— General NOR structure with multiple inputs
— Transient analysis of NOR gate
 Two-input NAND gate
— General NAND structure with multiple inputs
— Transient analysis of NOR gate



Two-input NOR gate

Vop_
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(Wl)ioad
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Figure 7.2 A two-input depletion-load NOR gate, its logic symbol, and the

D— Z=A+B
Va Ve Vout
low iow high
low high low
high low low
high  high lower

corresponding truth table. Note that the substrates of all transistors are

connected to ground.




Calculation of Vi, Vo,

Calculation of V,
When V, and V; are lower than threshold voltage = both off

kn oal
15 1oad = |2 : '[Z’VT,load (VOH X ' (VDD Vo )_(VDD —Von )2]: Othan Vo, =Vpp
Calculation of V.
Threecase: (I)V, = Vo, Vg =Vo (i)V,y =V Vg =V, (iii)V, =V, Vg =V,

: W , W
k.. kn,driver f k. kn,driver f
For the first two case:in case (i) k, = ‘;(”V”'A = W A in case (ii) k, = ‘:(”V”’B = W B
toad kr:,load (j toad krlw,load (j
L load L load
Kioa 2
VoL =Vou =Vro _\/(VOH _VTO)2 _(kl ‘ j"vmoad (VOLX (7.4)
driver

If the (W/L) ratios of both driversare identical, the two V,, will identical. In case (iii) both transistors are
turned on, the saturated load current is the sum of the two linear - mode driver currents
k

k river k river
I D,load — I D, drivera T I D, drivers — %’\/T,Ioad (VOLXZ = %[Z(VA _VTO)\/OL _VOZL ]"'%[Z(VB _VTO)\/OL _VOZL]

Since the gate voltages of both driver transistors are equal, we can devise an equivalent driver - to - load ratio for the NOR structure

" ij +(Wj }
k river + k river s L L k oal 2
kg = —Shent der? - - = Vo =Vou =V _\/(VOH _VTO)2 _(k i ].’VT"O"“‘ (VOLX (7.8)

I(Ioad k' (W j + k
n,load f
load

The V,, given by (7.8) is lower than the V,, by (7.4)
We usually set k

driver, A driver,B

driver,A = kdriver,B = kRhoad



Generalized NOR structure with multiple inputs

Ip1} Io2} Ioa}
v1_| va_{ v3_| ...... v,

| |[I: (Wi L)Ioad
— Vout

Vin—[ (W/L)eq

Figure 7.4 Equivalent
inverter circuit corresponding
to the n-input NOR gate.

( C, (W -
Z%(Tj [Z(VGS,k _VTO )‘/out _Voit] linear
k(on) k

: C :
K(on) (Z)%(ﬂ) (\/GS’k _VT0)2 saturation
k(on k

L
Vosk =Vgs  for  k=12,...,n

ﬂnCOX Z(wj [Z(VGS _VTO )\/out _Voit] linear
| = 2 k(on) L K
5 =
HnCox Z(ﬂj Vg —Vio S saturation
L 2 k(on) L K

(¥ =20
L equivalent  k(on) L k

The driver: no substrate bias effect
The load: suffered substrate biased effect, Vg=V,



Transient analysis of NOR gate

* The output load o
capacitance -
_ B_eing valid for cad Tmd el T 1

simultaneous as well N s |

as for single-input

switching JL
— The load capacitance

C,,ag Will be present at ﬁg 5

the output node even if %

only one input is active "*—'% "B—ﬁ -

an d aI I Oth e r I n p Ut are Figure 7.5 Farasitic device capacitances in the NOR2 gate and the
lumped equivalent load capacitance. The gate-to-source capacitances of
I OW the driver transistors are included in the load of the previous stages driving

the inputs A and B.

— C — ng,A +ng,B +ng,|oad +Cdb,A +Csb,|oad +Cwire

load



Two-input NAND gate

Voo
WL
E=L e
= B —
Voul

Va IE (W) Va Vg Vout
low low high
low  high high
Ve |0 (WiL)g high  low high
I high  high low

Figure 7.6 A two-input depletion-load NAND gate, its logic symbol,
and the corresponding truth table. Notice the substrate-bias effect for
all NMOS transistors except one.

Voo_

—[ W

Vout = VoL

Va=VoH —| [ (W/L)a

Ve =VoH —| (W/L)g

Figure 7.7 The NANDZ2 gate with
both of its inputs at logic-high level.



Calculation of Vi, Vo,

When bOth inpUt equal to VOH = ID load — ID driverA — ID driverB

k k river k river,
%’\/T,Ioad (VOLX2 - : 2 - [Z(VGS A VT A)\/DS A VIZ?S A] %[Z(VGS,B _VT,B)‘/DS,B _VIZ?S,B]

Assume V; , =

k
—— . VT,Ioad (VOL )‘2

V
DS,A K

driver,A

k 2
VDS 8 =Vou — \/ - —| 'VT,load (VOL)|

kdrlver B
Vo = 2[

j Vs w]

drlver

k..
ID,A _%[ ( GS,A VTO)‘/DS A VDZS A] ID,A = %[Z(VGS,B _VTo)‘/Ds,B _VDZS,B]
Iy = ID,A = ID,B = ID’A—; ID’B

k..
ID = %[Z(VGS,B _VTOXVDS,A +VDS,B)_(VDS,A +VDS,B)2]

k..
ID :%[Z(VGS _VTO )\/DS _Vés]

Two nMOS transistors connected in series and with the same gate voltage behave like
one NMOS transistor with K, = 0.5K ;..



Generalized NAND structure with Multiple inputs

lj (W/L)\0a
[l: - v ID /unCox 1 [2(V|n _VTO out _Voit] linear
DD = .
2 (Vin _VTo)2 saturation
Vin _”: (WIL)4 I:{E (W/L)\0ad k(on) )

— V

out W
Vin (WiL) |:> - - -
_“% 2 v-.n——||: (Wib)gq ( L jequivalem Z 1

k(on) w
- L k

()4
L equivalent - n L

<
<
|
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Figure 7.8 The generalized NAND structure and its inverter
equivalent.
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Transient analysis of NAND gate

V, =V, and other input V; is switching from V,,, to V.
both the output voltage V,, and the internal node voltage V, will rise

out

Cload = ng,load + ng,A + ng,B + Cgs,A + Cdb,A + Cdb,B + Csb,A + Csb,load + Cwire

V; isequal to V, and V, switches from V, to V,,

the output voltage V,, will rise, but the internal node voltage V, will remain low
because the bottom driver transistor is on b

ng,load——
Croas = Cuaioad TCqaa TCaba T Copioad +C

wire I
(1

Figure 7.9 Parasitic device capacitances in the
NAND2 gate.
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Example 7.1

A depletion-load nMOS NAND?2 gate is simulated with SPICE for two different

input switching events. The SPICE input file of the circuit is listed in the following.
Note that the total capacitance between the intermediate node X and the ground is
assumed to be half of the total capacitance appearing between the output node and

60 ————T 1 :

the ground.

NAND2 circuit delay analysis =

il R S (OB =5 =S o

i A 2B (0 e =S b=k %

ma 504 40 mnd w=1u 1=3u o

@k Al QF (), 1) %

cpEs (S IM0SE (@]

vddFEEOMd S5

* case 1 (upper input switching from high to low) i

vinl 2 0 dc pulse (5.0 0.0 1lns 1ns 2ns 40ns 50ns) 00 L . RSN (aflars s e

b L e ster 15500 0 1.010% 2010% 3.010°% 4.010°®

* case 2 (lower input switching from high to low) Time (s)

ot L ilimd B2 () G el 5y (8

* vin2 1 0 dc pulse (5.0 0.0 Ins 1ns 2ns 40ns 50ns) The simulated transient response of the NAND2 gate for both cases is plotted
.model mn nmos (vto=1.0 kp=25u gamma=0.4) against time above. The time delay difference between the two cases is clearly visible.

.model
.tran 0.1lns 40ns

In fact, the propagation delay time in Case 2 is about 30% larger than that in Case 1,
which proves that the input switching order has a significant influence on speed.

mnd nmos (vto=-3.0 kp=25u gamma=0.4)

P it i Eman AL AR 20 Ak ()

.end
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CMOS logic circuits

e CMOS NOR2 gate
« CMOS NAND2 gate
« Layout of simple CMOS logic gates

13



CMOS NOR2 gate

 Consisting
— A parallel-connected n-net

— A series-connected complementary p-net
e Operation

— Either one or both input are high
* The n-net creates a conduction path between the output node
* The p-netis cut off
* Output low, V, =0

— Both input are low
* The n-netis cut off
« The p-net creates a conduction path between the output node and V,
« Output high, V5,=Vpp

VDD v
DD
M3 I
jl -
I Va,
pMOS
Ma Vg network
Vg 1=
|| .
Va
nMQOS
Vi

'_[ " 1”J L= Ve network
1 T

Figure 7.10 A CMOS NOR2 gate and its complemeantary operation: Either the nMOS
network (n-net) is on and the pMOS network is off, or the pMOS network (p-net) is on and
the NMOS network is off.
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The switching threshold voltage

By definition, the output voltage is equal the input voltage at the switching
threshold: V, =V, =V, =V,
Both transistors are saturated at this point, becauseV; =V

then Iy =k, (v, —V;,f =V, =V; , + /:(—D (7.32)

AtV, =V, ., M3in linear region, M4 in saturation region

|D3 :k_zp[z(VDD _Vth _NT,p‘)/SDS _Vs%)al ID4 :k_zp(VDD _Vth _NT,p‘ _VSD3)2

los = Lo = Vop —Viy —Vy | =2 /L—D (7.35), Conbining (7.32) and (7.35)
p

1 [k k
VT,n+E kp(VDD_’VT,pD VT,n+ kp(VDD_’VT,p‘)
V,,(NOR2)= " (7.36),V, (INR)= " (CMOS inverter)
1 |k k
1+= |-—* 1+ [-°
2k, k

Voo +V; .
Ik, =k, and Vy, =y, |, Vixemos imereny =Voo!/ 2, Vin(NOR2) = % not equal to V. /2

For example: VDd =5V, V;, =V [ =1V,V,, (NOR2) = 2V V, (INR) = 2.5V

15



The switching threshold voltage

Voo

——dL* Veo
—°|E Kp _c”: kp/2
—[ 2k,
oL 1
L

P Wi Figure 7.11 A CMOS NORZ2 gate and its inverter equivalent.
— The parallel-connected nMOS transistors can be represented by a
single nMOS transistor with 2k

— The series-connected pMOS transistors are represented by a single
pPMOS transistor with k /2

— Using the inverter switching threshold expression (7.37) for the
equivalent inverter circuit

. k
VT,n J’_\/I(VDD _|VT,p|)
V,,(NOR2) "

B K
1+ |-
4k,

* In order to achieve Vth=VDD/2, we have to set V; ,=|V¢ ;| and k =4k,

16



CMOS NAND?Z2 gate

 The n-net in series,
the p-net in parallel.

Cgd.1 —E Cab,1 l Codz —E Can,2 l

AL:] =“:M4

J—Cm::m

Figure 7.12 Parasitic device capacitances of the CMOS NOR2 circuit
and the simplified equivalent with the lumped output load capacitance.

Va
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NAND?2’s inverter equivalent

« Assuming (W/L), 2=(W/L), g and (W/L), x=(W/L), 5
— The switching threshold

) K
VT,n +\/E(VDD _’\/T,p‘)
-(NAND2)= "

k
1+2. |-
kn

* Athreshold voltage of V,,/2 is achieved by setting V; ,=[V; | and
k,=4k,

V,

tl

v g

Figure 7.13 A CMOS NAND2 gate and its inverter equivalent.



Layout of simple CMOS logic gates

VDD
Voo
VA—OI
e W (ms ma| IR | nwel
VB—C{[M4
Vour ouT
M| (v (]| M2 |
VA—|Em1 VB—-l[Mz
GND
Va Vg
Figure 7.14 Sample layout of the CMOS NOR2 gate.
VDD
Voo
Va—q[ s Vo —d[ ma M| va| |E] [ma| | [ nowel
Vout ouT
VA—”: M1
B | | v vmz| |
VB—”: M2 GND
Va Vg

Figure 7.15 Sample layout of the CMOS NAND2 gate.

19



Stick-diagram layout of the CMOS NOR?2 gate

* The stick-diagram does not carry out any information on the actual
geometry relations of the individual features, but it conveys valuable
iInformation on the relative placement of the transistors and their
Interconnections

VDD

Wp | @

QuUT

GND

PN A R Y
2 A R N Y

Figure 7.16 Stick-diagram layout
of the CMOS NOR2 gate.
20



Complex logic circuits

 The simple design principle of Yoo
the pull-down network

— OR operations are performed L WLhoa
by parallel-connected drivers

— AND operations are performed
by series-connected drivers

— Inversion is provided by the A o
nature of MOS circuit —[ i —[ g

operation

« |[f all input variables are logic
high, the equivalent-driver D—{[ wiyp E—{[wme c—[_mne
(W/L) ratio of the pull-down
network =

— Z=AD+E)+BC Figure 7.17 nMOS complex logic gate
realizing the Boolean function givenin (7.41).
Vl B 1 N 1
L) 1 1 1 1
equivalent + +

o) (o) (2, CAE)

Vout

21



Complex logic circuits

» For calculating the logic-low
voltage level V.

— The value of VOL depends on the
number and the configuration of
the conducting nMOS transistors

— Assigning a class number which
reflects the total resistance of the
current path from V,,, node to
ground

* A-D = class 1 = highest series
resistance

* A-E = class 1= highest series
resistance

* B-C = class 1= highest series
resistance

e A-D-E — class 2

e A-D-B-C = class 3

e A-E-B-C=class3

e A-D-E-B-C = class 4
* VourVor>Vors>Vous

 We usually start by specifying a
maximum V, value

The design objective= determine
the driver and load transistor
size— achieves the specified V5,
value even in the worst case

Three worst-case paths

driver

driver

ol I el R el

1= | |

el = el - el

B C driver

— Guarantee all other input =
output low will less than Vg,

Vout

B—{[ wig

22

Figure 7.17 nMOS complex logic gate
realizing the Boolean function givenin (7.41).



Complex CMOS logic gates

 The pMOS pull-up network

— Must be the dual network of the n-net
 NnMOS parallel = pMOS series
* NnMOS series = pMOS parallel

ouT Vi
oD ,’0"“«..\ 5
Al
D _q| 1' 0
A 4[ ;.\. E
O
L ¢ — /
.x‘\\ B { c
v ‘ LY
) ?’ ouT B _4[“ ¢ _4 o
d
: pMOS network
graph
Vout
B
A
=
D
GND c_l c
Figure 7.18 Construction of the dual pull-up = nMOS network

graph from the pull-down graph, using the dual-

h i Figure 7.19 A complex CMOS logic gate realizing the Boolean function (7.41).
graph concept.
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Stick-diagram, with arbitrary ordering of poly-Si

* The stick diagram layout = a “first attempt”

« An arbitrary ordering of the polysilicon gate column

— The separation between polysilicon must be allow
» One diffusion-to-diffusion separation
« Two metal-to-diffusion contacts

— Consuming area

Voo

NN RN

o

£ AAAAEER ARRERAAREARRARAN A AR SN

o
w
o

®

pMOS

]
®
Y
'

GND

AN AR REERRARRY AR SRR RN

% [
D/s S D ® f
7 7 ouT
,% D% s ¢ ® é f—o
lﬁ L ® 7 7
ﬁ % 4 % nMOS
D% s D% s Dgﬁs s%o
% f/
?
%
D

> DN
O RN

Figure 7.20 Stick-diagram layout of the complex CMOS logic gate, with an arbitrary ordering
of the polysilicon gate columns.
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Stick-diagram, Euler path approach

O

Voo

NN\

71\

NN

w
o
w]
w

L
NSNS

j\\\

AN

pMOS

Common Euler path

N\

»
o
»
»
o
m&\\\\\\m“\
’ ®
PR AN

N
o

A Y

NN\

E-D-A-B-C

ouT

w
»
/ —
a
T
o
‘Q&&&ﬁ&&&ﬁlﬁﬁﬁﬁﬁﬁﬁﬁﬁ&
‘§§§§§§§§§§§§§§E§§§E§§

o]
A
NN

—

o
w

y nMOS

-®
®

o
w
w
o
w

nMOS network pMOS network

NN

GND

Figure 7.21 Finding a common Euler path in both graphs for n-net
and p-net provides a gate ordering that minimizes the number of
diffusion breaks and, thus, minimizes the logic-gate layout area. In both
cases, the Euler path starts at (x) and ends at (y).

m NN
T AENTNHHHS
2 AT

Figure 7.22 Optimized stick-diagram layout of the complex CMOS logic gate.

 Find a Euler-path in the pull-down graph and a Euler path in the pull-up graph with
iIdentical ordering of input labels

 The Euler path is defined as an uninterrupted path that traverses each edge (branch)
of the graph exactly once

— E-D-A-B-C
e The polysilicon column separation has to allow
— Only metal-to-diffusion contact

 More compact layout area, simple routing of signals, less parasitic capacitance

25



Full CMOS implementation of XOR

::)D— A®B = AB+AB A—q P—%

— b—o
B .
I nb -
—LD_ E——' I—B
o—— >

Figure 7.23 Full-CMOS implementation of the XOR function.

« Two additional inverter are needed
 Total 12 transistors

26



AOIl and OAI gates

Vo

Voo
I
Dual pMOS
Dual pMOS pull-up network
pull-up network
Ay
Aq Vout he £>_ Vout
= x o
3
By . _| C|_| 21
L e - o=
¢ AQ‘_i C2“‘| o
= O— L — o
Cy Ay -{ cs —l Ay _| Az A 3_|
L

Figure 7.25 An OR-AND-INVERT (OAl) gate, and the corresponding

Figure 7.24 An AND-OR-INVERT (AQI) gate and the corresponding pull-down net.

pull-down net.

 The AOI gates

— Enable the sum-of-products realization of a Boolean function in
one logic stage

 The OAIl gates

— Enable the product-of-sums realization of a Boolean function in
one logic stage

27



Psuedo-nMOS gates Yoo

« CMOS gates = large area ﬁg
e Pseudo-nMQOS
— To reduce the number of

VOUi

01_{[.‘

transistors
. . a—L el
— To use a single pMOS transistor
as the !oad devpe N _ﬁ e[
 with its gate terminal connected to
ground L
- D|Sadvantage Figure 7.26 The pseudo-nMOS

. . . . implementation of the OAl gate in Fig. 7.25.
* Nonzero static power dissipation

— As the V_, is lower than V5 = the always-on pMOS load
device conducts a steady state current

e The value of V,, and the noise margins

— Determining by the ratio of pMOS transconductance load to
driver transconductance

28



Example 7.2

The simplified layout of a CMOS complex logic circuit is given below. Draw the cor-
responding circuit diagram, and find an equivalent CMOS inverter circuit for simul-
taneous switching of all inputs, assuming that (W/L), = 15 for all pMOS transistors
and (W/L), = 10 for all nMOS transistors.

(Bl PR B 7

{ Voo

| B OIFF.

" WELL
Ha

B FoLy

| GND | [EE] ver-1

The circuit diagram can be found from the layout by inspection:

o—d

e—
e—
A—q =

0
D—l# E—'q A—":‘I
T

The Boolean function realized by this circuit is

Z=(D+E+ A)(B+C)

The equivalent (W/L) ratios of the nMOS network and the pMOS network are de-

termined by using the series-parallel equivalency rules discussed earlier in this chap-
ter, as follows.

() ‘
L n,eq I 1

Il

(1) +(D) +(3) &) +(%).
3. @. @ & &,

29



CMQOS full-adder circuit gate level

e The carry_out signal to generate the sum output
— Reduce the circuit complexity
— Save chip area

sum _out =A®B®C
= ABC + ABC + ABC + ACB
carry _out = AB + AC + BC

-------------------------------------------------

)
|/
A ;
b == O—
N M sum
L/ :

________________________________________________________________

Figure 7.27 Gate-level schematic of the one-bit full-adder circuit. 30



CMOS full-adder circuit

—C o—L T p—c
b—s
o— T b
o - =+
e co SUM
A_| l_B '_c . . . . L )
Figure 7.29 Mask layout of the CMOS full-adder circuit using minimum-size
transistors.
Figure 7.28 Transistor-level schematic of the one-bit full-adder circuit. Miirnart e
ne :’ Carry N
4.0 ;
E e \ r'
Iﬂ-‘l V a.a " | PR
«1a?
Ol ” .
E wf "
I' 0.8 PRV R B |
2@
g o
0 s0f , J \ . g \ I
2.0 [ |
oot o . . N . ‘ ] ' | |
5.0 Corry QU
[ DIFF. sa
1 NWELL ’ _ -
:] P+ e
El POLY B
[ MET-1 o suM
B MET-2 55 )
: ARV AN
i n S TR S T SO WU T T T N I I - — 9
Figure 7.30 Mask layout of the optimized CMOS full adder circuit. oo ° = - e

Figure 7.31 Simulated input and output waveforms of the CMOS full-adder circuit.



CMOS transmission gates (pass gates)

e Consisting of one nMOS and one pMOS transistor, connected in parallel

« The gate voltage applied to these two transistors are also set to be
complementary signals
* A bidirectional switch between nodes A and B which is controlled by signal
C
— If signal C is logic high
» Low-resistance current path between the nodes A and B
— If the signal C is low
* Both transistors will be off

e Both transistors must take into account the substrate-bias effect

[e;
B A —] > —— B
lo:

o o o

H{}
.

Figure 7.33 Four different representations of the CMOS
transmission gate (TG).
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Carry ripple adder

* N-bit binary adder
— The full adder as the basic building block

— Two n-bit binary numbers as input and produces the binary sum
at the output
— The overall speed of the carry ripple adder is obviously limited by
* The delay of the carry bits rippling through the carry chain
» A fast carry_out response become essential
 Critical path

So S, S, S,
C C C C
Full Adder 1 | Full Adder 2 1 Full Adder 3 7 Full Adder
Co— (FA) - (FA) (FA) o > (FA) > Cyg
Ay By Ay By Ay By A; By

Figure 7.32 Block diagram of a carry ripple adder chain consisting of full
adders.
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CMOS transmission gates (pass gates)

Consisting of one nMOS and
one pMOS transistor,
connected in parallel

The gate voltage
— Complementary signal to the
two transistors
Bidirectional switch between A
and B, controlled by C
— Signal C is logic-high

e Both transistors turn on, low
resistance current path

— Signal C is logic-low

» Both transistors turn off, open,
high-impedance state

— Substrate terminal

« NMOS= ground, pMOS =
VDD

* Must consider body effect

ol

1 :
T :

Figure 7.33 Four different representations of the CMOS
transmission gate (TG).
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CMOS transmission gates (pass gates)

oV
1
V., =V, The control signal is logic - high, the output node may be connected to a capacitor o | son T
For nMOS transistor = Vi, =Vpp-Vou: Vass =Voo~Vou VasVoo—— | Vour
The nMOS will turn off forV,,, >V,,-V;  and operate in the saturation forV,,, <Vp,-V;, — %
For pMOS transistor = Vg, =V,,-Vop, Vas, = Voo Voo
The pMOS isin saturation forV,, <\V; |, in linear region forV,, >V, |,pMOS remains turn on, regardless of theV,,

Region 1 Region 2 Region 3
The total current: 1, =15, + g5, ' '

nMOS:samraﬁoni nMOG:samra‘ioni nMOS : cut-off

V 'V V 'V pMOS sahurahoni pMCS : linear rsg.i pMOS  linear rog.;
equivalent resistance: R,,, = —=2—*, R, =-2>—%& The total resistance = R, ,[R,,, i ' ' '
’ I DS,n Y I SD,p ' Y i —} ; ; v
ov [vrpl Vpp - V7.0 Voo o
. Figure 7.34 Bias conditions and operating regions of the CMOS
Reg 1on 1 transmission gate, shown as functions of the cutput voltage.
. . . 2(V -V 2(Vyp-V,
Vo < T,p‘ = both transistor in saturation, R, , = (Voo Vo) >+ Regp = — WopVou)
kn(VDD _Vout _VT,n) kp(VDD —’VTYP‘)Z R .
note thatVgy , =V, Vgs, = 0= nMOS should take into account the sbustrate - bias effect }’
| [
Region 2 Ragp Fogn ,f
‘VT,D‘ <V < (VDD _VT,n): pMOS linear region, nMOS saturation region e //
T
— 2(VDD-Vout) R — r 2(VDD-Vout) . _ 2 . P,_-"f
eqn 2 1 eqp -
kn (VDD _Vout _VT,n) kp|_2(VDD —NTYP‘XVDD-V(M)—(VDD —NT’p‘)ZJ kplz(\/DD _NT,p‘)_ (VDD _Vout )J
Region 3 | i
. . ! ' Vout
Vo > (VDD —VT,n):> pMOS linear region, nMOS off 0 Voo V1) Voo ?
2 Figure 7.35 Ecquivalent resistance of the CMOS transmission gate,
Re plotted as a function of the output veltage.

W = kp[ZQ/DD _WT,p‘)_ (Voo ~Vaas )]
35



Replacing the CMOS TG with its resistor equivalent

* The total equivalent resistance of the TG

remains relatively constant

— Its value is almost independent of the output voltage

 Whereas the individual equivalent resistances are strongly
dependent on V_,

— A CMOS TG can be replaced by its simple equivalent
resistance for dynamic analysis
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Figure 7.36 Replacing the CMOS
Figure 7.35 Equivalent resistance of the CMOS transmission gate, TG with its resistor equivalent for 36
transient analysis.

plotted as a function of the output voltage.



Two input multiplexer

 The implement of CMOS transmission gates in logic circuit design
— Compact circuit structures, requires a smaller number of transistors

— The control signal and its complement must be available simultaneously
for TG applications

 Two input multiplexer

— If the control input S is logic high
* The bottom TG conduct = output equal to the input B

— If the control input S is logic low
 The top TG conduct = output equal to the input A

A B

] T—F=A§+BS
T
s l {>o—

Figure 7.37 ITwo-input multiplexer circuit
implemented using two CMOS TGs.
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XOR

>

$+——— F=AB+AB

L
5=

Figure 7.38 Eight-transistor CMOS TG implementation of the XOR

function.

i
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Figure 7.39 Six-transistor CMOS TG implementation of the XOR

function.
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CMOS TG realization of a three-variable Boolean

function

F=AB+AC+ABC

I i
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Figure 7.40 (a) CMOS TG realization of a three-variable
Boolean function. (o) All pMOS transistors can be placed into one
n-well to save area.
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Figure 7.41 Mask layout of the CMOS TG circuit shown in
Fig. 7.40.
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Complementary pass-transistor logic (CPL)

The main idea behind CPL is to use a purely nMOS pass-transistor
network for the logic operations, instead of a CMOS TG network
— All input are applied in complementary form

— The circuit also produces complementary outputs, to be used by
subsequent CPL stage

— The CPL circuit consisting
 Complementary input

 An nMOS pass transistor logic network to generate complementary outputs
« CMOS output inverter to restore the output signal

A B B A A B B A

s —i& L 58— L

<]
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—I[_]—
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>
+
vs]

A+B
(@) (k)
Figure 7.42 Circuit diagram of {a) CPL NANDZ2 gate and (b) CPL
NOR2 gate.
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Complementary pass-transistor logic

e The elimination of pMOS transistors from
the pass-gate network

— Reducing the parasitic capacitances
— Higher operation speed

— Process complexity

e The V,, must be reduced to about OV through
threshold -adjustment implants
— Reducing the overall noise immunity

— Making the transistors more susceptible to subthreshold
conduction in the off-mode

— The CPL design style is highly modular

« A wide range of functions can be realized by using
the same basic pass-transistor structures
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Regarding the transistor count

e CPL circuits do not always offer a marked advantage over conventional
CMOS
« NAND2, NOR2=8 transistors

« XOR, XNOR functions realized with CPL have a similar complexity as
CMOS realizations
— The cross-coupled pMOS pull-up transistors are used to speed up the output
response
 Full adder
— The same observation is true for the realization with CPL
— consisting of 32 transistors

FA (CPL)

A XOR 10,12 g [ %
B =, ]?'] (CPL) | : G
Rl L [

B s | R2 s

A

U”

12 & —ill —Tl _
I i J_ Ii_ll-n ||!"| il o 8
1&1}2 co | _-I-l e e ——— .>

Figure 7.45 Mask layout of the CPL full adder shown in Fig. 7.44.
Figure 7.44 Circuit diagram of a CPL full adder. 47
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Figure 7.43 Circuit
diagram of a CPL-based
XOR gate.




