
Static MOS Gate Circuits 

5.1 Introduction 
This chapter addresses the design of combinational and sequential CMOS static 
logic gates. The material is built upon the foundations established in Chapter 4. In 
this chapter, we will continue to view the transistor as a logic switch with series 
resistance. For a unit-sized NMOS device, the series resistance is approximately 
12.5 k!1, whereas a unit-sized PMOS device is approximately 30 k!l. These large­
signal resistance values represent the average on-resistances when switching from 
high to low or low to high. Using the concepts of switch-based logic design, we can 
construct combinational logic gates such as NANDs, NORs, XORs, and multiplex­
ers. We will examine the operation of these gates in detail and then study the volt­
age transfer characteristics (VTC), transistor sizing, first-order timing characteris­
tics, and power. Extensions of switch-based networks can be used to implement 
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196 ANALYSIS AND DESIGN OF DIGITAL INTEGRATED CIRCUITS 

complex logic functions in a single CMOS stage through the application of the 
duality principle and DeMorgan's Laws. 

Sequential logic elements have the ability to store information. The outputs of 
a sequential block are functions of both input and output values. As such, they are 
characterized by positive feedback loops between the outputs and inputs. In this 
chapter, the definitions and distinctions between two types of sequential elements, 
flip-flops and latches, are reviewed. Sequential circuits are constructed using con­
ventional CMOS or pseudo-NMOS logic. In later chapters, we use clever techniques 
to reduce the number of transistors needed to implement these functions. The basic 
operation, limitations, and timing constraints for a variety of sequential elements 
are examined, including SR latches, JK flip-flops, D flip-flops, and D latches. We also 
describe certain timing constraints, the so-called set-up and hold times, for D-type 
flip-flops and latches. 

Power and timing are the two main design specifications for digital integrated 
circuits. In this chapter, we explore the relationships between these two factors. We 
seek to minimize power and reduce delay as much as possible, but usually one is 
traded off against the other. Circuit activity is a key factor in the total power dissi­
pation. Reducing the activity of a chip is the best way of reducing dynamic ( or 
switching) power in CMOS circuits. This can be accomplished most effectively by 
choosing logic architectures that exhibit low activity. In addition, the arrival times 
of signals at gate inputs should be made equal to minimize glitches that unneces­
sarily contribute to power consumption. Further, the rise and fall times of all signals 
should be equalized, wherever possible, to limit power due to short-circuit current 
flow during switching. Power consumption of most circuits can also be decreased 
by reducing the operating voltage. This is the main reason why the supply voltage is 
reduced in each technology generation. 1 However, the threshold voltage has not 
been scaling as rapidly in order to control subthreshold leakage. When many mil­
lions of transistors are sitting idle but leaking current, it contributes significantly to 
the static (or standby) power consumption. 

Since power and timing are usually traded off when designing circuits, a met­
ric is needed to establish the goodness of a design relative to these two factors. To 
improve a design, we should try to reduce both power and delay. Therefore, a use­
ful metric can be devised by multiplying the power by the delay to obtain a power­
delay product, which is a measure of the energy needed to perform a given logic 
operation. This metric is most valuable when comparing single gate configurations 
that use the same supply voltage and drive the same load. However, it suffers from 
some limitations if used to compare the power of two different designs that perform 
the same function. A more effective metric when comparing two designs is the 
energy-delay product. This metric is obtained by multiplying the energy (i.e., 
power-delay product) by delay. 

1 Roughly speaking, the power supply voltage (in volts) is 10 times the technology generation (given in 
microns). For example, a 3.3 V supply is used in a 0.35 µ.m technology, a 1.8 V supply in a 0.18 µ.m technol­
ogy, and a 1.2 V supply in a 0.13 µ.m technology. 
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STATIC MOS GATE CIRCUITS 197 

In this chapter, basic static NAND and NOR gate circuits are described in Sec­
tion 5.2 with emphasis on gate sizing, voltage transfer characteristics, and fanin/ 
fanout considerations. Section 5.3 illustrates how complex functions can be imple­
mented in a single CMOS stage using duality and DeMorgan's Law. The other use­
ful logic functions such as XOR, XNOR, and multiplexers are described in Sections 
5.4 and 5.5, respectively. Basic sequential circuit elements are explored in Sections 
5.6 and 5.7. To conclude the chapter, we examine the important components of 
power dissipation in Section 5.8, and power-delay tradeoffs in Section 5.9. 

5.2 CMOS Gate Circuits 
To build NOR and NAND gates in CMOS is rather straightforward. We use the 
switch-level concepts that two NMOS transistors in series perform a logical AND 
function and two NMOS transistors in parallel perform a logical OR function. Sim­
ilarly, two PMOS transistors in parallel perform an AND function and two PMOS 
transistors in series perform an OR function. The resulting circuits for the 2-input 
NOR and 2-input NAND gates are illustrated in Figure 5.1. For the 2-input NOR 
gate of Figure 5. la, the output is pulled low if either A or B is high. This requires 
two pull-down devices in parallel. However, both inputs must be low to produce a 
high output. This requires two series p-channel devices connected from the output 
to VDD· All NMOS devices have their bulk terminals connected to Gnd, while the 
PMOS devices have their bulk nodes connected to V00• 

For the 2-input NAND gate of Figure 5.1 b, the output is low only if both A and 
B are high. This implies two series-connected n-channel devices from the output to 
ground. On the other hand, if either input is low, then the output will go high. This 
can be implemented with two parallel p-channel devices connected from VDD to the 
output. The extension to multiple input gates follows along the same lines. Specifi­
cally, for a multiple fanin NOR gate, we would have many parallel NMOS devices 

A 

B 

(a) 2-input NOR gate 

Figure 5.1 
CMOS NOR and NANO gates. 

F=A+B 

= 

F=AB 

A 

B 

= 
(b) 2-input NANO gate 
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198 ANALYSIS AND DESIGN OF DIGITAL INTEGRATED CIRCUITS 

Exercise 5.1 

and a stack of series-connected PMOS devices. For the NAND gate with multiple 
inputs, we would have a stack of NMOS devices connected to the output, and an 
equal number of parallel PMOS devices connected to the output. 

Draw 3-input and 4-input NOR and NAND gates. We often refer to these gates with 
names such as NAND3, NOR3, NAND4, and NOR4 for convenience. Explain how they 
each work. Do you see any problems arising as you increase the number of fanins 
(inputs) to 1 O? 

5.2.1 Basic CMOS Gate Sizing 

Now consider transistor sizing of CMOS logic gates, specifically NANDs and NO Rs. 
As mentioned before, transistor sizing is the process of specifying the widths of the 
transistors in the logic gates. 2 When we studied the inverter in the previous chapter, 
it was clear that device sizes control the rise and fall propagation delays in static 
CMOS. This is the primary reason why we specify the sizes of the transistors. To 
obtain approximately equal rise/fall delays, we found that the PMOS device must be 
roughly twice the size of the NMOS device. This is because its on-resistance for 
PMOS is roughly double that of the NMOS device. 3 For the time being, we will use 
the 2:1 ratio. Later, we will elaborate on the best ratio for the pull-up and pull-down 
transistors. 

Given the 2: 1 device sizes for the inverter of Figure 5.2a, we can now determine 
the transistor sizes in multifanin gates. Assume for the moment that all gates drive 
a single load capacitance, CL and that we want to obtain the same delay as the 
inverter for the rise/fall cases. First, consider the NAND gate in Figure 5.2b. There 
are two parallel PMOS devices and two series NMOS devices. Sizing the four tran­
sistors is based on achieving the same delay as the inverter when driving the same 
load capacitance under worst-case input combinations. Since the two PMOS 
devices are in parallel, we assume that only one is on and the other is off during the 
pull-up phase. If we assume that both pull-ups are on, then this is the best-case sit­
uation. In design, we always consider the worst case wherever possible to ensure that 
our circuit works under all conditions. For this reason, each pull-up should be sized 
to be equal to the inverter pull-up, meaning that both pull-ups will be 2 W 

Next consider the two pull-down transistors that are in series for the NAND 
gate. Since both transistors must be on to pull the output low, we will see roughly 
twice the resistance if they are sized exactly the same as the inverter. Instead, we 
want to cut the resistance in half and so we double the widths.4 This requires a size 

2 We assume that all devices have a minimum length, L, and so the width, W, is the only unknown. 
3 More precisely, the ratio of the PMOS resistance to NMOS resistance is 30 kD/12.5 kD = 2.4. To obtain equal 
delays we should size the PMOS device to be 2.4X larger than the NMOS device. However, we will find that 
there are a number of factors that make a 2: 1 ratio a better choice. In fact, this 2: 1 ratio was also the preferred 
ratio in the past due to mobility considerations. 
4 Recall that resistance is inversely proportional to the width. 
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A 

B 

F 

A 

B 

(a) (b) (c) 

Figure 5.2 
Device sizes for CMOS (a) inverte r, (b) NANO, and (c) NOR gates. 

of 2 W for both pull-down devices. 5 As a result, all four devices in the NAND gate 
are 2 W devices. 

Similar considerations apply to the NOR gate of Figure 5.2c. Here the PMOS 
devices are in series and the NMOS devices are in parallel. Using the same argu­
ments, both NM OS devices should be set to W to match the pull-down delay of the 
inverter in the worst case. The PMOS devices need to be doubled relative to the inverter 
case since they are in series. This leads to two 4 W devices in series for the pull-up 
case to effectively cut the resistance in half for each device. 

The same approach woJld be used to size multi-input pseudo-NMOS gates. 
The pseudo-NMOS inverter was covered in Chapter 4 and is shown again in Figure 
5.3a. The size of the pull-up device is set to WP and the pull-down device to Wn. The 
ratio of W,JWP depends primarily on the desired V0 L' For pseudo-NMOS gates, 
only the NMOS devices need to be sized since there is one PMOS pull-up and its 
size would remain the same as in the pseudo-NMOS inverter6 of Figure 5.3a. 

Consider sizing 3-input pseudo-NMOS NAND and NOR gates. For the NAND 
gate of Figure 5.3b, we would use devices with size 3 W

11
; that is, use devices that are 

three times larger than its inverter counterpart. The reason is that there are three 
resistors in series and we must increase the size of the transistors by three to reduce 
the effective resistance of the pull-down path to that of the inverter. For the NOR 
gate of Figure 5.3c, the pull-down devices would all be the same size as the pseudo­
NMOS inverter case since they are in parallel. Again, the worst-case condition has 
only one transistor pulling down, not all three. Therefore, the size must be set with 
this in mind. 

The sizing of the NAND gate of Figure 5.3b can be understood from two other 
perspectives. First, it can be viewed from a layout perspective, as shown in Figure 5.4. 

5 This is true for long channel devices. More accurate device sizes would include velocity saturation effects but 
they are not considered until Chapter 6. 
6 There is an assumption here that the only capacitance is a single output loading CL. 

F 
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Vvv Vvv 

_ri ~ F r-9 
F A--j ICL 

A~ w" 
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B~ 

c--j 

- -

(a) (b) 

Figure 5.3 
Device sizing for pseudo-NMOS (a) inverter, (b) NAND, and (c) NOR gates. 

Actual layout 

Figure 5.4 
Layout and equivalent size of 3X device. 

Equivalent device ,; 

Vvv 

F 

ICL 

-

(c) 

F 

3LII 

The layout of the NMOS series stack is given on the left, with three inputs, A, B, and 
C, on the poly layer. One diffusion region is defined with a width of 3 Wn, and three 
transistors with length L

11 
are created. The output F is identified at the top of the 

stack. When the inputs are connected together, the three devices in series can be 
merged to produce one "super" device with a size of 3 W,,13L

11
• This produces an 

effective size of W,,IL,1, which is equivalent to the size for the pseudo-NMOS pull­
down of the inverter. Note that the sizing achieves the same delay characteristics as 
the inverter but also produces the same V0 i- In other words, we size pseudo-NMOS 
gates for both V0 L and timing when we choose the W/L ratios for the individual 
devices. 

Another way to view the sizing of series stacks is to recall that the transistor on­
resistance is inversely proportional to W. Larger values of W decrease the series 
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STATIC MOS GATE CIRCUITS 201 

resistance of the transistor. What if we had three different W values in the series 
stack? When determining an equivalent Weq' one can use the fact that the W values 
would combine as if we had parallel resistance.7 For example, if we have three tran­
sistors in series with widths W" W2, and W3, we would combine them together to 
form an equivalent device with a width 

W1W2 W3 
( series stack, all devices on) (5.1) 

This value can be used to determine on-resistance of the combined devices. For the 
case when all W's are equal to 3 W", this reduces to Wn, as expected. 

In the case of a NOR gate, if all parallel pull-down devices are on simultane­
ously, the W values would combine as if we had series resistance to produce the 
equivalent value, weq: 

(parallel devices, all devices on) (5.2) 

Of course, we design the NOR gate assuming that only one pull-down device is on 
at a time, since this is the worst case. 

3-lnput NAND and NOR Gate Sizing 

Problem: 

Determine the device sizes for 3-input NAND and NOR gates in conventional 
CMOS. Assume that the basic inverter is sized according to Figure 5.2a and that the 
goal of the design is to have NAND3 and NOR3 gates with the same delay charac-
teristics as the inverter. "' 

Solution: 

Applying the considerations given in the above section, we derive the following 
sizes for the NAND3 and NOR3, respectively. 

~ 2W ~ ~ A4 

A~ s4 
s-j c---1 

F 

c~ ~ 

7 Here we make use of the inverse relationship between Rand W. The series stack produces series resistance, 
not parallel resistance! 

Example 5.1 
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ExerdseS.2 Determine the device sizes for NAND4 and NOR4 gates (i.e., 4-input versions of 
each type of gate). When you draw the two circuits, notice how high the series 
stacks are getting.We usually do not see 5-input gates because of the height of the 
series stacks and the corresponding resistances and layout areas. 

5.2.2 Fanin and Fanout Considerations 

When designing standard CMOS logi gates, it should be noted that there is a ig­
nificant penalty for gate with a large number of inputs, so-called high fan.in gates. 
Thi i due to the resi tance of series sta ks. Beyond 3 or 4 inputs, the resistance will 
be too high or the area will be too large. Con ider the case of an 8-input AND gate. 
What is the be t way to implement uch a gate? It i certainly not as a single NAND 
with eight inputs followed by an inverter. The eight s ries MO devices would 
have to be very large to lower the resistance, s shown in Figure 5.5. However, the 
delay would till be unacceptable since the erie tack would behave as an RC lad­
der circuit, due to the resi tance and elf-capacitance8 of each tran istor. 

4 4 4 4 4 4 4 

~ 

~ 

----1 

----1 w 

----1 w 

----1 

----1 

--1 
-

Figure 5.5 
Bght-input AND gate. 

8 elf-capacir.an e effects would introduce a pacitor at each internal node of the series stack. These i ~ will 
be d ribed in Cbapler 6. 

Dell Ex. 1038
Page 171



STATIC MOS GATE CIRCUITS 

Figure 5.6 
Schematic rendition of DeMorgan's Law. 

One alternative is to use DeMorgan's Laws and a pseudo-NMOS NOR gate to 
replace the AND gate. DeMorgan's Laws, in the most basic form, can be stated as 

(a+ b) a· b 

(~)=a+,; 

Graphically, we can represent the two equations as shown in Figure 5.6. 

(5.3) 

The application of DeMorgan's Law for the AND8 is shown in Figure 5.7a. Here 
the inputs to the AND gate are all inverted. We will need additional inverters at each 
input but they are not shown. The AND gate is converted to an 8-input NOR. The 
pseudo-NMOS implementation is shown in Figure 5.7b. This gate dissipates more 
power than the static implementation and exhibits a larger tPLH· But the area is 
greatly reduced relative to the 8-input CMOS NAND because we only have one 
pull-up device, the pull-downs are much smaller, and the tPHL is significantly lower. 

1' 

(a) 

w,, 

{b) 

Figure 5.7 
Using DeMorgan's Law to convert AND to NOR. 

203 

Dell Ex. 1038
Page 172



204 ANA YSIS AND DESIGN OF DIGITAL I TEGRATED CIRCUITS 

Exercise 5.3 

(a) NAND4-INV-NAND2-INV 

(b) NAND2-NOR2-NAND2-INV 

Figure 5.8 
Multilevel logic implemenra ion of an AND8 function. 

We would only use this in a few places where a high fanin gate is required becau e 
of its drawbacks. 

Another option i to construct a multilevel logic circuit to implement the AND 
function rather than u ing a single gate. For exampl , one po ible circuit i the 
NAND4-INV-NAND2-1NV structure as shown in Figure 5.8a. This is learly more 
effective than a ANDS-INV implementation and can also be de igned to ave a 
shorter delay. 

Many other alternative exi t along the same line . In Figure 5.8b, a AND2-
NOR2-NAND2-INV cascade is illustrated. The be t de ign £ r a given appli ation 
will be dependent on timing, power, and area requirements. 

Suggest two other multilevel implementations of an ANDS circuit. 

The fanout of a logic gate refer to the number of identical logic gate driven y it. 
Thi is illustrated in Figur 5.9. For example, an inverter driving four identical 
inverter i called a fanout-of-four (F04) inverter. The fanout ratio i obtained by 
taking the total capacitance driven by the gate and dividing it by the input capaci­
tance of the gate. When cell libraries are designed, the size of the device must be 
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I. 

l 

Figure 5.9 
An inverter driving four identical fanouts. 

specified without knowing the actual load being driven. Typically, gates are designed 
to drive a specific number of fanouts to deliver a specific target delay. In fact, dif­
ferent cells are designed to drive a different number of loads. Ultimately, the choice 
of the width, W, is based on,this fanout ratio, as will be seen in Chapter 6. 

# 

5.2.3 Voltage Transfer Characteristics (VT() of CMOS Gates 

The VTC of CMOS gates are very similar to that of the CMOS inverter. Since there 
are multiple inputs, the actual characteristics depend on how the inputs are 
switched. For the 2-input NAND gate, shown in Figure 5.10, we first consider the 
case when one input is held high while the other is switched from low to high. In 
this case, one p-channel device can be removed from consideration (open circuit) 
while one n-channel device can be handled as a short-circuit since it behaves like a 
small resistor. If input A is held high while input B is switched from low to high, the 
gate is equivalent to an inverter with a 2Wpull-up device and a 2Wpull-down 
device. The resulting transfer characteristic would shift to the left of the standard 
inverter. If both inputs were switched together, we would have a 4 W pull-up device 
and a W pull-down device, so the VTC would shift to the right of the standard 
inverter. These two curves are shown in Figure 5.10 relative to the standard inverter. 

For the 2-input NOR gate, shown again in Figure 5.11, we would obtain simi­
lar results. Assume that input B = 0, while the A input is switched from low to high. 
In this case, one n-channel device can be removed from consideration ( open cir­
cuit) while one p-channel device can be treated as a short-circuit. This implies that 
we have an equivalent inverter with a 4 W pull-up device and a W pull-down device. 
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A--t--~--i 

8 - ~----< 

Figure 5.10 
VTC for NAN02 gate. 

A - -.--- ---a 

8 --+-....----0 

Figure 5.11 
VTC for NOR gate. 

Inverter 

Both inputs 
tied 

One input 
only 

Therefore, the V houJd shift to the right fa standard lX inverter VTC. A second 
case exit when both input are connected together and witched from low to high. 
We have effectively a 2 W pull-up and a 2 W pull-down, which wouJd pro uce a 
switching threshold, V5, that is hifted to the left of the standard inverter. hese 
result are illustrated in Figure 5.11. 

Similar considerations would apply to multiple input NAND and NOR gates. 
Each individual input, if applied separately produces a slightly different VTC (but 
not significantly different). In any case, th ingle-input switching case i u ually 
taken a the VTC of the gate. From inspection of Figure 5.10 and 5.11, the NOR 
gate bas a higher switching thr hold than the NANO gate, and therefore NML is 
higher and NMH is lower for the NOR gate as compared to the NAND gate. 
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; !'. 2 r 'f§T 

SPICE Example of VTC for NAND Gate in 0.18 µm Technology 

Problem: 

(a) Compute the switching threshold, V5, of a 2-input NANO gate shown in 
Figure 5.10 under two conditions: with one input tied to V00 while the 
other input is swept from Oto V DD and a second case where both inputs are 
tied together. Assume 0.18 µ,rn technology parameters with all transistor 
widths set to 400 nm. 

(b) Using SPICE, compare the VTC curves of a 2-input NANO for the two cases 
above and compare the switching threshold results. Also include the two 
inputs, A and B, switching separately. Why are the results slightly different 
for each input? 

Solution: 

(a) When one input is high and the other is varied from Oto V0D, it is equiva­
lent to having a pull-up with Wp = 400 nm and a pull-down of W N = 400 
nm (treat the other one as a very small resistor): 

WN = 400 nm, Wp = 400 nm: 

1.8 - 0.5 + (0.5 )2.0 
V5 = = 0.77 V 

1 + 2.0 
y 

When both inputs are varied from Oto VDD,it is equivalent to having a pull-up with 
Wp = 800 nm and a pull-down of 200 nrn: 

Wp = 800 nrn, Wp = 200 nm: 

1.8 - 0.5 + (0.5)1.0 
V5 = = 0.9 V 

1 + 1.0 

(b) To compare the results against SPICE, use the following descriptions: 

*NAND Gate with one input B tied to Vdd, input A switching 
*Set supply and library 
.param Supply=l.8 *for 0.18 technology 
.lib 'bsim3v3.cmospl8.lib' 
.opt scale=O.lu 
*Power supply 
.global Vdd 

*Set lambda 

ExampleS.2 

Vdd Vdd 
Gnd 
Gnd 'Supply' *Supply i s set by . lib call 
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*Top leve simulation netlist 
mpa out A Vdd Vdd PMOSl 1=2 w=4 ad=20 pd=4 
mpb out Vdd Vdd Vdd PMOS1 1=2 w=4 ad=20 pd=4 
mna out A X Gnd NMOSl 1=2 w=4 ad=20 pd=4 
mnb X Vdd Gnd Gnd NMOSl 1=2 w=4 ad=20 pd=4 
Vin A Gnd 'Supply' 
* Simulation 
.de Vin 0 'Supply' 'Supply/ SO' 
.plot de V(out) 
.end 

*NAND Gate wi th input A tied to Vdd, input B switching 
*Set supply and l 'brary 
.param Supply=l .8 *for 0.18 technology 
.lib 'bsim3v3 .crnosp18 .lib ' 
.opt scale=O . lu *Set lambda 
*Power suppl y 
.global Vdd Gnd 

as=20 
as=20 
as=20 
as=20 

Vdd Vdd Gnd 'Supply' Supply is set by . lib call 
*Top level simulation netlist 
mpa out Vdd Vdd Vdd PMOS1 1=2 w=4 
mpb out B Vdd Vdd PMOSl 1=2 w=4 
mna out Vdd X Gnd NMOS1 1=2 w=4 
mnb X B Gnd Gnd NMOS1 1=2 w=4 
Vin B Gnd 'Supply' 
*S imulation 
.de Vin 0 'Supply' 'Supply/SO' 
.plot de V(out) 
.end 

*NAND Gate with both inputs tied together 
*Set supply and library 
.pararn Supply=l . 8 *for 0.18 echnology 
. lib 'bsim3v3.cmosp18 . lib' 
.opt scale=O.lu "Set lambda 
*Power supply 
.global Vdd Gnd 

ad=20 
ad=20 
ad=20 
ad=20 

Vdd Vdd Gnd ' Supply'*Supply is set by 
*Top level simulation netlist 
mpa out in Vdd Vdd PMOS1 1=2 w=4 ad=20 
mpb out in Vdd Vdd PMOS1 1=2 w=4 ad=20 
rnna out in X Gnd NMOSl 1=2 w=4 ad=20 
mnb X in Gnd Gnd NMOSl 1=2 w=4 ad=20 

pd=4 as=20 
pd=4 as =20 
pd=4 as=20 
pd=4 as=20 

. lib call 

pd=4 as=20 
pd=4 as=2 0 
pd=4 as=20 
pd=4 as=20 

ps=4 
ps=4 
ps=4 
ps=4 

:;:>S =4 
:;:>s=4 
ps =4 
ps =4 

ps=4 
ps=4 
ps=4 
ps=4 
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Vin in 
*Simulation 
.de Vin 
.plot de 
.end 

Gnd 'Supply' 

0 'Supply' 
V(out) 

The following results are produced by SPICE: 

1.8 

1.6 

1.4 

1.2 
\ AB 

~ 
B A 

\ 
::,..g 0.8 

I 0.6 

0.4 \ 
0.2 \ 

0 '· 
0 0.2 0.4 0.6 0.8 

Vin (V) 
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'Supply/50' 

1.2 1.4 1.6 1.8 

As expected, the curve with both inputs tied is to the right of the curve for single 
inputs. From SPICE, V5 = 0.745 V for input A switching, V5 = 0.721 V for input B 
switching, and V5 = 0.883 V for the case where the two inputs are tied together. 
These are close to the han<ll calculated values. The hand calculations tend to pro­
duce slightly higher values due to the approximations made to simplify the expres­
sion for V5• The reason why input A produces a slightly higher value of V5 is that the 
corresponding transistor experiences body effect during the switching process. 

5.3 Complex CMOS Gates 
There are many situations where we would like to implement more complicated 
functions than just NANDs and NO Rs. For example, if we wanted to realize the 
logic for 

F = (A+ B) · C (5.4) 

we could implement it as a series of multilevel logic gates consisting of ANDs, ORs, 
and inverters. However, CMOS lends itself to efficient implementation of such 
functions through the use of duality and DeMorgan's Laws. Implementations of this 
variety are referred to as AND-OR-INVERT (AOI) and OR-AND-INVERT (OAI) 
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gates. Consider the fact that in a NA:.'lD gate, we have parallel PMOS devices and 
series NMOS devices. These are duals of each other. Similarly, NOR gates have par­
allel NMOS devices and series PMOS devices. Again, these are duals of each other. 

The dual of any logic function can be obtained by exchanging the AND and OR 
operations. For example, the following functions are duals: 

ab#a + b 

(a+ b)c#ab + c 

We encountered a special case of DeMorgan's Laws earlier in the chapter. In general, 
DeMorgan states that the complement of a function can be obtained by replacing 
each variable or element with its complement, and then exchanging the AND and 
OR functions. This is one of the most valuable rules in Boolean algebra and it is 
extremely useful in constructing the PMOS and NMOS configurations for complex 
CMOS gates. 

For the function given in Equation (5.4), we could apply DeMorgan as follows: 

F = (A + B) • C = (A + B) + C = A . B +. C (5.5) 

The logic expressions for Fin E<1uations (5.4) and (5.5) tell us how to implement 
the CMOS circuit in one logic stage. If we first examine Equation (5.4), it specifies 
how the NMOS devices should be configured. Since the NMOS transistors act to 
pull the output low, we should complement F to obtain its implementation. The 
NMOS function is F = (A + B) · C. The NMOS implementation requires two par­
allel transistors with inputs A and B in series with a third transistor with input C. 

Equation (5.5) reveals how we should implement the PMOS function. Since the 
PMOS function pulls the output high and the devices effectively complement each 
term, we should implement the function after a term-by-terin complement. That is, 
we should implement F= AB+ Cusing the PMOS devices. This requires two series 
PMOS devices to implement AB and one parallel transistor with the input C. The 
resulting function is an OAI function, as shown in Figure 5.12. 

To generalize the example shown above, we need to combine duality and 
DeMorgan to produce a desired function in a single stage. In fact, we need to con­
struct tv,o switch networks to implement a function in CMOS: a pull-down net­
work (n-complex) and a pull-up network (p-complex), as shown Figure 5.13. The 
n-complex is defined as the complement of the function that sets the output to 0 
due to an active path to Gnd. The p-complex is defined as the function of comple­
mented variables that sets the output to 1 creating a path to Vvv· The two functions 
should be duals of one another (after each literal is complemented). 

Algorithmically, we should take the given function F and produce the comple­
ment to obtain the function that we implement in the n-complex. The dual network 
should be used for the p-complex. This is obtained by exchanging AND and OR 
operations. A visual inspection of the two networks for the duality property can be 
carried out to check for correctness at the end of the process. Sizing the transistors 
follows the same steps as described for the basic NA:.'\ID and NOR gates. 
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c·--1...---+--

8------'----l 

Figure 5.12 
Complex CMOS gate implementat:on of (A + B) • C. 

Figure 5.13 

A 

B 

C 

A 

B 

C 

Generalized complex ga;;:e representation. 

Complex CMOS Gate Circuits 

Problem: 

p-complex 

'---- F 

n-complex 

Implement F = AB + CD as a single-stage complex CMOS gate and a pseudo­
NMOS gate. 

Solution: 

For the CMOS gate: first complement F to obtain the n-complex function: 
F = AB + CD.This implies that we need two series NMOS paths in parallel with one 
another. One series path implements AB while the other implements CD. 

Example 5.3 
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Next, take the dual of the complement of F: 

Fldua1 = (A+ B)(C + D) 

This is the function implemented in the p-complex.The same expression would be 
obtained if we applied DeMorgan's Law to F and then complemented each literal. 
This implies that we need a series connection of two parallel devices,one with A or 
Band the other with C or D. 

v,,,, 

C ----j 

D ----j 

F 

For the pseudo-NMOS gate,only the first part is needed to construct then-complex. 
The pull-up network is, of course, only a single PMOS device. Clearly, this is more 
efficient than the CMOS case in terms of area. 

5.4 XOR and XNOR Gates 

C ----j 

D ----j 

F 

Two logic functions that are important in digital design are the XOR and the XNOR 
functions: 

fxoR = ab + ab= (XOR) 

!XNOR = ab + ab = (XNOR) 
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Figure 5.14 
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Static implementation of (a) XOR and (b) XNOR gates. 

STATIC MOS GATE CIRCUrrs 

f 

(b) 

There are a variety of ways to implement these functions. A number of static ver­
sions of these gates will be presented here, while versions based on the CMOS trans­
mission gate will be presented in later chapters. 
_ The straightforward implementation assumes that we have access to a, a, b, and 
b. In that case, the implementations are simply based on the material in the above 
sections. The corresponding circuits are shown in Figure 5.14. For the XOR gate, we 
first complement the fxoR function and use it to create the pull-down function. 
Therefore, two branches are needed, one for ab and the other for ab. The transistor 
configuration can be interpreted as follows: if both a and bare high, or a and bare 
low, the output is low. Otherwise, the output is high. 

The pull-up branch implements the fxoR function directly but replaces each 
term with its complement. The result is shown in Figure 5.14a. Note that the addi­
tional connection-between the p-channel devices is unnecessary in this case (shown 
as a dotted line). 

A similar process is used to obtain the XNOR gate of Figure 5.14b. In this case, 
the pull-down tree_ consists of the complement of fXNoR with each branch imple­
menting ab and ab, respectively. This implies that if a and bare different, the out­
put will be low. Otherwise it will be high. The pull-up network should implement 
the dual, with parallel connections in place of the series connections of the pull­
down tree. 

213 
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"4 
a ,4 

f 

b 

b ---j 

s • ---1 T---j 

-
(a) (b) 

Figure 5.15 
Mul:iplexer (a) losic symbol and (b) CMOS implerr.enta:ion. 

5.5 Multiplexer Circuits 
The multiplexer circuit produces an output by selecting one of N inputs. There are 
many ways to implement this type of circuit. We will examine transmission gate 
versions in Chapter 7. Here we examine the simplest possible multiplexer to select 
one out of two possible inputs. The function to be implemented is 

f= as+ bs (MUX) 

where sis the selection signal and a and bare the two inputs. This function is rem­
iniscent of the XOR and XNOR gates and can be implemented in a similar fashion 
as shown in Figure 5.15. The multiplexer is often referred to in its short form as the 
MUX. 

5.6 Flip-Flops and Latches 
In all logic circuits described so far, the output is directly related to the input by 
some logic combination. Typically, there are no feedback loops in these circuits, so 
the outputs are always a logical combination of the inputs. As a class, these circuits 
are known as combinational logic circuits.• 

There is another class of circuits, known as sequential logic circuits, in which the 
new outputs also are dependent on the inputs and the preceding values of outputs. 
Examples are counters and data registers. A characteristic of static sequential cir­
cuits is that one or more output nodes are intentionally connected back to inputs to 
give positive feedback, or regeneration. This is the same type of regenerative property 

9 Some have been knov.u to inadvertentt,.· use the term combinatorial circuits rather than the correct term: 
combinational circuits. 

Dell Ex. 1038
Page 183



STATIC MOS GATE CIRCUITS 215 

that was described for inverter chains, except that the signal propagates around 
feedback loops in sequential circuits. 

Basic to sequential circuits is the bistable circuit. This type of circuit has two 
stable operating points. Prominent examples of the bistable circuit found in digi­
tal ICs are 

1. Latches 

2. Flip-flops 

These two terms have been used interchangeably in the literature, but there is a fun­
damental difference between them. We will explore this difference in more detail 
throughout this section, but a brief explanation of the two types of elements is in 
order here. Latches propagate values from input to output continuously when 
enabled (typically by a clock signal) whereas flip-flops propagate values at discrete 
points in time (typically on the rising or falling edge of a clock).As such, latches are 
said to be level-sensitive or transparent, whereas flip-flops are said to be edge­
triggered. This section will elaborate these concepts and include analysis and design 
of these circuits using CMOS technologies. The circuits can be implemented 
directly using the gates described above, although more efficient architectures are 
available as seen in later chapters. 

5.6.1 Basic Bistable Circuit 
We begin with a simple bistable circuit and progress to the elements that are used 
in mainstream chip design. Shown in Figure 5.16 are two cross-coupled logic invert­
ers and a voltage transfer characteristic that is typical of such a circuit The plotted 
VTC for Inverter l, Vout versus \.'in1 and Inverter 2, l:';0 versus V011t, are shown on the 
same graph. Note that there are three possible operating points for the circuit: 
points A, B, and C. A and B are stable operating points, while C is an l!nstable point 
(sometimes referred to as a metastable point). 

At point A, the low voltage level of Vm results in a high voltage level at V0u,, 
which causes a low level at V,0 • Similarly, the high voltage level of Vin at point B 

(a) 

FigureS.16 
, Cross-coupled inverters and corresponding \/TC. 

L 

A 

(b) 
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causes a low level at V
0
u, which in turn reinforces the high level of V;n. Since these 

two operating conditions are self-consistent, A and B are considered to be stable 
points of operation. Alternatively, the gain of the two inverters at the two stable 
points is less than unity which keeps their outputs stable. 

At point C, the slope is positive and greater than unity (in magnitude). Both 
Inverter I and 2 are conducting. As a result, point Cis unstable since any small volt­
age change introduced into the circuit at, say, V, 0 will be amplified and regenerated 
around the circuit loop, causing the operating point to move to one of the two sta­
ble points. With V,

0 
made positive with respect to V,ut due to noise, stability is 

reached at point B. With the polarity of the noise source reversed, stability is real­
ized at point A. Note that the cross-over point is the switching threshold, V8, a value 
that was used to determine the single source noise margin. In essence, the cross­
coupling of two inverter circuits results in a bistable circuit with two stable states. 
For stability it is necessary that the voltage gain around the loop be less than I; oth­
erwise, the positive gain will amplify the change and eventually force the outputs to 
switch to the opposite state due to the regenerative effect. 

For a bistable circuit to change state it is necessary that the voltage gain of the 
circuit be made greater than 1. This can be accomplished by introducing a trigger 
voltage pulse at V,

0
• With the input of Inverter I in the low state, a positive trigger 

pulse is required at V,
0

• The voltage amplitude of the pulse should be sufficient to 
raise the voltage past Vs where the gain of the circuit is greater than unity; then, due 
to the cross-coupled circuit and resulting positive feedback, the trigger pulse will be 
regenerated and a change to the opposite state will be initiated. 

The width of the trigger pulse need be only a little greater than the total prop­
agation delay time around the circuit loop. The average propagation delay for a sin­
gle gate is given by 

tPHL + tPLH 
tp = 

2 
(5.6) 

where tPHL is the high-to-low propagation delay, and tPLHis the low-to-high propa­
gation delay. The delay around the inverter loop is tPHL + tPLH; that is, twice the 
average propagation delay time of the logic inverters. So long as the trigger pulse is 
greater than this value, the circuit will change state. 

In summary, a bistable circuit may be triggered to move from one stable state 
to the other by moving an input past V8 for a duration of 2tp. In the absence of a 
trigger, the circuit remains in that stable state indefinitely, provided that power 
remains applied to the circuit. Another common name for the bistable circuit is a 
flip-flop. However, the name flip-flop is usually reserved for a more complex circuit 
than a simple cross-coupling of two inverters. 

5.6.2 SR Latch 
The simplest form of the bistable circuit is the set-reset (SR) latch. This circuit 
latches, or remembers, the incoming trigger pulse. Two implementations of this cir­
cuit are described below. It is a useful circuit that forms the basis of the memory cir­
cuits, described in Chapter 8. 
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R 
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(a) 

s Q 

R Q 

(bl 

-s R Q Q 

0 0 Q Q 
0 1 0 1 
1 0 1 0 
1 I 0 0 

(c) 

Figure 5.17 
SR latch composed of cross-coupled NOR gates. 

SR Latch with NOR Gates. In Figure 5.17a, the SR latch is implemented with two 
NOR2 gates. One of the inputs of each NOR gate is used to cross-couple to the out­
put of the other NOR gate, while the second input provides a means of triggering 
the latch from one stable state to the other. This circuit is considered to be a latch 
since the output is a continuous function of the input values (i.e., it is transparent). 
The logic symbol for the latch is shown in Figure 5.17b. The two outputs Q and Q 
are complementary and, by definition, the latch is in the set state with a logic I at 
the Q output and logic O at the Q output. Conversely, with a logic Oat the Q out­
put and logic l at the Q output, the latch is in the reset state. 

From Figure 5.17a, it can be seen that a logic 1 at the set (S) input will cause a 
logic O at the Q output and, with the reset (R) input at logic 0, it will result in a logic 
l at the Q output. That is, the latch is now set, and the S input can safely be returned 
to the O state. The trigger pulse at the S input of sufficient duration causes the latch 
to be set. Alternatively, a logic 1 at the R input will cause a logic O at the Q output 
and, ,vith the S input now at a logic 0, the result is a logic I at the Q output. Since 
the latch responds to high voltage levels at the inputs, S and R are referred to as 
active high inputs. When the inputs are both returned to the O state, the flip-flop 
behaves as a cross-coupled pair of inverters, as shown in Figure 5.16a, that hold the 
value until further changes are experienced at the inputs. 
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Example5.4 

The input/output results are provided in the truth table for the SR latch in Fig­
ure 5.17c. The truth table lists the output states for all the possible combinations of 
the input states. The first entry in the table is the hold state since, with low voltage 
levels at both Sand R inputs, there is no change in the Q and Q outputs. The sec­
ond and third entries are the reset and set states, respectively. In the fourth entry 
with high levels at both Sand R inputs, the result is that both Q and Q are low. Since 
the outputs are not complementary, a logic value of 1 at both Sand R inputs is con­
sidered to be a forbidden, or not-allowed, condition. It is only considered forbidden 
in the sense that the outputs are not complements of each other. Actually what hap­
pens is that when the input trigger pulses are returned to their quiescent levels, the 
final state of the latch is due to whichever input is last to go low. 

The delay from S to Q can be estimated as two NOR gate delays, while the delay 
from S to Q is only one NOR delay. Similarly, Rto Qis one gate delaywhileR to Q 
is two gate delays. 

SR Latch Design Using NOR Gates 

Problem: 

Design an SR latch in 0.13 /Lm CMOS using NOR gates to deliver a delay of 400 ps 
from 5 to Q and from R to Q. Assume that the total load to be driven by Q and Q is 
100 fF,and l = 100 nm. 

Solution: 

The following cross-coupled NOR configuration is used to implement the SR latch. 

Q 

s ---'---'' 

To obtain the desired propagation delays, we use the relationship tPHL = tl'I.H = 
0.7R,ffc,. There are two propagation delays from Sto Q and Rto Q,so we divide the 
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two delays equally between the two NOR gates. For the NMOS devices, we know 
that R,qn = 12.5 kfi/D. Therefore, 

L 
tp"' = 0.7(12.5 k!1)w(100 IF)= 200 ps 

w :. T = 4.4 

Set Wn = 440 nm for both NMOS devices. 
For PMOS devices, we use our rule-of-thumb and simply quadruple the size of 

the NMOS devices to obtain w, = 1.76 µ,m. 

SR Latch with NANO Gates. The SR latch can also be designed with NAND gates, 
as in Figure 5.18a. Similar to the NOR circuit, the reset condition of the latch is with 
Q = 0 and Q = I. However, with the NAND circuit, the Sand R inputs are normally 
at logic 1. The latch is set with S = 0, and reset with R = 0. Hence this latch responds 
to active low inputs, as is indicated by the small circles at the Sand R inputs of the 

R 
Q 

(a) 

s Q 

R Q 

(b) 

s R Q Q 
I I Q Q 
0 I I 0 
l 0 0 I 
0 0 I I 

(c) 

Figure S.18 
SR latch with NANO gates. 
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Exercise SA 

logic symbol shown in Figure 5.18b. It is also reflected in the characteristic table of 
Figure 5.18c. For the NAND configuration of the SR latch, the forbidden condition 
requires S = R = 0 since this leads to Q = Q = 1. 

The delay from Sta Q can be estimated as one NAND gate delay, while the delay 
from S to Q is two Nk"ID delays. Similarly, R to Q is two gate delays while R to Q 
is only one gate delay. The design of this circuit follows the design of the NAND 
gates described earlier. However, the problem of the forbidden state prevents this 
type of memory element from frequent use, as in the case of the NOR latch. 

Draw the transistor schematics for NAND-based SR latches using CMOS gates and 
pseudo-NMOS gates. Size the devices to deliver 400 ps propagation delays. whfan 
driving 100 fF loads in 0.13 µ,m technology. Use the same solution process as 
shown for the NOR gates in Example 5.4. 

5.6.3 JK Flip-Flop 
By the addition of two feedback lines the ambiguity at the output of the SR latch, 
when both S and R inputs are activated at the same time, can be overcome. The 
device is known as a JK flip-flop. The S and R inputs are renamed J and K, respec­
tively. An all-Nk"ID version of this circuit is shown in Figure 5.19a. An important 
addition is a clock ( CK} input, provided so that the change in the output logic states 
of the flip-flop can be synchronized with a system clock. Hence, the J and K inputs 
are termed the synchronous inputs; J is the clocked-set input and K the clocked-reset 
input. Note from the logic symbol for this circuit given in Figure 5.19b that all three 
inputs are activated by high voltage levels. 

The JK flip-flop is set and reset in a similar manner to the SR latch, except for 
the synchronizing with CK, by way of the two NAND gates at the input of the flip­
flop. With the flip-flop reset, Q = 0 and Q = l, and entry is only by way of the 
J input. A value of J = 1 would cause the flip-flop to set, making the Q output high 
and Q low. This now enables the K input; if K = I and if CK is still high, the flip­
flop will again change state. This is the flip-flop action from which it derives its 
name. 10 Note that if the clock continues to stay high with J = K = 1, the flip-flop 
will oscillate. Hence for this version of the JK flip-flop there is a very definite restric­
tion on the pulse width of CK. It must be less than the propagation delay time 
through the flip-flop. 

The characteristic table of the JK flip-flop is given in Figure 5.19c. Since the two 
outputs are always complementary, only the state of the output following the 
n + 1st clock is given, indicated as Qn+l' With J= K= 0, there is no change in the 
state of the flip-flop after clocking, indicated as Qn. But with J = K = I, the flip-flop 
changes state when clocked, indicated by Q .. A characteristic of all JK flip-flops is 
that with both J and Kat a high level the unit will toggle when clocked; that is, it will 

lo Technically, the outputs are directly controlled by the inputs while the clock is high and therefore it should 
be referred to as a latch. 
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J s Q Q 

CK NAND 
latch 

K R Q Q 

(a) 

J, K, Qn+I 
J Q 

0 0 Q, 
CK 

0 I 0 
K Q 0 I 

I I it 
(b) (c) 

Figure S.19 
JK flip-flop. 

change state irrespective of its original state. Again, if the clock is high for a long 
enough period, the flip-flop output will oscillate in this type of configuration. This 
undesirable limitation can be eliminated with the master-slave principle, described 
in the next section. 

S.6.4 JK Master-Slave Flip-Flop 

As shown in the logic diagram of Figure 5.20, the JK master-slave flip-flop is simply 
a cascade of two JK flip-flops, with the master driving the slave. An important point 
to notice is that the master is activated by CK, but the slave is activated by an 
inverted form of CK, namely, CK. The operation of the master-slave principle is as 

Master Slave 

J s Q s Q 
CK NAND NANO 

latch 
Q 

latch 
K R R Q 

CK 

Figure 5.20 
Master-slave flip-fiop usiog JK flip-flop. 

Q 

Q 
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Exercise s.s 

follows. As CK rises, CK goes down; at some point, CK has fallen sufficiently to dis­
able the input NAND gates of the slave. This isolates the slave from the master and 
freezes the state of the slave latch. In the meantime, CK rises enough to enable the 
input NAND gates of the master. Hence depending on the state of the f and K feed­
back lines, the state of the J or K input can be entered into the master. Now on the 
falling edge of the clock pulse, CK goes down; the input NAND gates to the master 
are disabled, freezing the state of the master latch. Then, the NAND gates to the 
slave are enabled and the state of the master is transferred to the slave. The outputs 
Q and Q are obtained from the slave latch. Due to this master-slave principle, there 
is no limit to how wide CK can be since, when the output changes state, entry into 
the master has been disabled. Only on the next clock pulse will the master input 
gates be enabled, and then not until a time corresponding to the slave being dis­
abled. Note that there is a minimum limit to the width of CK. It must be wider than 
the propagation delay time through the master flip-flop for proper functionality. 

A problem with the master-slave flip-flop is that it is subject to what is known 
as ones catching. That is, with CK high, suppose the slave is in the reset state, and the 
/input gate is enabled for a short while and then returns to 0. This will inadvertently 
set the first latch. Since this is a level sensitive circuit, the high value on J will prop­
agate into the master latch and lock in place. Thus, any "spike" or "glitch" on the J 
input line will cause the master latch to be set. It is impossible to reset this latch, 
since entry into the K input gates is disabled by the K feedback line. Thus, we say the 
J input has caught a 1 that will subsequently be transferred to the slave when CK 
goes down. One way to prevent ones catching is to keep the duration of the 1 state 
for CK as short as possible. Another way is to make use of JK edge-triggered flip­
flops, which is the preferred approach. 

Draw a timing.diagram that illustrates the l's catching drawback of the JK master­
slave flop:ofFigure 5 .. 20. Start by placing the JK in the reset state and apply a 

· ~eriodJc clqck signal. When the dock is high, introduce a short pulse on the J input. 
D,:aw, the ,corresponding logic waveforms on the outputs of the .NAND .latches. 

· W!,en does the undesired 1 appear at the Qoutput? 

5.6.5 JK Edge-Triggered Flip-Flop 

The logic diagram of a JK edge-triggered flip-flop is shown in Figure 5.21a. With CK 
at a high level, entry into the input NAND gates is controlled by the JK feedback 
lines in a similar manner as for the master-slave flip-flop. But entry into the NAND 
latch is prevented until CK goes low. 

Vl'hen CK does go low, the input NAND gates are disabled; the output of the 
flip-flop changes dueto the state of the J and/ or K inputs just prior to CK going low. 
For proper functionality, the values on the J and K inputs must be held stable for a 
finite length of time before the clock edge. This is the set-up time of the flip-flop. 
The circuit is forgiving of any spikes or glitches on the J or Klines prior to this time 
as long as the set-up time is satisfied. Some flip-flop designs require the state of the 
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J and K input lines to remain stable for a time even after the clock edge arrives. This 
is known as the hold time. Usually the minimum hold time is O ns. 

As shown in Figure 5.21b, the logic symbol for an edge-triggered flip-flop is dif­
ferentiated from the master-slave by a small > sign at the CK input. The presence 
or absence of the inverting symbol is used to indicate whether the outputs Q and Q 
change on the falling or rising edge of the clock pulse. The logic symbol indicates 
a negative edge-triggered flip-flop. The corresponding truth table is shown in Fig­
ure 5.21c. 

In summary of the JK flip-flops, we have noted that the device may be of the 
master-slave or edge-triggered type. The outputs may change following or on the 
rising or falling edge of the clock pulse. The device usually has additional inputs for 
direct set and reset so that the outputs can be initialized to the desired settings. 

5.7 D Flip-Flops and Latches 
Another very useful flip-flop, most widely used in CMOS digital circuits and sys­
tems for the storage of data, is the D flip-flop. The truth table of a D-type flip-flop 
is shown in Figure 5.22a. With clocking, the Q output simply follows the D input. 
The Q output is always complementary to the Q output. 

The D-flop may be of tw·o types. It may be transparent, as shown in the logic 
diagram (Figure 5.22b ). The CK input is really an enable input that, when high, 
allows the Q output to follow the D input. The state of the element is frozen only 
when CK goes low. Or, it may be edge-triggered, as in Figure 5.22c. Similar to other 
edge-triggered flops, with CK either high or low the D input has no effect on the 
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D Qn+I 

0 0 

(a) 

D Q D Q 

CK ii -----1, CK Q 

(b) (c) 

Figure 5.22 
(a) Truth table, (b) transparent D-latch, and (c) edge-triggered D-fiop. 

output. Data are transferred from the D input to the output only on the rising edge 
of the dock pulse. 11 At this point, it should be emphasized that the working defini­
tion of a latch is an element that is level-sensitive and transparent, whereas a flip­
flop is edge-triggered and otherwise opaque.12 

To further describe the difference between the two types of sequential elements, 
it is useful to examine the outputs, given the same input and dock signal. Consider 
Figure 5.23 where the D-latch is driven by IN and CLK. The output is a continuous 
function of the input while the clock is high. That is, the D-latch allows the input to 
propagate through the latch to the output when CLK is high and prevents its prop­
agation when low, Initially, the output is unknown. When the clock goes high, the 
low input propagates to the output. When the input data goes high, it appears at the 
output after a short delay. When the clock goes low, the last value of the input is 
held. Note that the falling edge of CLK is the important one since this is when the 
data is latched at the output. Further changes in the input are not propagated to the 
output. Therefore, the small negative pulse in the input of Figure 5.23 is not seen at 
the output. 

Now consider the D-flop in Figure 5.24. In this case, it is constructed using two 
D-latches in a master-slave configuration driven by CLK. For the positive edge­
triggered D-flop, the important edge is the leading edge of the clock waveform. The 
leading edge captures and propagates the last value at the input just prior to the 
dock transition; the final state of the flip-flop is due to the state of the D input just 
before docking occurs. In the waveform shown, there are two points sampled: in 
one case, the input is low and in the other case the input is high. As a result, we see 
a transition at the output corresponding to the second rising clock edge. The actions 

11 Since there is no bubbie on the CK input, this is a positive edge-triggered flip-flop; a bubble would indicate 
a negative edge-triggered flop. 
12 Designers tend to use the terms flip-flop and latch interchangeably which is some cause for confusion. We 
will strictly use latch and flip-flop definitions from this point onward in this text to avoid such confusion. 
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are equivalent to a sample-and-hold circuit, where the sampling is done when the 
clock edge hits the flop. 

There are a number of important timing characteristics associated with flops 
and latches. The timing parameters for the flip-flop are illustrated in Figure 5.25. 
The clock edge is the reference point for these timing parameters. The setup time, 
T.,,up> is the time that the incoming data must be stable before the clock arrives. The 
holct time, Thold> is the length of time that the data remains stable after the clock 
arrives for proper operation. As shown in the figure, if the data is stable before the 
setup time and continues to be stable after the hold time, the flop will properly cap­
ture the data. However, if it settles after the hold time it is guaranteed to fail. A fail­
ure implies storage of the wrong data. 

If the data arrives within the period designated by the setup and hold times, the 
flop may or may not capture the correct value. This is the uncertainty interval. 
However, the user of such a flop should not permit signals to stabilize in this range 
since proper performance is not guaranteed. Another parameter of importance is 
the clock-to-Q delay, Tdk·q· This is the delay from the time that the clock arrives to 
the point at which the Q output stabilizes. In reality, the incoming data must arrive 
at Tsetup before the clock hits, and the output is valid at Tdk·q after the clock edge. 
Viewed in this way, the "overhead" of the flop is Tsetup + Tdk-q• When designing 
flops, we should try to minimize :r;,tup' Thotd• and Tdk·o· 
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Flip-flop timing parameters. 
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A similar set of parameters applies to the 0-latch as shown in Figure 5.26. The 
interesting edge of the clock is the falling edge, so the corresponding setup and hold 
times are associated with this edge. However, data begins to flow after the positive 
going edge of the clock so the setup and hold times are not as critical, and are typ­
ically much smaller for the D-latch. The more important parameter is the "over­
head" associated with the latch, which is referred to as the D-to-Q delay, Td-q· This 
is the amount by which the data is delayed by the presence of the latch. Since the 
latch is transparent when the clock is high, we are more interested in reducing the 
delay between input and output as opposed to the setup and hold times. However, 
if there is a late arriving signal near the falling edge, it must satisfy the setup and 
hold constraints or the circuit will fail. 

We now illustrate how a D-latch can be constructed using conventional CMOS 
logic. A logic diagram for the 0-latch is given in Figure 5.27. This is suitable for 
implementation using AO I gates as shown in Figure 5.28. An edge-triggered 0-type 
flip-flop may be constructed from two such transparent latches in cascade driven by 
complementary clocks. The number of transistors needed to realize a D-flop in this 
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Figure 5.27 
Gate level realization of 0-latch. 
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Figure 5.28 
AOI implementation of cl-latch. 

manner is large. More efficient circuits for D-latches and D-flip-flops will be pre­
sented in Chapter 7. 

5.8 Power Dissipation in CMOS Gates 
Power consumption in CMOS digital designs has been increasing at an alarming 
rate over the past few technology generations. It has become perhaps the most 
important design specification in recent years since it affects power grid design, chip 
temperature, packaging decisions, and long-term reliability. If the trend for chip 
power continues, it will begin to dictate the logic/memory composition of future 
designs and force most of the chip to be dominated by memory, which consumes 
less power than logic circuits. In this section, we examine the sources of power dis­
sipation in CMOS gates and describe circuit techniques to minimize power in 
CMOS designs. AJ; we describe these techniques, take note of the role of timing in 
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controlling power. To minimize power, we often adjust the timing characteristics of 
a design. In effect, the tradeoff between power and timing is a key issue in CM OS 
digital design. 

Power is due to current flowing from the supply to ground. \'l'hen computing 
power, we must add up all the sources of current flow from Vnn to Gnd and multi­
ply it by the potential difference between the two supply rails. The general power 
equation is given by 

(5.7) 

where Iv is the current flowing from Vvv to Gnd. 
In CMOS, the sources of power can be broadly categorized into two groups: 

1. Dynamic Power 

2. Static Power 

Dynamic power arises from three sources: power due to capacitance switching, 
short-circuit power due to "crowbar" current flowing from Vvv to Gnd during 
switching, and power due to glitches in the output waveforms. Static power is due 
to leakage currents (subthreshold current and source/drain junction reverse-bias 
current) and de standby current (e.g., pseudo-NMOS circuits with low output). The 
two most important sources of power dissipation today are capacitance switching 
and subthreshold leakage. Static de power dissipation is of primary concern only 
when using pseudo-NMOS gates. We now describe these components in detail. 

5.8.1 Dynamic (Switching) Power 

Most of the chip power today is due to the charging and discharging of capacitances 
in the circuit as a result oflogic switching events. \¥hen switching events occur, the 
supply current acts to charge the output load capacitance on one part of the cycle, 
and discharge the capacitance on the other half of the cycle. Effectively, we have cur­
rent flowing from Vvv to Gnd (albeit on different parts of the cycle) and this leads 
to power dissipation. The frequency of switching, f, determines the actual power 
that is consumed. 

To compute the average power dissipation due to switching, we need to deter­
mine Iv and multiply it with Vvv· The considerations are detailed for the CMOS 
inverter of Figure 5.29a. \¥hen the input switches from high to low, the PMOS 
device turns on, as shown in Figure 5.29b. It charges up the output to Vnn, thereby 
storing energy on the capacitor. \¥hen the input switches from low to high, the 
NMOS device turns on and discharges the capacitor as illustrated in Figure 5.29c. 
The average charging current is 

(5.8) 

Note that in the above equation, we assume that the average switching frequency of 
the inverter is f,vg and the voltage swing is VvD· 
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Figure 5.29 
Dynamic power dissipation consideratior.s. 

The combination of these two processes results in power dissipation. Since the 
current is associated with a capacitor) we can write 

This equation tells us exactly what our options are to reduce power: keep CL small, 
reduce the swing, reduce VDD' or reduce the switching frequency, f,,,,. The approach 
used to reduce power will be dependent on the design style used, timing constraints, 
area constraints, and other tradeoffs. Usually power reduction requires a combina­
tion of many methods. 

One factor that we should examine more closely is the average switching fre­
quency of the inverter, f,,,.. The clock frequency is normally taken to be fc1k and 
clearly the clock switches on every cycle.13 If we refer to a transition from high to 
low or low to high as a toggle, then it follows that we need two toggles to have power 
dissipation. On the other hand, most logic gates do not switch on every cycle as 
shown in Figure 5.29d. The average frequency of operation can be specified using 
an activity factor, a0...,,, that is multiplied by the clock frequency, fclk· The power 
equation can be modified to include this activity factor as follows: 

Pswitching = ll'0--;,1 CL V1vfdk (5.10) 

u In fact, the dock circuit may consume up to 40% of the chip power due to its large capacitance and high 
frequency. 
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ExampleS.5 

ExampleS.6 

With this power equation and lmowledge of the activity factor for each gate, we can 
accurately estimate the chip power. While "o....i should be computed for each gate 
separately, we can also compute an average activity factor and capacitance for the 
whole chip and use these values to estimate the average chip power due to switching. 

Activity Factor Calculation 

Problem: 

In Figure 529d, we have a total of four toggles of the output over the duration of 
eight clock cycles. What is the activity factor for this node? 

Solution: 

Number of clock cycles = 8 
Number of toggles at output= 4. Two toggles are required for power dissipation. 

# toggles/2 4/2 
«0--,1 = 

1 
k 

1 
= activity factor (switching factor)= - = 25% 

#coc cyces 8 

Comparison of Hand Calculation of Power with SPICE 
Compute the power due to switching for an inverter with WP= 800 nm and w. = 
400 nm driving a total load of 50 fF with an average switching frequency of 
250 MHz. Compare the results with a transient simulation in SPICE. Which value is 
larger, the one obtained by hand calculation or by SPICE? Use 0.18 /Lill technology 
parameters for the analysis with V00 = 1.8 V. Ignore parasitic capacitances and set 
input rise/fall times to 300 ps in SPICE. 

Solution: 

The dynamic power can be computed by hand as 

P = CV2f= (50 fF)(l.8) 2(250 MHz)= 40.5 /Lw 
A SPICE simulation can be performed to confirm this result. A transient analysis is 
required, followed by an average power measurement over a 4 ns period. Note that 
the inverter must toggle high and low in order to create a "power event."The input 
file for SPICE is as follows: 

*Power dissipated by inverter 
*Set supply and library 
.param Supply=l.8 *for 0.18 technology 
.lib 'bsim3v3.cmospl8.lib' 
. opt scale=O. lu *Set lambda 

--------
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Gnd 
* Power 
.global 
Vdd 

supply 
Vdd 
Vdd Gnd 'Supply' *Supply is set by .lib call 

*Subcircuit 
.subckt inv in 
mp out in 
mn out in 
Cload out Gnd 
.ends 

out 
Vdd Vdd 
Gnd Gnd 
50fF 

* Top level simulation netlist 
Xinv in 1 inv 

PMOSl 1=2 w=8 ad=O pd=O as=O ps=O 
NMOS1 1=2 w=4 ad=O pd=O as=O ps=O 

Vin in Gnd pulse 0 'Supply' lns 200ps 200ps l.7ns 4ns 
* Simulation 
.tran 
.measure 
.end 

SOps 
tran 

Sns 
avgpwr avg P(Xinv} from=ln to=Sn 

From this simulation, the average power dissipated by the inverter during the 
interval is found to be 46.3 µ,W. This is approximately 14% higher than the hand 
calculation. 

A,, seen in the above example, if we run SPICE on a single inverter and measure 
power, we will find that the measured value exceeds the hand-calculated value. That 
is, PsprcE > CVbvf. Why would this be the case? The primary reason is due to short­
circuit current or crowbar current (although a very small percentage of it is due to 
leakage current). The origin of the crowbar current, [50 is illustrated in Figure 5.30. 

' ' -: 

i Vin 
' ' 

(a) 

Figure 5.30 
Short-circuit current flow during switching process. 

(b} 
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Crowbar current is the current that flows directly from Vvv to Gnd during 
switching events. The reason why short-circuit flows is that for a certain period of 
time both transistors are on simultaneously; that is, IVcsl > IV,l for both devices. If 
we apply a step input, only one device would be on at any given point in time, and 
we would not observe any short-circuit current. However, since all inputs have a 
finite slope, both devices are on when Vw < V.n < Vvv - I Vrpl, Crowbar current 
flows in both charging and discharging conditions. The time period that short­
circuit current flows depends on the rise/full time of the input: 

/:it"= /:it=+ !:lt4 

where /:lt"'and Lit,efare illustrated in Figure 5;30. When discharging, the sum of the 
supply current and the discharging current flows through the pull-down device. 
This is illustrated in Figure 5.30a. During the charging process, part of the supply 
current flows to the capacitor while the remainder flows to Gnd as shown in Figure 
5.30b. The average power associated with this current is 

Since crowbar current flows during all switching events, it is possible to rewrite the 
equation as follows. Taking Isc,,vg as the average crowbar current during the two 
switching intervals, then 

This can be substituted into the previous equation to obtain 

f:l t,,j SC,,vg 

Psc = T Vvv = Li t,Jsc,.,, Vvvfclk (5.11) 

It is desirable to replace the first two terms by a term that is similar to the dynamic 
power expression, as follows: 

dV 
I= Cdt=> I!:lt = C!:l V 

Substituting into Equation (5.11 ), we obtain 

Finally, we introduce another switching activity factor and set C" = a"CL' With this 
adjustment, we have 

(5.12) 
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In effect, we are incorporating all the effects of the short-circuit current into a fac­
tor a" that depends on the device threshold voltages and input rise and fall times. 
The total dynamic power can be written as 

(5.13) 

The first term accounts for the power due to capacitance switching while the second 
term accounts for the short-circuit power. The new a incorporates both the activity 
factor and short-circuit current effects. 

To reduce short-circuit power, we should set the rise and fall times, or edge rates, 
to be as short as possible. This will minimize !!.t", the time that both devices are on. 
However, this is a local optimization that may not be globally optimal. If we use large 
drivers at the input to reduce the rise/full times, this increases the capacitance, 
thereby increasing the overall dynamic power. In effect, there is a tradeoff between 
dynamic power of the previous gate and short-circuit power of the next gate. We 
usually seek to minimize the total power due to the sum of these two components. 
One solution that has been found to be effective is to make the input and output edge 
rates sharp and about equal. This tends to minimize the overall power due to the two 
components of dynamic power. This is one example where, in order to minimize 
power, we must consider the timing characteristics of the signals. We will find many 
instances where the timing is an important factor in reducing the overall chip power. 

There is one other source of dynamic power due to differences in the arrival 
times of signals at gate inputs. If a given input signal arrives first and forces the out­
put to switch, and later another input signal arrives and causes the output to switch 
back to the original value, we have a glitch in the output. This type of undesired out­
put pulse causes unnecessary power dissipation, which can be modeled in terms of 
switching power. It can be a major component of the total power if the designer is 
not careful. Glitches tend to propagate through the fanout gates and cause unin­
tended transitions in subsequent stages, increasing the power dissipation even fur­
ther. Depending on the number of glitches in the chip, it can quickly add up to a 
nonnegligible amount of power. 

To reduce glitches, signals should be made to arrive at roughly the same time at 
all gate inputs. This requires a balancing of the path delays and gate delays in a com­
binational logic block. Whenever possible, the designer should select logic circuits 
that minimize the potential for glitches. This may also involve retiming a given cir­
cuit or selecting architectures that are glitch free, or exhibit fewer glitches than oth­
ers. The key, as will be dear in many design guidelines throughout this book, is to 
keep things as balanced as possible. 

Glitch Exampl" Using NOR Gat" 

Problem: 

Using SPICE and a 0.18 µ,m technology, adjust the inputs of a 2-input NOR gate 
until a glitch appears at the output during a transient analysis. Under what condi­
tions does a glitch occur? How should such a glitch be prevented? 

ExampleS.7 
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Solution: 

Create a SPICE file with a 2-input NOR gate. During the analysis, one input should 
be switching from low to high while the other is switching from high ta law in the 
same interval to create a glitch.To prevent such a glitch, all the inputs should arrive 
at the same time. 

*NOR Gate Glitching Example 
*Set supply and library 
.param Supply=l.8 *for 0.18 teclL~ology 
.temp 25 *Override temperature by setting it before 

.lib 
.lib 'bsim3v3.cmospl8-lib' 
. opt scale = 0 .1 u * Set lambda 
*Power supply 
.global Vdd Gnd 
Vdd Vdd Gnd 'Supply' * Supply is set by .lib call 
*Top level simulation netlist 
mpa out ina x Vdd PM:OS 1=2 w=16 ad=SQ pd=l6 as=80 ps=l6 
mpb x inb Vdd Vdd PMOS 1=2 w=16 ad=80 pd=16 as=80 ps=16 
mna out ina Gnd Gnd NMOS 1=2 w=4 ad=20 pd=4 as=20 ps=4 
mnb out inb Gnd Gnd NMOS 1=2 w=4 ad=20 pd=4 as=20 ps=4 
Va ina Gnd pulse 'Supply' 0 lns lOOps lOOps 4.lns Sns 
Vb inb Gnd pulse 'Supply' 0 lns 100ps lOOps 2ns 4ns 
*Simulation 
_tran lOOps 9ns 
.plot tran V(out) 
.end 
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Standby power is an important design consideration for low-power battery-operated, 
or portable, de\~ces. There are three basic sources of static power: subthreshold 
leakage, pn junction leakage, and de current in the output low state. Today, leakage 
currents are beginning to control design decisions even for high-performance non­
portable applications. As a result, this component of power is gaining more atten­
tion in the IC design industry from process engineers, circuit designers, and CAD 
engineers. 

The most important issue is the subthreshold leakage. In recent years, it has 
grown significantly due to the close proximity of the source and drain. This results 
in a bipolar transistor action, where the substrate is the base of the bipolar transis­
tor, and the source and drain act as the emitter and collector, respectively. Sub­
threshold current is due to diffusion current of minority carriers across the channel 
region. From earlier discussions in Chapter 2, we found that the subthreshold cur­
rent equation has the form 

I,ub = I,e[q(Vc,-V,-V,s,J/nkT] (1 _ e<-qV,JkT)) 

When we examine this expression from a power perspective, we try to identify 
the controlling parameters to keep I,ub as low as possible. Specifically, if Vcs = 0, 
then Vr controls the magnitude of the subthreshold current. As Vr is reduced, the 
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value of I,uh increases (see Figure 2.16). Since Vy has been kept relatively constant 
over the years, the subthreshold current has been kept in check. However, V0 v - VT 
controls the forward-active drive capability of the transistor; in effect, we limit the 
performance of the devices by keeping Vy constant while scaling Vvo in each tech­
nology generation. Clearly, a tradeoff exists between I0 n and I0 ff when selecting Vy-

An alternative is to dynamically modify the threshold voltage during operation. 
We can accomplish this by adjusting the substrate bias of the transistors in the sig­
nal path. However, when doing so, we must ensure that the Vy is reset to a higher 
value when these devices are inactive. This is not a straightforward procedure for 
complex, high-speed designs. 

Another controlling parameter is Vvs· If we can reduce this value, when the 
device is off, it will act to reduce the current. Recall that drain-induced barrier low­
ering causes increased drain current due to a reduction of Vy. Any approach that 
can limit Vvs will limit the subthreshold conduction. One method is to add series 
transistors to the pull-up and pull-down paths so that there is a smaller Vvs across 
each transistor. This is sometimes referred to as source degeneration. 

A third parameter that can be controlled is temperature. Ifwe can cool the tran­
sistors down to a very low operating temperature we obtain two benefits. First, since 
the subthreshold current is due to minority carriers, reducing the temperature will 
reduce the number of carriers and this will act to reduce the current. When the tran­
sistor is on, a reduction in temperature will actually increase the drive current since 
the mobility of the majority carriers will be increased. Of course, the cooling of 
chips requires a much more expensive package, which will increase the cost of the 
design. 

Another source of leakage is due to the reverse-bias of source and drain junc­
tions. The percentage of the overall power dissipation is rather small but we should 
still understand its origin. The basic diode equation is given by 

where Io = A · ls 

In reverse-bias mode, the current is IP,,= -A J,, where A is the area of the junction 
and J, is the current density. The areas of interest are the bottom of the junction and 
the channel-facing sidewall. Therefore, we need to keep these areas as small as pos­
sible by minimizing the source and drain areas. The currents are typically in the pA 
to nA range and are negligible in most digital designs. The combination of sub­
threshold current and the pn junction current is referred to as leakage current: 

(5.14) 

Since the NMOS and PMOS have different leakage currents, I1,,k can be based on 
the average leakage of the pull-up and pull-down paths. The total static power dis­
sipation due to these two components is 

(5.15) 

One final form of static power is found in the pseudo-NMOS gates when the out­
put is low. In this case, the current, IDD through the gate is computed by setting the 
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output to V0 L and determining the current flow through any device in the current 
path. This current is multiplied by Vvv to obtain the power 

(5.16) 

This power can be relatively large. If we design a circuit with exclusively pseudo­
NMOS gates, the power budget would be exceeded very quickly, much like the 
NMOS technology on which it is based. Recall that NMOS technology gave way to 
CMOS technology due to the de standby power when the output of a gate was low. 
Imagine that you have 2 million logic gates and half of them are dissipating power. 
You quickly realize that you will exceed your power budget no matter what you do 
since the mere existence of the gates implies power dissipation. Therefore, pseudo-
1\'M OS should be used sparingly. 

5.8.3 Complete Power Equation 
For a standard CMOS gate, the power equation is given by 

P = a C Vl,nfclk + I1eak Vnv (5.17) 

where the short-circuit current effects are included in the a term. 
For a pseudo-NMOS gate, the complete power equation is given by 

, IncVvn 
P = a C Vnvfdk + .li,,k Vvn + 

2 
(5.18) 

where the last term considers the fact that the de current is flowing only half the time. 

DC Power Dissipation for Pseudo-NMOS Inverter in 0.13 µm Technology 

Problem: 

Compute the de power dissipated by the pseudo-NMOS inverter when the output 
is low, given that Vm = 0.1 V, Walln = 9. Use 0.13 µ,m technology parameters. 

Solution: 

The current flowing through the inverter can be computed using the current 
through the pull-down transistor that is in the linear region of operation: 

loc = ~N ( /J,n~x ) [ (Voo - Vm)(Vod - (V~,)'] 
N 1 + _____Elc_ 

EcJ.N 

Using the parameter values for 0.13 µ,m CMOS: 

430 µ,A/V2 
[ (O.l)'j-

loc = 9 X ( ( / )) (1.2 - 0.4)(0.1) - -- = 250 µA 
1 + 0.1 0.6 2 

:. P = locV00 = 250 µ,A X 1.2 V = 300 µ,W 

Example5.8 
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5.9 Power and Delay Tradeoffs 
In most designs today, the primary tradeoff is between power and delay. We have 
already seen that equalizing the input arrival times will reduce glitches and equaliz­
ing the edge rates will minimize short-circuit current. Clearly, it is not sufficient to 
optimize one without considering the other. If we improve a design relative to 
power but it slows down the circuit, the results may not be acceptable. Similarly, an 
improvement in speed may only be achieved at the expense of power. Therefore, a 
metric is needed that allows us to balance the two design objectives in a meaning­
ful way. 

One such metric that has been popular for many years is the power-delay prod­
uct (PDP). The rationale is that, if we are interested in reducing power and reduc­
ing delay, then why not take the product of the two and try to minimize them 
together? At an intuitive level, this makes sense. If we follow this thought process to 
establish a metric for gates, then: 

(5.19) 

where P,,g is the average power and tp is the average propagation delay of a gate. 
Considering only the dominant source of power for a gate, we have 

Pavs = CVbvf 

and the propagation delay is 

I 
tp= -

2f 

assuming that the switching period is twice the propagation delay. Combining these 
results, we obtain 

2 I CVbv 
PDP = CVvnf -f = --

2 2 
(5.20) 

This is an energy quantity and, as such, the PDP represents the energy required to 
perform a specific operation. The reason why we view this as an energy quantity is 
that.energy is the time integral of power. If we compute the energy stored in the 
capacitor after a charging operation, we obtain 

J
oo Joo d,; Iv,, I 

Ee= ((t)v
00

,(t)dt = C dout v,,,(t)(dt) = Cv0.,(t)dv00, = - CVJn 
O O t o 2 

In this case, the operation is to switch from low to high. In a similar fashion, Equa­
tion (5.20) defines the PDP as the energy per toggle operation for a gate. 

The PDP can be minimized by reducing the capacitance C, the voltage swing 
AV swing or the power supply voltage, Vnn· However, the metric has some limitations. 
If the PDP of two designs performing the same operations are compared, it would 
still be difficult to tell which one is better. For example, if one used a lower supply 
voltage to reduce PDP, the metric would not capture the fact that the delay is also 
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reduced. Also, using smaller transistors would reduce C, but may also slow down the 
circuit. Because of the cancellation of the delay term when deriving the PDP, we 
have lost valuable timing information. 

A solution to this problem is to define another metric that multiplies the PDP 
by the delay. This is termed the energy-delay product (EDP). It is given as follows: 

EDP= PDP X tp (5.21) 

We already have the equation for PDP, but we need a new formulation for tp: 

dV 
I= C-

dt 

:. At= CL\.V 
I 

CL\.V CVDD 
:. tp = -- = ---=--

I,,i K,(VDD - Vr) 

(5.22) 

where K2 is a constant that depends on device sizes. Combining Equations (5.20) 
and {5.22), we obtain: 

c'v' EDP= DD 
2Ki(Voo - v,) 

(5.23) 

Now, whenever power supply values or device sizes are altered, they are captured in 
the EDP. This is a better metric for low-power design. 

If the goal of the overall design is to reduce the EDP, then it is instructive to 
examine how a number of designs would compare using this metric. For this pur­
pose, we plot the EDP of several designs (a, b, c, and a) on a qualitative graph of 
energy vs. 1/delayin Figure 5.31. The lines shown in the graph have equal EDP and 
are therefore equivalent in terms of this metric. Designs that lie closer to the x-axis 

I/delay 

Figure 5.31 
Energy versus 1 /delay for four designs:a, b, c, d. 
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Example 5.9 

Delay 

FigureS.32 
Energy-delay product versus supply vo/tage. 

are better since their energy-delay product is lower. Surprisingly, for the four cases 
shown, design b is the best and design dis the worst in terms of EDP. 

Another way to view this metricis to examine the energy, delay, and EDP on the 
same normalized graph as a function of the supply voltage, Vvv· This is shown in 
Figure 5.32. As the power supply voltage decreases, delay increases, but the energy 
per operation decreases. Therefore, an optimum EDP must exist and it can be 
obtained by differentiating Equation (5.23) with respect to Vvv and setting the 
result to zero: 

iJEDP 
--=O 
iJVDD 

This optimum value can be used to set the supply voltage for a given technology. It 
is interesting to note that increasing the supply voltage beyond the optimum does 
not affect EDP very much. Therefore, higher values of Vvv are acceptable and may 
be necessary for the target performance and noise margins of the design. A decrease 
in Vvv from the optimum rapidly increases the EDP. Therefore, it is important to 
keep the supply value higher than the optimal value, and perhaps this is the best way 
to interpret the above results. 

Comparison of Two Designs 

Problem: 

Compare the chip power for two cases. In one case, a chip has 10M gates, an activ­
ity factor of 10%, V00 = 1.8 V, a clock frequency of 500 MHz and an average capac­
itance pernode of20 fF. In the second case,a chip has 50M gates,an activity factor 
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of 5%, V00 = 1.2 V,a clock frequency of 1 GHz and an average capacitance per node 
of 10 ff. Which design is better and why? 

Solution: 

Case 1: 10M gates, a= 0.1, C = 20 fF, V00 = 1.8 V, fc1k = 500 MHz ----> P = 32.4 W 

Case 2: SOM gates,a = 0.05, C = 10 fF, V00 = 1.2 VJc1, = 1 GHz-> P = 36 W 

The two power levels are about the same, so it appears that the two designs are 
about equivalent. Now compute the energy-delay product. 

Case 1:EDP =Pt~= 32.4 (2 ns)2 = 130(10-")J-s 

Case 2: EDP =Pt:= 36 (1 ns)2 = 36(10-18)1-s 

The second design has a smaller energy-delay product and therefore is superior. 

5.1 O Summary 
For a series stack with three devices, the width of a single equivalent device is 

W1WiW, \,V = ~~~~~~~~~ 
"' W1W2 + W1W3 + W3W1 

( series stack) 

For a parallel set of devices, the equivalent width with all devices turned on is 

W,q=W1 +W2 +W3 

Average propagation delay 

Dynamic and static power: 

(parallel devices) 

Pdynamk = °'o--+1 CL V]of + a,,C L V]of = aC L V]of 

P,mtic = (.l,ub + I,.) Voo 

For a standard CMOS gate, the complete power equation is given by 

p = a cviD.klk + l1"1<VDD 

For a pseudo-NMOS gate, the complete power equation is given by 

_ 2 , IvcVDD 
P - a CV DD.kik + lj.,,k Vov • 

2 

Energy-delay product: 

EDP = PDP X tp = P X tp X tp 
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PROBLEMS 
PS.I. Design static CMOS gates that have the following outputs. You may 

assume the availability of true and complement forms of each signal for 
the input. Note that you should be able to design each function as a sin­
gle gate. Device sizing is not required for this problem. 

(a) Out= ABC+ BD 

(b) Out= AB+ AC+ BC 

(c) Out= A + B + CD+ A 

P5.2. Implement the functions associated with a full adder in static CMOS 
using the fact that these are majority functions. That is, if most of the 
inputs are high, the output will be high, and if most of the inputs are 
low, the output will be low. A useful property of majority functions is 
that they are self-duals. The full adder has three inputs, A, B, and C1n, 
and two outputs, Sum and Cout· The expressions for the outputs are as 
follows: 

Gout = AB + Gn (A + B) 

Sum = C0 u1(A + B + C;0 ) + ABC;" 

PS.3. Design a static CMOS gate that performs the Boolean function F = 
(A Ell B)C +BC.You can use inverters to generate any complementary 
inputs needed. Sizing is not required here. 
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PS.4. Find the logic function for the circuit in Figure PS.4. v\1hat is the worst
case V

0H 
and V

0
i (Note: this· is a contrived circuit that would not be 

used in a real design.)

Figure PS.4 A 

PS.5. The circuits of Figure PS.5 are pseudo-NMOS and pseudo-PMOS gates. 
What function is performed by each gate? Size the transistors so that the 
pseudo-NMOS gate has V0r = 0.1 VDD and the pseudo-PMOS gate has 
V0H

= 0.9VDD· Can you suggest why pseudo-PMOS is not favorable 
{compared to pseudo-NMOS)? All transistors have a length of 2A. 

VDD

r W""2A. 

A-i B-i c---1 

- - - I 
Voo VDD Voo

A4 B4 c---cf 

Voo

I 
Figure PS.5 -
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P5.6. The circuit of Figure P5.6 is a saturated-enhancement load NMOS NOR 
gate. Calculate V0 , and V0 ,,, and the de current and power when the 
output is low. Assume that all the transistors are 2A/2A devices. Assume 
0.13 µ,m technology parameters. 

A--j 

I 
i 

FigureP5.6 

P5.7. Calculate Vs of a 2-input NOR gate when one input is switching and 
with both inputs tied together. The devices sizes are WP= 16A and Wn 
= 4,\. Then use SPICE to find the VTC when switching only input A, 
only input B, and then AB together. The results for the tw-o inputs 
switched separately vary slightly. Explain why. Use 0.18 µ,m technology 
parameters. 

P5.8. What is the minimum value of VGG in the circuit of Figure P5.8 to 
obtain V0H= V00 = l.8V? Assume 0.18µ,m technology parameters, 
with L = 200 nm. 

Figure PS.8 

P5.9. In the Figure PS.9 circuit, size the transistors so that tpm < 50 ps; V0H 

= 1.2 V and V0 L = 0.1 V. (The length of all transistors is 2A.) Ignore par­
asitic capacitances of the devices. Use 0.13 µ,m technology parameters. 
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STATIC MOS GATE CIHCUITS 

PS.IO. Design a CMOS gate v,1hose output is Out= AB+ ABC. If the mini­
mum length of the transistors is 0.1 µ,m and the gate is connected to 75 fF 
load, calculate the width of the transistors so that t

PH
L = tprn < 50 ps. 

P5.l I. Calculate the de static power and dynamic switching power in the cir­
cuit in Figure PS.11 if the average switching frequency is kvg = 100 
MHz. V\-1hat is the combined average power due to these two compo­
nents. Use the 0.13 µ,m technology parameters with 21'. = 100 nm. 
Ignore device parasitic capacitances. 

A-j W= 60t. 
50fF 

B-j W=6011. 

c----f W=60). 

- -
Figure PS.11 
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PS.12. Compute the static and dynamic power consumption of the two invert­
ers in Figure P5.I2. Use the 0.13 µ,m technology parameters with 2A = 
100 nm. 

In --j W = 20A 

Figure PS.12 

Sketch the VTC of the inverters and show on the graph in which region 
we have power due to de current, subthreshold current, and short­
circuit current. 

P5.13. In this question, the idea is to develop a simple equation for the total 
switching power for 0.18 µ,m technology that also incorporates the 
short-circuit power. To do this, use HSPICE to compa~ the amount of 
power due to CV'fversus power due to short-circuit current, I5cVDD in 
a 4X inverter driving three different load capacitances: 20 fF, 40 fF, and 
80 fF. For the same three load capacitances determine the two compo­
nents of power when input slopes are 0.01 ns, 0.1 ns, and 0.2 ns. Build a 
table ofratios between CV'f and Isc V00 as a function of capacitive load 
and input ramp. What factor a,,, would you multiply the CV'fpower by 
to incorporate the short-circuit power based on this table? (Assume that 
/=200 Mhz.) 

PS.14. For the RC circuit of Figure PS.14, determine the total energy delivered 
by the voltage source to the circuit when a step input from O to V DD is 
applied. Next compute the total energy that is stored by the capacitor. 

Figure PS.14 
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What happened to the rest of the energy that was delivered by the volt­
age source? 

PS.IS. Do you expect the overall power consumption of a synchronous digital 
system to increase or decrease when temperature increases (assume the 
clock frequency does not change)? Explain. 

PS.16. Design an SR latch in 0.13 µ,m CMOS using NAND gates to deliver a 
delay of 400 ps from Sto Qand from Rto Q.Assume that the total load 
to be driven by Q and Q is 100 fF. 

P5.I7. The voltage waveforms shown in Figure PS.17 are applied to the JK 
master-slave flip-flop illustrated in Figure 5.20. With the flip-flop ini­
tially reset, show the resulting waveform at the Q output of the master 
and slave latches. 

Figure PS.17 

CLK 

J 

K----

PS.IS. Repeat the above problem for the JK edge-triggered flip-flop shown in 
Figure 5.21. Assume the flip-flop is initially set. 

PS.19. Implement a positive-edge triggered D flip-flop with set and reset inputs 
using only NAND3 gates (i.e., no inverters). The inputs should be S, R, 
D, and CK, while the outputs are Q and Q. Number the NAND gates 1 
through 6. Then, answer the following questions: 

(a) With CK~ D = low and S = R = high, determine the output state 
of each gate (I or O). Assume the flip-flop is initially set. 

(b) Repeat part (a) after CK= high. 

247 
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7.5 Domino Logic 
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i __ , 

7.1 Introduction 
In previous chapters, we examined the characteristics of static logic gates. Two vari­
eties of static gates were presented: conventional CMOS and pseudo-NMOS gates. 
Standard CMOS gates dissipate far less power than their pseudo-NMOS counter­
parts but require more area due to the number of complementary PMOS transis­
tors needed, and their size requirements to achieve equal rise/fall delays. Usually the 
PMOS device is twice the size of the NMOS device in a conventional CMOS 
inverter. However, the pseudo-NMOS gates require ratioed devices to set the desired 
value of V0 ,; typically, the NMOS device is four times the size of the PMOS device 
in a pseudo-NMOS inverter. Unfortunately, this produces asymmetric rise and fall 
times. If we increase the size of the PM OS device to try to equalize the delays, the 
value of V 0L increases. In order to strike a balance between conventional CMOS and 
pseudo-NMOS circuits in terms of area, timing, and power, we turn our attention 
to dynamic logic techniques. 

Earlier, we found that all nodes of a static gate have direct paths to VDD or Gnd 
So long as the power remains on, the value of the output node is held indefinitely. 

I 
i 

I I 
J l 

( (\(',.· 
',.J --/ -, _ . .' 

CHAPTER 

7 
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Dynamic gates, on the other hand, store their value on a capacitor. The storage 
nodes are often isolated from the rest of the circuit for long periods of time. There­
fore, node values may decay over time if not refreshed or updated periodically. A 
dynamic node is also more susceptible to noise events than static gates. It is in this 
sense that the name dynamic is applied-the node voltage is held somewhat pre­
cariously by the charge stored at the node. This feature renders dynamic logic less 
desirable than static circuits for most designers. However, if we are careful about 
how we design this type of circuit, it can outperform static logic circuits. For this 
reason, we explore dynamic design techniques in this chapter. 

One form of dynamic logic nses transfer gates as switches to propagate infor­
mation through the circuit. When the switches are off, their outputs are held in a 
high-impedance (or high-Z) state implying that the gate is no longer driving the 
output. In this condition, the previous value is stored as charge on the output capac­
itance. A second form of dynamic logic relies on additional clocking signals for 
proper operation. On one part of the clock cycle, all logic gate outputs are 
precharged to an initial value. On the other part of the cycle, the gates evaluate their 
correct output values. We now discuss these nvo types of dynamic logic circuits in 
detail. 

7 .2 Basic Concepts 
We begin our study of dynamic circuits by considering the pass transistor or trans­
fer gate (sometimes referred to as a pass gate or transmission gate). These devices 
will expose the advantages and limitations of using a single transistor as a switch. 
There are three basic concepts that are important to dynamic circuits. These are 
charge sharing, feedthrough, and charge leakage. 

7 .2.1 Pass Transistors 
The role of a pass transistor is to transfer an input signal, unaltered, to the output 
node when the gate is on. When the gate is turned off, the output enters the high-Z 
state and holds its previous value. This type of logic gate has an input, an output, 
and a third terminal that controls whether the device is on or off. In Figure 7.1, sin­
gle n-channel and p-channel implementations of the transfer gate are shown under 
various input conditions. The source and drain nodes serve as inputs and outputs, 
while the gate node serves as the control input. 

Figure 7.1 illustrates the signal transmission capability of each type of transfer 
gate in the on and off conditions. Figure 7.la demonstrates that then-channel device 
can successfully pass O V when its control input is at Vvv· Similarly, the PMOS 
device propagates Vvv from input to output when its control input is O V, as in Fig­
ure 7.lb. However, both NMOS and PMOS devices have problems passing the 
opposite signal level. The t,.'MOS device in Figure 7.lc has trouble passing Vvv, 
since it shuts off when the output rises to Vvv - Vm, with full accounting for body 
effect. The PMOS has a similar problem with low inputs, as shown in Figure 7.ld. 
iNhen the control input shuts the device off, the output enters the high-Z state, as in 
Figure 7 .1 e and Figure 7. lf. 
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Figure 7.1 
NMOS and PMOS pass transistor configurations. 
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VDD S D VnD 

I~Out 

GJ J 
(b) 

0 V IV,,,! 
D S 

I~Out 

GJ J 
(d) 

OV D S High-Z 

~Out 

GT J 
Voo 

(f) 

The reason for difference in transmission capability of the NMOS device can be 
understood by comparing Figure 7.la and Figure 7.lc. The drain (D), gate ( G), and 
source ( S) have been identified to clarify the description. For an NMOS device, the 
drain is the higher of the two nodes. Since the MOS transistor is a symmetric device, 
the determination of the drain and source can only be carried out after the node 
voltages have been assigned. In Figure 7. le, the drain is connected to V DD since this 
is guaranteed to be the highest node. If the source node starts at O V, the device is on 
and in the saturation of operation. Current flows from drain to source to charge up 
the output capacitance and the source node voltage begins to increase. It continues 
to increase until V GS = V TN· At this point, the output voltage is VDD - VTN. In Fig­
ure 7.la, the drain and source terminals are reversed. The value of VGs is always VDn· 
As such, the device is always on and will pull the ontput node low until VDS = 0, at 
which point the output is O V. 

For the p-channel device, we can go through the same exercise for Figure 7.lb 
and Figure 7.ld. This time the definition of the drain and source are reversed such 
that the higher voltage is the source and the lower voltage is the drain. In Figure 
7.lb, the drain node begins at O V and rises as the PMOS device charges it to VDD· 
The output can reach VDD since the value of VGs is constant at - VDD implying that 
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VD/) 

111 

(a) 

(c) 

Figure 7.2 
NMOS pass gate configurations (ignoring body effect). 

(b) 

the PMOS device is always on. In Figure 7.ld, the source node begins at VDD and 
drops in voltage as the output capacitance is discharged until the value of VGs = 
IV ,.,,I. At this point, the device shuts off. Therefore, the lowest voltage that the out­
put can reach is I V Tl 

Figure 7.2 shows three n-channel pass transistor configurations to further clar­
ify the operation. Note that the two circuits of Figure 7.2a and Figure 7.2b produce 
the same output, VDD - Vm. At first glance, it would seem that Figure 7.2b with 
three series transistors would produce an output of VDD - 3 Vm, but this is incor­
rect. Each pass transistor is able to pass a value of VvD - VTN from input to output 
when the gate voltage is VDD· Figure 7.3c illustrates the actual configuration that 
would produce an output of V DD - 3 V TN· In each successive pass transistor, the gate 
voltage is VTN lower than the previous transistor. The output can only climb within 
a threshold voltage of the gate voltage before the device shuts off. Note that the more 
accurate value of the output is in fact VDD - VrNt - V rm - Vrm due to the change 
in the body effect term in each transistor. The reader should be aware that this 
example is contrived since designers should avoid using the output of a pass tran­
sistor to drive the gate of another pass transistor. 

For completeness, the p-channel equivalents for Figure 7.2 are given in Figure 
7.3. The same arguments for the n-channel configurations can be applied to the 
p-channel devices, with the corresponding changes in output voltage levels. 
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Figure 7.3 
PMOS pass gate configurations (ignoring body effecc). 

7 .2.2 Capacitive Feedthrough 

TRANSFER GATE AND DYNAMIC LOGIC DESIGN 313 

l l l J. 
(b) 

The role of the control node of a pass transistor is to place the device in the on and 
off states. As such, it is often driven by a clock signal. Ideally, this input should not 
have any direct influence on the output, except to enable or disable the transfer gate. 
However, there exists a capacitance, Cf' between the gate and output nodes that 
causes the clock signal to feed through to the output. This effect is illustrated in Fig­
ure 7.4. The control signal undergoes a voltage swing from Vvv to O V, thereby shut­
ting off the device. This places the output in the high-Z state since VGs < Vm. At 
this point, the tvm capacitors, c1and Cgnd' are isolated from the rest of the circuit. 
As the gate voltage decreases in value, the charges associated with the two capacitors 

Figure 7.4 
Clock feedthrough. 
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(a) Positive feedthrough 

Figure 7.5 
Dynamic circuit effects of capacitive feedthrough. 

(b) Negative feedthrough 

redistribute to maintain equality. This redistribution, called displacement current, 
forces the output node to drop in voltage by an amount determined by the relative 
values of Grand Cgnd· The fact that a small replica of the clock appears at the out­
put led to the terminology of clock feedthrough for this effect. The same effect would 
be observed at the drain node if it were isolated from the rest of the circuit. How­
ever, we have assumed that drain is driven by a static gate in this example. 

The capacitive effects associated with feedthrough may occur in the positive or 
negative direction. We can understand these effects by examining isolated capacitors 
in series as shown in Figure 7.5. For a series combination of two capacitors, positive 
and negative feedthrough result in noise injection at an internal node when the 
external node rises or falls. The change at the external node 1 produces a replica 
change at the internal node 2, which is a high-impedance node. 

The exact voltage change at the internal node can be determined for the ideal­
ized cases of Figure 7.5. The charges associated with the two capacitors must be the 
same at equilibrium: 

(7.1) 

Therefore, 

(7.2) 

If there is an abrupt change in voltage at node !, there is a corresponding but 
smaller change at node 2: 

(7.3) 

In Figure 7.Sa, when there is a large positive change in V,, the internal node 
voltage will change by an amount dictated by the ratio of Cr to (Cr+ Cgnal· The 
change at node 2 will be in the positive direction. This is sometimes referred to as 
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bootstrapping.1 In Figure 7.5b, we have a negative going step at node I that pro­
duces a replica negative going step at node 2. Consider the two extreme cases of 
feedthrough. If Cf is much larger than Cgnd> then I:,. V, approaches I:,. V1• On the other 
hand, if C;;nd is much greater than Cf then AV, approaches 0. For the pass transis­
tor, the value of c1 is determined by CGs while Cgnd is determined by the junction 
capacitance, CBs• plus the loading capacitance of the next gate. To reduce the 
feedthrough effect, we should ensure that Cgnd >> c1. 

v, Drop and Clock Feedthrough Effects 

Problem: 

In the circuit below with the input at 1.2 V, what is the initial value of the output 
when the clock is at 1.2 V. Estimate the final value after the clock goes low. Repeat 
the problem for the case when the input is O V.Assume that the device is 4,V2A in 
0.13 µ,m technology. 

Solution: 

Initially, the output will be a threshold voltage below 1.2 V: 

v,"' = Voo - v,,, = 1.2 - (0.4 + 0.2(Y0.88 + Vout - Yo.88)) 

:. V,"' = 0.73 V 

When the clock switches from high to low, the feedthrough effects will act to 
reduce the value at the output: 

Ct(1.2) 
V,"' = 0.73 - LiV = 0.73 - C c, + gnd 

In this example, c, is due to the overlap capacitance since the transistor is in the 
cutoff region. Therefore, 

c, = C01 = Co1W = ( 0.25 fF / µ,m) X 0.2 µ,m = 0.05 fF 

1 Bootstrapping is usually associated with increasing a node voltage above V DD using active devices. We use the 
term here more generally to refer to any increase in the voltage due to series capacitor effects. 

Example7.1 
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The value of Cgnd is due to the junction capacitance. Therefore, 

c,,d = eel! x w = 1 fF/ pcm x 0.2 pcm = 0.2 fF 

The resulting value of V
0

u, is 

c,(1.2) 0.05(1.2) 
V=, = 0.73 - . = 0.73 - = 0;73 - 0.24 = 0.5 V c, .,. c,00 o.os + 0.2 

For this particular case, the clock feedthrough effect is significant even though we 
are only considering the overlap capacitance. The resulting voltage is below typical 
switching thresholds and this would be a problem. In a realistic situation, there is 
always additional grounded capacitance at the output due to the fanout gates.This 
would greatly reduce the degree of clock feedthrough. 

When the input is O V, the output is O V. However, in this case, the device is in 
the linear region of operation. Therefore, 

c, = 1/2 C9W + C,1W = (1/2)(2 fF/ pcm)(0.2 pcm) + (0.25fF/pcm}(0.2 J.tm) 

= 0.25 fF 

c,(1.2) 0.25(1.2) 
Vout = 0 - = 0 - ----

c, + c,,d 0.2s + 0.2 
0 - 0.67 = -0.67 V 

In this case, the voltage drop is substantially more than the first case since the 
device is in the linear region. However, the device does not shut off until V GS< VTN. 
Therefore, this result ts not as accurate as the previous case, but also not as impor­
tant. The feedthrough equation is intended for use at high-Z nodes only. 

7 .2.3 Charge Sharing 
Another important issue in dynamic circuits is charge sharing which tends to 
reduce the voltage levels even further. This phenomenon occurs when two isolated 
nodes with different voltage levels are suddenly connected together when a pass 
transistor turns on, as shown in Figure 7.6. The key requirement is that the two 
nodes are in the high-impedance state and store different voltages. vVhen the switch 
turns on, the charge redistributes until the voltage levels at the two nodes are equal. 
This reduces the voltage at one node while increasing the voltage at the other. If the 
voltage is reduced at an output node, it is of concern to us. We can analyze charge 
sharing by examining the total charge before and after the charge-sharing event. 

In Figure 7.6a, the total charge in the closed system is 

(7.4) 

When the gate node is switched from O toVDD, as in Figure 7.6b, the transistor turns 
on and a charge transfer occurs between the two nodes until an equilibrium voltage 
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Figure 7.6 
Dynamic charge sharing. 

o-vDn 

V* 1 V* 

~ 
c, J_ J_ c, 

(b) After 

is reached. At equilibrium, the total charge in the system remains constant. If V* is 
the final voltage after charge exchange is completed, the total charge is given by 

Q.,.,1 = (C, + C2 )V* 

Combining (7.4) and (7.5), we obtain 

V*= (C 1V, + C2 V2) 

c, + c, 

(7.5) 

(7.6) 

As an illustration of charge sharing, assume that V1 = 0 and V2 = VDD - Vrin Fig­
ure 7.6a. After the transistor turns on, the voltage at v; will drop in value and the 
voltage at V1 will increase. Equation (7.6) specifies the final voltage on the two 
nodes. If V2 drops below the switching threshold of the next gate, it will trigger the 
gate to produce an incorrect output. This is a serious consequence of charge shar­
ing. To reduce charge sharing in this case, C, should be made much larger than C1• 

There are additional techniques that can be employed to reduce the effects of charge 
sharing that will be described later in this chapter. 

Equation (7.6) should be used carefully in conjunction with Figure 7.6 since it 
is only valid if V* does not exceed VDD - VTN. If the computed voltage goes beyond 
this value, then v; should be set to this value and then V2 re-calculated with the 
remaining charge, O.o1aI - C1 (VDD - VTN). In this case, v; 'F V2 after charge sharing. 

Charge Sharing Example 

Problem: 

In Figure 7.6a, compute the charge-sharing effects for the following cases assum­
ing 0.13 ,..m technology parameters: 

(a) C1 = 100 fF, C2 = 20 ff, V1 = 0, V2 = 1.2 V 

(b) C1 = 20 ff, C2 = 20 fF, V1 = 0, V2 = 1.2 V 

(c) C1 = 20 ff, C2 = 100 ff, V1 = 0, V2 = 1.2 V 

Example7.2 
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Solution: 

(c,v, + c,v,) 
(a) v· = ~~-~~ c, + c, 

(c,v, + c,v,) 
(bl v• c, + c, 

(c,v, + c,v,) 
(c) v· = ~~-~~ c, + c, 

(100 fF X O + 20 fF X 1.2) 
~-------~=02V 

(20 fF + 100 fF) . 

(20 fF XO+ 20fF X 1.2) 
= 06V 

(20 fF + 20 fF) . 

(20 fF X O + 100 fF X 1.2) 
~--------~=10V 

(20 fF + 100 fF) . 

This last solution is not possible since the voltage of node V1 cannot rise above V00 

- Vrr,. Ignoring body effect, the maximum voltage at node V, is 0.8 V. The total 
charge in the system is 120 fC. Node V1 requires 0.8 X 20 fF = 16 fC of charge. That 
leaves 120 - 16 = 104 fC of charge on node V2• This implies that the voltage at 
node V2 = 104 fC/100 fF = 1.04 V. 

7 .2.4 Other Sources of Charge Loss 

When a pass transistor shuts off, the output node enters a high-Z state and retains 
the value of the node as charge on a capacitance. Unfortunately, the charge tends to 
leak away over time unless the value is updated or refreshed periodically. If a high 
value is stored, there are two possible sources of charge leakage. One source is 
reverse-bias leakage current from the drain junction. This current is rather small as 
it depends on the area of the junction which continues to shrink as technology 
scales. Of greater concern is the subthreshold current as described in Chapter 2. 

A second source of charge loss is noise injection from neighboring wires. For 
example, if a wire is routed too closely to a dynamic node, capacitive coupling 
between the wire and the node could result in noise injection during switching 
events. The mechanism is similar in nature to feedthrough and bootstrapping. This 
form of noise injection can have serious consequences and must be considered care­
fully when designing dynamic circuits. Coupling noise is the subject of Chapter 10 
on interconnect. 

Another problem is associated with a-particles which are also responsible for 
data loss in memory circuits. These are high-energy particles that may be present in 
device packaging materials, such as solder bumps, or due to cosmic rays arriving 
from space. Particles of this nature can enter the silicon substrate and generate hole­
electron pairs that act to discharge the output. This occurs over a very short amount 
of time and leads to unexpected functional failures in the circuit. The detailed 
mechanisms are beyond the scope of this book, but the importance of a-particles as 
a leading cause of so-called soft errors in both dynamic and static circuits should be 
recognized. 

7.3 CMOS Transmission Gate Logic ( 

In the previous section, we observed the limitations of using either a single NMOS 
or a single PMOS device as a transfer gate. Each one is capable of transmitting one 
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C C 

_I 
A-0-B -A B 

T 
E E 

Figure 7.7 
CMOS transmission gate and :ogic symbol. 

of the levels accurately but neither device is capable of transmitting both high and 
low voltages properly, as evidenced by Figure 7.1. A natural improvement can be 
constructed by placing an NMOS device in parallel with a PMOS device to create a 
CMOS transmission gate, as shown in Figure 7.7. The two devices in combination 
can fully transmit any signal value between Vvv and Gnd. The cost of this feature is 
not only an extra transistor, but also an extra inverter since each transistor requires 
a complementary control input. Therefore, a total of four transistors are necessary 
for the CMOS version. The corresponding symbol for the transmission gate is also 
shown in Figure 7.7. 

To understand the transmission capability of the CMOS transfer gate, consider 
the two cases shown in Figure 7.8. The two transistors have been separated out to 
clearly identify their role in transmitting O V or Vnn· In Figure 7.8a, a O V signal is 
being transmitted through both devices with an initial output of Vvn· The NMOS 
device has VGs = Vvv for the entire duration of the transition of the output from 
Vvv to O V. Therefore, it can pull the output to O V by itself. The PMOS device can 
only pull the output to I VT~ since it shuts off at that point. Note the positions of the 
gate and source terminals. The V GS value of the PMOS device decreases in magnitude 

VDD 

Gj_ 
~ov 
1In Out 1 

' ' I I 
OV 1 1 VoD-OV ----: :----

' ' ' I 
I ' 

' ' I D s I IVTPI 

In Gl Out 

(a) 

Figure 7.8 
Transmitting low and high signals. 

VDD 

Gj_ 
~VDD-Vm 
1In Out 1 
' I I I 

Vno I ! ov-vDD ----: :----
' I 
' I 

' ' ' I I s D I VDD 

In aJ Out, 

(b) 
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as the output falls from VDD to O V, and it gets progressively weaker. In fact, the 
NMOS device pulls the output from IVr.! to O V after the PMOS device shuts off 
completely. 

The roles of the two devices are reversed in Figure 7.8b, where the transmission 
gate is attempting to pass an input of Vnn to the output with an initial condition of 
0 V. In this case, the NMOS device becomes progressively weaker as the output 
increases since its Vas value is decreasing. The PMOS device has a V GS value that is 
constant at - VDD· Therefore, it remains on during the entire output transition. 
When the output reaches VDD - VTN, the NMOS device shuts off and the PMOS 
device pulls the output the rest of the way to VDD· By examining these two cases, it is 
clear that the weakness of one device is overcome by the strength of the other device, 
whether the output is transmitting a high or low value. This is a clear advantage of 
the CMOS transfer gate over the single transistor counterpart. 

Another advantage of the CMOS transfer gate is that the degree of capacitive 
feedthrough is reduced. This is because it is clocked with the true and complement 
values of the enable signal. Referring to Figure 7.7, when the signal Cfalls, there may 
be feedthrough at node B, but it would be canceled by the transition to a high volt­
age at C. If the target voltage of Bis low, feedthrough due to C would only make it 
lower. So this case is not a problem. If the intended voltage at B was high, then 
feedthrough would normally make the voltage lower. But since the p-channel device 
remains on for slightly longer than the n-channel device, it is able to pull the output 
back to VDD. 

7 .3.1 Multiplexers Using CMOS Transfer Gates 

CMOS transmission gate logic can be used to reduce the number of transistors 
needed to implement certain logic functions. They can be used in a variety of situ­
ations, but the most popular is in the role of a multiplexer as shown in Figure 7.9. 
The control signal S turns the transfer gates on and off depending on its value. 
Specifically, when S = 1, the upper transfer gate is on and that allows A to flow to 
the output. When S = 0, the lower transfer gate is on, and that allows B to flow from 
input to output. Therefore, the function of this configuration is F = AS + BS. This 

F=AS+BS 

Figure 7.9 
Multiplexer configuration. 
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(a) XOR gate 

Figure 7.10 

A 

B 

F=AB+AB A 

B 

XOR and XNOR gates using CMOS transmission gates. 
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F=AB+AB 

(b) XNOR gate 

is a multiplexer where~one of two input signals is selected based on the value of a 
control signal. 

Assuming that certain rules are followed, it is a simple matter to construct other 
useful circuits using the multiplexer of Figure 7.9. By specifying the inputs and con­
trol signals in a particular pattern, we can construct XOR and XNOR gates as shown 
in Figure 7.10. A static CMOS gate version would require 16 transistors whereas the 
transfer gate version requires only 8 transistors (including all necessary inverters). 

Another example is shown in Figure 7.11. Here, two multiplexer configurations 
that select one-of-four inputs are shown. In Figure 7.lla, a tvm-level strategy is 
used, while in Figure 7.llb a single-level is used. The two-level approach requires 

sO sO 

(a) 

Figure 7.11 

sl sl 
sA sB sC sD 

sA sB :sCI sD 

OUT 

(bl 

Two-level and single-level multiplexer configurations. 

OUT 
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A 

B 

ON 
I 

Conflict 

'fef 
D~ ON 

ON 

(a) 
OFF 

C 

D 

(c) 

Figure 7.12 
Improper conditions for multiplexer style logic. 

A 

B 

C 

D 

ON 

ON 

OFF 

ON 

(b) 

Charge 
sharing 

High-
impedance 

OFF 

only two control signals, sO and sl, and their complements. The single-level approach 
looks more attractive but requires four control signals, sA, sB, sC, and sD, and their 
complements. There are more inverters required and more significant signal routing 
issues in this case. We will study the speed of the two approaches in a later section. 

For this type of MUX function to work properly, the control and data inputs 
must be carefully specified. First, the data inputs to the multiplexer must all be valid, 
and second, the control signals must turn on only one path at a time. If these rules 
are not followed, conflicts or charge sharing may occur and corrupt the value at the 
output. For example, if there are multiple paths to the output, as in Figure 7.12a, a 
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Figure 7.13 

A 

B 

(a) 

F=A+B 

OR and AND functions using CMOS transrr.ission gates. 

B A 

(b) 

conflict would arise at the output if A and D had different values. If there is no path 
to the output due to off devices in all paths, the output will assume a high-imped­
ance state as in Figure 7.12b. If intermediate gates are on, as in Figure 7.12c, then an 
unknown may result at the output (possibly due to charge sharing). 

To build general logic functions using transmission gates, the first step is to 
select the control signals and build a truth table for all the possible combinations. 
Then, the truth table is converted to a multiplexer-style design by creating a signal 
path in the circuit for each row of the truth table. Next, the desired output values 
specified in the truth table are routed from the data inputs to the output. Any 
needed OR and AND operations can be realized using parallel and series transmis­
sion gates as shown in Figure 7.13. Finally, optimization of the design may be car­
ried out to combine paths or remove unnecessary transistors. 

Implement the function F =AB+ ABC+ AC using transmission gates. 

Solution: 

Identify A and Bas control signals and build a truth table. 

A B F 
-

0 0 C 

0 I C 

1 0 C 

I I I 

Example 7.3 
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This truth table can be directly implemented as shown below using fas data 
input. 

B 

F = (AB + ABC) + (AC) 

"ii 

The first two lines of the truth table are associated with the lower part of the 
multiplexer. They can be combined to simplify the implementation. In addition, the 
transfer gate connected to V00 does not need an n-channel device since it is only 
passing a high value. With these two optimizations, the following circuit results: 

A 

F =(AB+ ABC)+ (AC) 

if 

CMOS transmission gates can also be used with combinational blocks to imple­
ment certain functions efficiently. The first circuit in Figure 7.14 is a six-transistor 
XOR gate. The second circuit simply illustrates the use of transmission gate logic with 
standard CMOS logic to implement a complex function. In order to quickly extract 
the function Ffrom the given circuit, follow the NMOS side of the transmission gates. 
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F=AB+AB F=(AB+ABC)•(AC) 

B NAND 

A 

B 

A 

Figure 7.14 
Transmission gates and standarC gate combina::ions. 

r -------------- --1 

' ' ' ' ' ' ' ' ' ' :I--+' -I : 
'F 

' ' ' ' ' ' ' ' ' ' ' ' ' ' - ' I--------------- I 

In this case, the NAND operation is being performed on the two inputs. One input is 
AC, while the other input is AB + ABC. The resulting function F is the NAND of 
these two terms as shown in the diagram. 

Describe the operation of the XOR gate of Figure 7.14. Discuss its advantages and 
disadvantages relative to other XOR circuits considered so far in this textbook. 

7 .3.2 CMOS Transmission Gate Delays 

In order to evaluate the timing performance of circuits containing transmission 
gates, an RC model of these gates must be developed. The model for a CMOS trans­
fer gate (TG) consists of an on-resistance, Rn;, and two capacitances, C1 and C,, as 
shown in Figure 7.15. The on-resistance of the transfer gate is a parallel combina­
tion of the on-resistances of the NNIOS and PMOS devices. The value of the resis­
tances will depend on whether a O or a 1 is being propagated through the gate. The 

C 

1 
A-0-B 

T 
c 

Figure 7.15 
RC model for CMOS transmission gate. 

Exercise 7.1 
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resulting RC model must be combined with the RC models for the driver and load 
of the transfer gate. It should be noted here that transmission gates do not, by them­
selves, have any drive capability. Their role is to transmit signals from input to out­
put under gate control. Some type of gate must be connected at the input as the 
driver for the signal in all circuits that use transfer gates. 

A detailed analysis of the on-resistance can be performed by considering the 
two cases shown previously in Figure 7.8. The large-signal resistance can be com­
puted using the equation: 

Vvs R, =-
n IDs 

If we return to Figure 7.8a, the input is O V and the output undergoes a transi­
tion from Vvv to O V. The NMOS device begins in saturation and then switches 
to the linear region as the output voltage drops to O V. When in saturation, the 
on-resistance is 

Yout 
RN=-­

IDsat,n 

When the device switches to the linear region, the on-resistance is 

Yout 
RN=--

IDiin,n 

The PMOS device is biased in the saturation region until the output reaches IVrPi­
At this point, it enters cutoff and the resistance increases to infinity. In the satura­
tion region, the resistance is given by 

R 
_ Yout 

p-
I,,,,,,p 

The on-resistances for unit size NMOS and PMOS devices, and their parallel com­
bination are plotted in Figure 7.16a. Note that the resistance of the PM OS.device 
increases dramatically as the output voltage switches from Vvv to IVrpl, while the 
NMOS resistance drops linearly over the same range. However, the parallel combi­
nation of the two resistances is relatively constant. It is convenient to model this 
resistance by a constant value based on the average during the transition. 

The same analysis can be carried out for the second case in Figure 7 .Sb where 
the input is Vvv and the output transitions from O V to VDD. The PMOS device 
begins in saturation and then switches to the linear region as the output voltage 
rises to VDD· vVhen in saturation> the on-resistance is 

VDD - Yout 
Rp= 

I""'·P 

When the device switches to the linear region, the on-resistance is 

IDlm.p 
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R R 

-.---------..... l RN//Rp -- ......... 
' ' 

0 0 

Figure 7.16 
NMOS and PMOS on-resistances for falling and rising cases. 

The NMOS device stays in the saturation region until the output reaches Vvn -
V m· At this point, it enters cutoff and the resistance increases to infinity. In the sat­
uration region, the resistance is given by 

The on-resistance for unit size NMOS and PMOS devices, and their parallel com­
bination for the second case is shown in Figure 7.16b. Here, the resistance of the 
NMOS device increases to infinity as the output voltage approaches VDD - V w, 
while the PMOS resistance decreases linearly over the same interval. Again, the par­
allel combination of the two resistances is relatively constant and of similar magni­
tude as the falling case. 

A simplified analysis can be carried out to estimate the on-resistance of the 
combined devices for the rising and falling cases. If we are propagating Vvv, the 
PMOS device behaves as a regular pullup with an on-resistance of approximately 
R"IP = 30 kil/D. For a unit size device, the resistance is 30 kD. On the other hand, 
then-channel device is trying to pass a high value and its on-resistance will increase 
as its source node voltage approaches V DD· Since the NMOS device is shutting off, 
the resistance will eventually reach infinity. The average on-resistance will be 
roughly double its nominal value of R,qn = 12.5 kil/D. For a unit device, this value 
is 25 kil. The parallel combination of the two devices produces a value that is close 
to the NMOS on resistance: 

RTG = RN//Rp = 2R,q,//R,qp = 2R,qn//2.4R,qn = l.lR.,n = R.,, 

Now consider the case when we are propagating O V through the transmission gate. 
In this case, the n-channel device is on and has a resistance of R,qn• The p-channel 
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C 

lcwl ± l1cw 
z, TO 121, l 1 I f-__.I_~l 

2c,.uw J. 2c,wTL--T...--_JJ 2c,w Jzc,.uw 

c c 
(a) OFF state (b) ON state 

Figure 7.17 
Transfer gate capacitances in OFF and ON states. 

device is initially on and then begins to shut off as the voltage drops to O V. There­
fore, its resistance is roughly 2R,qp, which is about five times R,q"· The parallel com­
bination of the two values produces 

In effect, the on-resistance of the CMOS transfer gate is approximately R"l" regard­
less of the rising or falling conditions. Therefore, we will use this value for all resis­
tance calculations with suitable adjustment for different WI L values: 

(7.7) 

We now turn our attention to the capacitance calculation. The transfer gate capac­
itance can be determined by examining the capacitances at the input and output for 
the on and off cases. When the transfer gate is off, as in Figure 7.17a, the CG5and CGD 

capacitances for both devices are zero, except for the overlap capacitances (not 
shown). In this condition, the input and output capacitances are due to the junction 
capacitances of the n-channel and p-channel devices. 

Using C,ff' the input and output capacitances are 

(7.8) 

Since the two devices are the same size this simplifies to 

(7.9) 

Next, consider a transfer gate in the on state, as shown in Figure 7.17b. Here the 
devices are assumed to be in the linear region ( which is true for some part of the 
transition for both devices). Therefore, the input and output nodes see half the gate 
capacitance from each device along with the junction capacitances (and overlap 
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CLK 

J_ 

T 
CLK 

(a) 

(b) 

(c) 

Figure 7.18 
Transmission gate with driver and !oad. 

capacitances). The total input and output capacitances are equal and can be com­
puted as 

(7.10) 

Note that both devices are the same size so this can be simplified to 

(7.11) 

With the complete RC model defined as above, it is now possible to compute the 
path delay of circuits containing transmission gates. However, accurate delay calcu­
lation must involve the characteristics of the driver and load of the transmission 
gate. This is illustrated in Figure 7.18a where an inverter is driving the transmission 
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Example7.4 

gate which is loaded by a second inverter. To compute the delay accurately, the RC 
model shown in Figure 7 .I8b is required. Here the inverter RC model is oonnected 
at the input of the transfer gate and the load capacitance is oonnected at the output 
of the transfer gate. The resulting circuit is an RC ladder. 

The Elmore delay equations for RC ladders and RC trees are described in Chap­
ter 10. For the purposes of our analysis here, we simply use the results derived in 
that chapter. Specifically, the delay of the two-stage RC ladder of Figure 7.18c using 
the Elmore delay equation is 

tmmore = R1C1 + (R 1 + R2)C2 

Therefore, for the RC network of Figure 7.18b, we would compute the delay as 

tmmore = R,nv( c,nv + CTm) + (R;,v + RTG) ( CTG2 + Clow) 

For the two multiplexers in Figure 7.11, which one is faster, assuming that there 
exists a path from input to output? Assume that a 1X inverter drives each input and 
the fanout of the multiplexer is f times the 1 X inverter. 

Solution: 

In order to compute the delays, we need to make use of the Elmore delay calcula­
tion. For a three-stage RC ladder, the delay has the form 

te1m~, = R1C1 + (R1 + R2)C2 + (R1 + R2 + R3 )C3 

Using this formulation, we can derive the RC circuits and delays for the two cases 
as follows: 

0 

MUXl: 

I 0 

sO sl 

-1 
' I OUT 
I 
!._ __ _ ___ ..,. 

f 

ti= R1nvC1 + (Rin.v + Rrn)C2 + (R1nv+ 2RTG)C3 

C1 = 3CeffW + C6W + 2CeffW Rinv = R 

C2=C8Wx2+2CcffWx3 RTG=R 

C3 =2CegWX 2 + C8W + 3fC8W 

11 =R(29Ceff + SC, +9ft:,)IV 
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MUX2: 

0110 010 

I 
lX 
--------- l 

' -t-1- _Q~---, 
' ' ' ' ' OFF J 

f 

OFF 

' '----• 

OL'T 
l2 = RinvC4 + (Rinv + RTG)Cs 

C4 = 3Ce.9W+ 2CeffW + C8W 

C5 =2CeifWx4+CgW+3fC8W RTG=R 

t1 =R(21Celf+ 3Cg + 6/C,;)W 

Comparing the two cases, MUX1 is slower than MUX2. If we have too many transfer 
gates without any buffering, the delay increases very quickly. Also, we will eventu­
ally drive a large load, and transfer gates do not have the needed driving capabil­
ity. However, MUX2 requires more routing resources than MUXl. 

7.3.3 Logical Effort with CMOS Transmission Gates 

We now address the topic of logical effort (LE) and its application to CMOS trans­
mission gates. Consider the circuit of Figure 7.19 with a minimum size transmis­
sion gate. This is another type of tristate driver which performs a similar function 
to the tristate inverter seen in Section 4.9 of Chapter 4. Here, we have three inputs: 
A, sel, and sel. Since both sel and sel are related, we can compute the LE for the sel 

Figure 7.19 

LE input A = 3 W(2R) = 2 
3WR 

OUT 

Logical effort computation for transmission gates. 

R 

R 

LE input set= W(2R) = 2/3 
3WR 

331 
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Example7.5 

Figure 7.20 

LE input A= 3W(4Rt3) = 4/3 
3WR 

LE computation wlth a 3X transmission gate. 

OUT 

R 

R/3 

LE. t /- 3W/4R/3) _ 413 mpu se - 3WR -

and A inputs. For input A, we apply the ratio of T gatel,,nv as prescribed by the LE 
method. This involves the product of e,. with R,ff as described in Chapter 6. The 
expression for e,. is 3 we, for the inverter. Reff is 2R, given that the inverter and TG 
each have a resistance of R Therefore, LEA= 2. For input se/, the input capacitance 
is we, and the total path resistance is 2R (including the inverter). Therefore, LE"1 

= 2/3. 
If we increase the size of the transmission gate to three times the minimum size, 

we see from Figure 7.20 that the LE of the A input decreases while the LE for the sel 
input increases. This makes sense intuitively since input A experiences a smaller 
output resistance without any change in its input capacitance, while input sel expe­
riences an increase of three times its input capacitance but not a reduction of three 
times its output resistance. 

Logical Effort for NAND Driving CMOS TG 

Problem: 

For the two designs shown below,compute the logical effort for input A and input se/. 

A -+---_.L_-

l 

w 
w 

4W 

4W 
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Solution: 

4W(2R) 
LE input A = 

3
W R = 8/3 

4W(5R/4) 
LE input A = 

3
W R = 5/3 

W(2R) 
LE input se/ = 

3
W R = 2/3 

4W{5R/4) 
LE input se/ = 

3
W R = 5/3 

7.4 Dynamic D-Latches and D Flip-Flops 
The operation and design considerations oflatches and flip-flops were described in 
Chapter 5. The D flip-flop and D-latch are perhaps the most widely used circuits in 
CMOS design. In this section, we describe design improvements associated with 
these types of sequential elements when implemented with transfer gates. The 
major advantage in using transfer gates is that the circuits require many fewer tran­
sistors than the configurations shown in Chapter 5. 

We begin with the simplest possible D-latch, shown in Figure 7.21a. Surpris­
ingly, a single NMOS pass transistor functions as a D-latch. It is transparent since 
the value of D is propagated to Q while CLK is high. When the dock transitions 
from high to low, the last value is stored on the capacitor C2• However, there are a 
number of obvious problems with this circuit based on material presented earlier in 

(a) 

CLK 

J_ 
D 

-!- T 
CLK 

(c) 

Figure 7.21 
Progression of simple D-latches. 

CLK 

J_ 
TO-rQ 
J T J 

Q 

J 

CLK 

(b) 

Q 
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Driver 

D Q 

TG!T 
CLK 

Figure 7.22 
0/,0S D-latch usiog transfer ga,es. 

INV! INV2 
Q 

CLK 

J_ 

TTG2 
CLK 

this chapter. First, the voltage at the output can only rise to Vvv - VT. Second, there 
is dock feedthrough at Q when the clock goes low. The level of feedthrough is given 
by Equation (7.3). Third, there is no Q output available. Finally, and perhaps most 
importantly, the output is in a high-Z state after the dock goes low so it is suscepti­
ble to all of the charge loss mechanisms. 

Most of these problems can easily be resolved. The circuit of Figure 7.21b is a 
CMOS transmission gate (TG) that resolves the Vy drop and clock feedthrough 
issues, as we know by now. The generation of Q is simply a matter of adding an 
inverter as shown in Figure 7.21c. While this "improved" D-latch will work as 
required, its reliability is still questionable due to the dynamic storage at node Q. 

To solve this problem, we need a feedback loop to statically hold the value when 
the latch is off. This is illustrated in Figure 7.22. Here, we added another inverter to 
generate O.ut (since we cannot drive a load from the internal node Q), and intro­
duced another CMOS TG to connect back to the initially generated Q. Note that the 
clock on the new TG is reversed with respect to the first TG. With this clocking 
scheme, TGl is on when we are in transparent mode, while TG2 is on when we are 
in hold mode. When the latch is in hold mode, TG2 acts to recirculate Q back to the 
input of the first inverter, which takes advantage of the regenerative nature of the 
inverters. When the circuit is in transparent mode, TG2 is off and the value of D 
passes through to O.ut after a delay of TG I and two inverters. 

·while this circuit removes the problem of dynamic storage, it introduces 
another small problem. \Nhen the CLK signal goes high, we note that there is a delay 
before CLK goes low. In that situation, the n-channel device of TG2 is still on. If Dis 
different from the previously stored Q, then there will be a conflict at node Q for a 
short duration. TGI is attempting to apply a new value at Qwhile TG2 is recirculat­
ing the old value through the loop. The problem can be resolved with proper sizing 
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