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Lógica Combinacional
Os sinais de saída de um circuito são resultados de 
uma combinação lógica dos sinais de entrada atuais

Lógica Estática (portas CMOS)
As saídas só mudam de valores a partir da mudança 
dos valores de entrada

Lógica Dinâmica
As saídas representam o resultado da combinação 
lógica durante um tempo pré-determinado
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Ratioed Logic  (histórico)
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Dynamic CMOS
Em circuitos estáticos em todos os momentos (exceto 
durante a transição), a saída é conectada a GND ou VDD
por meio de um caminho de baixa impedância.

• fan-in n requer 2n transistores

Os circuitos dinâmicos dependem do armazenamento 
temporário de valores do sinal de saída.

• fan-in n requer 2+n transistores
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circuits are the fastest commonly used circuit family because
they have lower input capacitance and no contention during
switching. They also have zero static power dissipation.
However, they require careful clocking, consume significant
dynamic power, and are sensitive to noise during evaluation.
Clocking of dynamic circuits will be discussed in much more
detail in Section 10.5.

In Figure 9.21(c), if the input A is 1 during precharge, contention will take
place because both the pMOS and nMOS transistors will be ON. When the
input cannot be guaranteed to be 0 during precharge, an extra clocked evalua-
tion transistor can be added to the bottom of the nMOS stack to avoid con-
tention as shown in Figure 9.23. The extra transistor is sometimes called a foot.
Figure 9.24 shows generic footed and unfooted gates.4

Figure 9.25 estimates the falling logical effort of both footed and unfooted
dynamic gates. As usual, the pulldown transistors’ widths are chosen to give
unit resistance. Precharge occurs while the gate is idle and often may take place
more slowly. Therefore, the precharge transistor width is chosen for twice unit
resistance. This reduces the capacitive load on the clock and the parasitic
capacitance at the expense of greater rising delays. We see that the logical
efforts are very low. Footed gates have higher logical effort than their unfooted
counterparts but are still an improvement over static logic. In practice, the log-
ical effort of footed gates is better than predicted because velocity saturation
means series nMOS transistors have less resistance than we have estimated.
Moreover, logical efforts are also slightly better than predicted because there is
no contention between nMOS and pMOS transistors during the input transi-
tion. The size of the foot can be increased relative to the other nMOS transis-
tors to reduce logical effort of the other inputs at the expense of greater clock
loading. Like pseudo-nMOS gates, dynamic gates are particularly well suited
to wide NOR functions or multiplexers because the logical effort is indepen-

4The footed and unfooted terminology is from IBM [Nowka98]. Intel calls these styles D1
and D2, respectively.
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In general, logical effort of compound gates can be different for different inputs. Fig-
ure 9.4 shows how logical efforts can be estimated for the AOI21, AOI22, and a more
complex compound AOI gate. The transistor widths are chosen to give the same drive as a
unit inverter. The logical effort of each input is the ratio of the input capacitance of that
input to the input capacitance of the inverter. For the AOI21 gate, this means the logical
effort is slightly lower for the OR terminal (C) than for the two AND terminals (A, B).
The parasitic delay is crudely estimated from the total diffusion capacitance on the output
node by summing the sizes of the transistors attached to the output. 

Example 9.2
Calculate the minimum delay, in Y, to compute F = AB + CD using the circuits from
Figure 9.2(d) and Figure 9.3. Each input can present a maximum of 20 Q of transistor
width. The output must drive a load equivalent to 100 Q of transistor width. Choose
transistor sizes to achieve this delay.

SOLUTION:   The path electrical effort is H = 100/20 = 5 and the branching effort is B =
1. The design using NAND gates has a path logical effort of G = (4/3) × (4/3) = 16/9
and parasitic delay of P = 2 + 2 = 4. The design using the AOI22 and inverter has a
path logical effort of G = (6/3) × 1 = 2 and a parasitic delay of P = 12/3 + 1 = 5.
Both designs have N  =  2 stages. The path efforts F = GBH are 80/9 and 10, respec-
tively. The path delays are NF 1/N + P, or 10.0 Y and 11.3 Y, respectively. Using com-
pound gates does not always result in faster circuits; simple 2-input NAND gates can
be quite fast.

To compute the sizes, we determine the best stage efforts,  = 3.0 and 3.2,
respectively. These are in the range of 2.4–6 so we know the efforts are reasonable and
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circuits are the fastest commonly used circuit family because
they have lower input capacitance and no contention during
switching. They also have zero static power dissipation.
However, they require careful clocking, consume significant
dynamic power, and are sensitive to noise during evaluation.
Clocking of dynamic circuits will be discussed in much more
detail in Section 10.5.

In Figure 9.21(c), if the input A is 1 during precharge, contention will take
place because both the pMOS and nMOS transistors will be ON. When the
input cannot be guaranteed to be 0 during precharge, an extra clocked evalua-
tion transistor can be added to the bottom of the nMOS stack to avoid con-
tention as shown in Figure 9.23. The extra transistor is sometimes called a foot.
Figure 9.24 shows generic footed and unfooted gates.4

Figure 9.25 estimates the falling logical effort of both footed and unfooted
dynamic gates. As usual, the pulldown transistors’ widths are chosen to give
unit resistance. Precharge occurs while the gate is idle and often may take place
more slowly. Therefore, the precharge transistor width is chosen for twice unit
resistance. This reduces the capacitive load on the clock and the parasitic
capacitance at the expense of greater rising delays. We see that the logical
efforts are very low. Footed gates have higher logical effort than their unfooted
counterparts but are still an improvement over static logic. In practice, the log-
ical effort of footed gates is better than predicted because velocity saturation
means series nMOS transistors have less resistance than we have estimated.
Moreover, logical efforts are also slightly better than predicted because there is
no contention between nMOS and pMOS transistors during the input transi-
tion. The size of the foot can be increased relative to the other nMOS transis-
tors to reduce logical effort of the other inputs at the expense of greater clock
loading. Like pseudo-nMOS gates, dynamic gates are particularly well suited
to wide NOR functions or multiplexers because the logical effort is indepen-

4The footed and unfooted terminology is from IBM [Nowka98]. Intel calls these styles D1
and D2, respectively.
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Lógica Dinâmica Combinacional
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Section 6.3 Dynamic CMOS Design 273

tion of this circuit is divided into two major phases: precharge and evaluation, with the
mode of operation determined by the clock signal CLK. 

Precharge 

When CLK = 0, the output node Out is precharged to VDD by the PMOS transistor Mp.
During that time, the evaluate NMOS transistor Me is off, so that the pull-down path is dis-
abled. The evaluation FET eliminates any static power that would be consumed during the
precharge period (this is, static current would flow between the supplies if both the pull-
down and the precharge device were turned on simultaneously). 

Evaluation 

For CLK = 1, the precharge transistor Mp is off, and the evaluation transistor Me is turned
on. The output is conditionally discharged based on the input values and the pull-down
topology. If the inputs are such that the PDN conducts, then a low resistance path exists
between Out and GND and the output is discharged to GND. If the PDN is turned off, the
precharged value remains stored on the output capacitance CL, which is a combination of
junction capacitances, the wiring capacitance, and the input capacitance of the fan-out
gates. During the evaluation phase, the only possible path between the output node and a
supply rail is to GND. Consequently, once Out is discharged, it cannot be charged again till
then next precharge operation. The inputs to the gate can therefore make at most one tran-
sition during evaluation. Notice that the output can be in the high-impedance state during
the evaluation period if the pull-down network is turned off. This behavior is fundamen-
tally different from the static counterpart that always has a low resistance path between the
output and one of the power rails. 

As as an example, consider the circuit shown in Figure 6.52b. During the precharge
phase (CLK=0), the output is precharged to VDD regardless of the input values since the
evaluation device is turned off. During evaluation (CLK=1), a conducting path is created

Figure 6.52 Basic concepts of a dynamic gate.
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Resposta a transientes
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input transitions—to 0.45V, 0.5V and 0.55V, respectively. Above, we have defined the
switching threshold of the dynamic gate as the device threshold. However, notice that the
amount by which the output voltage drops is a strong function of the input voltage and the
available evaluation time. The noise voltage needed to corrupt the signal has to be larger if the
evaluation time is short. In other words, the switching threshold is really a function of the
evaluation time. 

When evaluating the power dissipation of a dynamic gate, it would appear that
dynamic logic presents a significant advantage. There are three reasons for this. First, the
physical capacitance is lower since dynamic logic uses fewer transistors to implement a
given function. Also, the load seen for each fanout is one transistor instead of two. Sec-
ond, dynamic logic gates by construction can at most have one transition per clock cycle.
Glitching (or dynamic hazards) does not occur in dynamic logic. Finally, dynamic gates
do not exhibit short circuit power since the pull-up path is not turned on when the gate is
evaluating. 

While these arguments are generally true, they are offset by other considerations: (i)
the clock power of dynamic logic can be significant, particularly since the clock node has
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circuits are the fastest commonly used circuit family because
they have lower input capacitance and no contention during
switching. They also have zero static power dissipation.
However, they require careful clocking, consume significant
dynamic power, and are sensitive to noise during evaluation.
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unit resistance. Precharge occurs while the gate is idle and often may take place
more slowly. Therefore, the precharge transistor width is chosen for twice unit
resistance. This reduces the capacitive load on the clock and the parasitic
capacitance at the expense of greater rising delays. We see that the logical
efforts are very low. Footed gates have higher logical effort than their unfooted
counterparts but are still an improvement over static logic. In practice, the log-
ical effort of footed gates is better than predicted because velocity saturation
means series nMOS transistors have less resistance than we have estimated.
Moreover, logical efforts are also slightly better than predicted because there is
no contention between nMOS and pMOS transistors during the input transi-
tion. The size of the foot can be increased relative to the other nMOS transis-
tors to reduce logical effort of the other inputs at the expense of greater clock
loading. Like pseudo-nMOS gates, dynamic gates are particularly well suited
to wide NOR functions or multiplexers because the logical effort is indepen-
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• Quando a entrada não pode ser garantida 
como 0 durante a pré-carga, um transistor 
de avaliação é adicionado à parte inferior 
da pilha nMOS para evitar curto-circuito –
footed dynamic gate – topologia usual

• Caso as entradas forem zero na 
pré-carga pode-se remover o transistor N



Observação quanto às transições de entrada

• Uma vez que a saída de uma porta dinâmica é descarregada, ela não 
pode ser carregada novamente até a próxima operação de pré-carga

• As entradas da porta podem fazer no máximo uma transição durante a 
avaliação
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dent of the number of inputs. Of course, the parasitic delay
does increase with the number of inputs because there is more
diffusion capacitance on the output node. Characterizing the
logical effort and parasitic delay of dynamic gates is tricky
because the output tends to fall much faster than the input
rises, leading to potentially misleading dependence of propa-
gation delay on fanout [Sutherland99].

A fundamental difficulty with dynamic circuits is the
monotonicity requirement. While a dynamic gate is in evalua-
tion, the inputs must be monotonically rising. That is, the input
can start LOW and remain LOW, start LOW and rise HIGH,
start HIGH and remain HIGH, but not start HIGH and fall
LOW. Figure 9.26 shows waveforms for a footed dynamic
inverter in which the input violates monotonicity. During precharge, the output is pulled
HIGH. When the clock rises, the input is HIGH so the output is discharged LOW
through the pulldown network, as you would want to have happen in an inverter. The input
later falls LOW, turning off the pulldown network. However, the precharge transistor is also
OFF so the output floats, staying LOW rather than rising as it would in a normal inverter.
The output will remain low until the next precharge step. In summary, the inputs must be
monotonically rising for the dynamic gate to compute the correct function.

Unfortunately, the output of a dynamic gate begins HIGH and monotonically falls
LOW during evaluation. This monotonically falling output X is not a suitable input to a
second dynamic gate expecting monotonically rising signals, as shown in Figure 9.27.
Dynamic gates sharing the same clock cannot be directly connected. This problem is often
overcome with domino logic, described in the next section.

9.2.4.1 Domino Logic  The monotonicity problem can be solved by placing a static
CMOS inverter between dynamic gates, as shown in Figure 9.28(a). This converts the
monotonically falling output into a monotonically rising signal suitable for the next gate,
as shown in Figure 9.28(b). The dynamic-static pair together is called a domino gate
[Krambeck82] because precharge resembles setting up a chain of dominos and evaluation
causes the gates to fire like dominos tipping over, each triggering the next. A single clock
can be used to precharge and evaluate all the logic gates within the chain. The dynamic
output is monotonically falling during evaluation, so the static inverter output is mono-
tonically rising. Therefore, the static inverter is usually a HI-skew gate to favor this rising
output. Observe that precharge occurs in parallel, but evaluation occurs sequentially. This
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FIGURE 9.26  Monotonicity problem
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FIGURE 9.27  Incorrect connection of dynamic gates



Observação quanto à saída
• A saída pode estar em estado de alta impedância durante 

a avaliação (PDN desligado), o estado é armazenado em 
na carga de saída
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Properties of Dynamic Gates
• Logic function is implemented by the PDN only

• number of transistors is N + 2 (versus 2N for static complementary 
CMOS)

• Full swing outputs (VOL = GND and VOH = VDD)
• Faster switching speeds

• reduced load capacitance due to lower input capacitance (Cin)
• reduced load capacitance due to smaller output loading (Cout)

Ou seja: 
(1) menores capacitâncias de entrada devido ao menor número 

de transistores
(2) o tempo de subida (mais lento) não existe, devido à pré-

carga
12



Issues in Dynamic Design 1: Charge Leakage
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CL

Clk

Clk
Out

A

O valor armazenado na saída tem “fuga”, devido ao fato que 
o gate não é completamente isolado  
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Problem 6.7 Activity Computation
For the 4-input dynamic NAND gate, compute the activity factor with the following assump-
tion for the inputs. Assume that the inputs are independent and pA=1 = 0.2, pB=1 = 0.3, pC=1 =
0.5, and pD=1 = 0.4.

6.3.3 Issues in Dynamic Design

Dynamic logic clearly can result in high performance solutions compared to static circuits.
However, there are several important considerations that must be taken into account if one
wants dynamic circuits to function properly. This include charge leakage, charge sharing,
backgate (and in general capacitive) coupling, and clock feedthrough. Some of these
issues are highlighted in this section. 

Charge Leakage 

The operation of a dynamic gate relies on the dynamic storage of the output value on a
capacitor. If the pull-down network is off, the output should ideally remain at the pre-
charged state of VDD during the evaluation phase. However, this charge gradually leaks
away due to leakage currents, eventually resulting in a malfunctioning of the gate. Figure
6.56a shows the sources of leakage for the basic dynamic inverter circuit. 

Source 1 and 2 are the reverse-biased diode and sub-threshold leakage of the
NMOS pull-down device M1, respectively. The charge stored on CL will slowly leak away
due these leakage sources, assuming that the input is at zero during evaluation. Charge
leakage causes a degradation in the high level (Figure 6.56b). Dynamic circuits therefore
require a minimal clock rate, which is typically on the order of a few kHz. This makes the
usage of dynamic techniques unattractive for low performance products such as watches,
or processors that use conditional clocks (where there are no guarantees on minimum
clock rates). Note that the PMOS precharge device also contributes some leakage current

Figure 6.56 Leakage issues in dynamic circuits.
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Solution to Charge Leakage
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• O keeper é de fato um circuito de memória. 
• Se a saída da célula for 1 (situação de perda de sinal por leakage), a 

saída do inversor é 0, fazendo Mbl conduzir, forçando um 1 na entrada do 
inversor.

Keeper
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due to the reverse bias diode (source 3) and the subthreshold conduction (source 4). To
some extent, the leakage current of the PMOS counteracts the leakage of the pull-down
path. As a result the output voltage is going to be set by the resistive divider composed of
the pull-down and pull-up paths. 

Example 6.17 Leakage in dynamic circuits
Consider the simple inverter with all devices set at 0.5µm/0.25µm. Assume that the input is
low during the evaluation period. Ideally, the output should remain at the precharged state of
VDD. However, as seen from Figure 6.57 the output voltage drops. Once the output drops
below the switching threshold of the fan-out logic gate, the output is interpreted as a low volt-
age. Notice that the output settles to an intermediate voltage. This is due to the leakage current
provided by the PMOS pull-up.

Leakage is caused by the high impedance state of the output node during the evalu-
ate mode, when the pull down path is turned off. The leakage problem van be counteracted
by reducing the output impedance on the output node during evaluation. This is often done
by adding a bleeder transistor as shown in Figure 6.58a. The only function of the
bleeder—a pseudo-NMOS-like pull-up device—is to compensate for the charge lost due
to the pull-down leakage paths. To avoid the ratio problems associated with this style of
circuit and the associated static power consumption, the bleeder resistance is made high,
or, in other words, the device is kept small. This allows the (strong) pull-down devices to

0 10 20 30 400.0

1.0

2.0

3.0

Figure 6.57 Impact of charge leakage. The 
output settles to an intermediate voltage 
determined by a resistive divider of the pull-
down and pull up devices.
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Issues in Dynamic Design 2: Charge Sharing
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Dynamic gates suffer from charge sharing
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Charge Sharing Example
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(6.39)

Overall, it is desirable to keep the value of ∆Vout below |VTp|. The output of the dynamic
gate might be connected to a static inverter, in which case the low level of Vout would
cause static power consumption. One major concern is circuit malfunction if the output
voltage is brought below the switching threshold of the gate it drives. 

Example 6.18 Charge-Sharing 
Let us consider the impact of charge sharing on the dynamic logic gate shown in Figure 6.60,
which implements a 3-input EXOR function y = A ⊕ B ⊕ C. The first question to be resolved
is what conditions cause the worst-case voltage drop on node y. For simplicity, ignore the
load inverter, and assume that all inputs are low during the precharge operation and that all
isolated internal nodes (Va, Vb, Vc, and Vd) are initially at 0V. 

Inspection of the truth table for this particular logic function shows that the output
stays high for 4 out of 8 cases. The worst-case change in output is obtained by exposing the
maximum amount of internal capacitance to the output node during the evaluation period.
This happens for A B C or A B C. The voltage change can then be obtained by equating the
initial charge with the final charge as done with equation Eq. (6.38), yielding a worst-case
change of 30/(30+50) * 2.5V = 0.94V. To ensure that the circuit functions correctly, the
switching threshold of the connecting inverter should be placed below 2.5- 0.94 = 1.56V.

The most common and effective approach to deal with the charge redistribution is to
also precharge critical internal nodes, as is shown in Figure 6.61. Since the internal nodes
are charged to VDD during precharge, charge sharing does not occur. This solution obvi-
ously comes at the cost of increased area and capacitance.

Capacitive Coupling

The high impedance of the output node makes the circuit very sensitive to crosstalk
effects. A wire routed over a dynamic node may couple capacitively and destroy the state
of the floating node. Another equally important form of capacitive coupling is the back-
gate (or output-to-input) coupling.Consider the circuit shown in Figure 6.62 in which a
dynamic two-input NAND gate drives a static NAND gate. A transition in the input In of

Ca
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VTn
VDD VTn–
------------------------=

CLK

Cy = 50 fFA

y
VDD = 2.5V

A

BB
B B

C C

CLK

Cd = 10 fFCc = 15 fF

Cb = 15 fF
Ca = 15 fF

a

b

c d

Load Inverter

Figure 6.60 Example illustrating the 
charge sharing effect in dynamic logic.

Solution: add secondary precharge 
transistors

q precharge internal nodes using 
a clock-driven transistor (at the 
cost of increased area and 
power)

q typically need to precharge 
every other node
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the static gate may cause the output of the gate (Out2) to go low. This output transition
couples capacitively to the other input of the gate, the dynamic node Out1, through the
gate-source and gate-drain capacitances of transistor M4. A simulation of this effect is
shown in Figure 6.63, and demonstrates that the output of the dynamic gate can drop sig-
nificantly. This further causes the output of the static NAND gate not to drop all the way
down to 0V, and a small amount of static power is dissipated. If the voltage drop is large
enough, the circuit can evaluate incorrectly, and the NAND output may not go low. When
designing and laying out dynamic circuits, special care is needed to minimize capacitive
coupling.

Clock-Feedthrough

A special case of capacitive coupling is clock-feedthrough, an effect caused by the capaci-
tive coupling between the clock input of the precharge device and the dynamic output
node. The coupling capacitance consists of the gate-to-drain capacitance of the precharge
device, and includes both the overlap and the channel capacitances. This capacitive cou-
pling causes the output of the dynamic node to rise above VDD on the low-to-high transi-
tion of the clock, assuming that the pull-down network is turned off. Subsequently, the fast
rising and falling edges of the clock couple onto the signal node, as is quite apparent in the
simulation of Figure 6.63.

The danger of clock feedthrough is that it may cause the (normally reverse-biased)
junction diodes of the precharge transistor to become forward-biased. This causes electron

Figure 6.61 Dealing with charge-sharing by precharging
internal nodes. An NMOS precharge transistor may also be
used, but this requires an inverted clock.
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Noise Sensitivity
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n Dynamic gates are very sensitive to noise
q Inputs: VIH » Vtn

q Outputs: floating output susceptible noise
n Noise sources

q Capacitive crosstalk
q Charge sharing
q Power supply noise



Como conectar portas dinâmicas

18Only 0 ® 1 transitions allowed at inputs!

Dois inversores em cascata è espera-se que out2 seja igual a In
• out1 demora um pouco para descer, e este pequeno tempo faz out2 começar a 

descer também
• No momento que out1 chegou a zero, out2 para de descer e fica em estado 

indefinido 

Transições de ‘1’ para ‘0’
podem levar a estados
indeterminados na porta seguinte
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injection into the substrate, which can be collected by a nearby high impedance node in
the 1 state, eventually resulting in faulty operation. CMOS latchup might be another result
of this injection. For all purposes, high-speed dynamic circuits should be carefully simu-
lated to ensure that clock-feedthrough effects stay within bounds.

All the above considerations demonstrate that the design of dynamic circuits is
rather tricky and requires extreme care. It should therefore only be attempted when high
performance is required.

6.3.4 Cascading Dynamic Gates 

Besides the signal integrity issues, there is one major catch that complicates the design of
dynamic circuits: straightforward cascading of dynamic gates to create more complex
structures does not work. The problem is best illustrated with the two cascaded n-type
dynamic inverters, shown in Figure 6.64a. During the precharge phase (i.e., CLK =0), the
outputs of both inverters are precharged to VDD. Assume that the primary input In makes a
0 → 1 transition (Figure 6.64b). On the rising edge of the clock, output Out1 starts to dis-
charge. The second output should remain in the precharged state of VDD as its expected
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Figure 6.63 Clock feedthrough effect. 
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Figure 6.64 Cascade of dynamic n−type blocks. 
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Simulação

19

Pré-carga

Avaliação

o1 e o2 começam a descarregar juntos

1 ® 0 não pode pois NÃO tem pull-up



Lógica Dinâmica - Dominó
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Na pré-carga, a saída do inversor é 0. 
Logo só haverá transição de subida 
(para descarga) 20



Lógica Dinâmica - Dominó
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Can be eliminated!



Lógica Dinâmica - Dominó
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Why Domino?

Clk

Clk

Ini PDN
Inj

Ini
Inj

PDN Ini PDN
Inj

Ini PDN
Inj

Like falling dominos!
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Clk

Clk
o3

In

Clk

Clk

o5

Simulação

o4 o6

Pré-carga

0 à 1Saída em 0

Avaliação

Saída em 0
Saída correta 
(=Vin) 



Características:

Lógica Dinâmica - Dominó

• Lógica não-invertida

• Muita rápida
• apenas transição L-H
• capacitância de entrada reduzida – menor esforço lógico

• A adição de um regenerador de nível de sinal 
reduz as  correntes de fuga e os problemas de 
distribuição de cargas

24



Solução alternativa: np-CMOS
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Dual-rail domino gates
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9.2      Circuit Families 343

Dual-rail domino gates accept both true and
complementary inputs and compute both true and
complementary outputs, as shown in Figure
9.30(a). Observe that this is identical to static
CVSL circuits from Figure 9.20 except that the
cross-coupled pMOS transistors are instead con-
nected to the precharge clock. Therefore, dual-rail
domino can be viewed as a dynamic form of
CVSL, sometimes called DCVS [Heller84]. Fig-
ure 9.30(b) shows a dual-rail AND/NAND gate
and Figure 9.30(c) shows a dual-rail XOR/XNOR
gate. The gates are shown with clocked evaluation
transistors, but can also be unfooted. Dual-rail
domino is a complete logic family in that it can
compute all inverting and noninverting logic func-
tions. However, it requires more area, wiring, and
power. Dual-rail structures also lose the efficiency
of wide dynamic NOR gates because they require
complementary tall dynamic NAND stacks.

Dual-rail domino signals not only the result of a computation but also
indicates when the computation is done. Before computation completes,
both rails are precharged. When the computation completes, one rail will
be asserted. A NAND gate can be used for completion detection, as shown
in Figure 9.31. This is particularly useful for asynchronous circuits
[Williams91, Sparsø01].

Coupling can be reduced in dual-rail signal busses by interdigitating
the bits of the bus, as shown in Figure 9.32. Each wire will never see more
than one aggressor switching at a time because only one of the two rails
switches in each cycle.

9.2.4.3 Keepers Dynamic circuits also suffer from charge leakage on the
dynamic node. If a dynamic node is precharged high and then left floating,
the voltage on the dynamic node will drift over time due to subthreshold,
gate, and junction leakage. The time constants tend to be in the milli-
second to nanosecond range, depending on process and temperature. This
problem is analogous to leakage in dynamic RAMs. Moreover, dynamic
circuits have poor input noise margins. If the input rises above Vt while the
gate is in evaluation, the input transistors will turn on weakly and can
incorrectly discharge the output. Both leakage and noise margin problems
can be addressed by adding a keeper circuit.

TABLE 9.2  Dual-rail domino signal encoding

sig_h sig_l Meaning
0 0 Precharged
0 1 ‘0’
1 0 ‘1’
1 1 Invalid
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FIGURE 9.31  Dual-rail domino gate with 
completion detection
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• O dominó dual-rail sinaliza não apenas 
o resultado de um cálculo, mas 
também indica quando o cálculo é 
feito. 

• Antes da conclusão do cálculo, as duas 
saídas são pré-carregados. Quando o 
cálculo for concluído, uma saída vai a 
‘1’

• Uma porta NAND pode ser usada para 
detecção de conclusão, útil para 
circuitos assíncronos
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in Figure 9.31. This is particularly useful for asynchronous circuits
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than one aggressor switching at a time because only one of the two rails
switches in each cycle.

9.2.4.3 Keepers Dynamic circuits also suffer from charge leakage on the
dynamic node. If a dynamic node is precharged high and then left floating,
the voltage on the dynamic node will drift over time due to subthreshold,
gate, and junction leakage. The time constants tend to be in the milli-
second to nanosecond range, depending on process and temperature. This
problem is analogous to leakage in dynamic RAMs. Moreover, dynamic
circuits have poor input noise margins. If the input rises above Vt while the
gate is in evaluation, the input transistors will turn on weakly and can
incorrectly discharge the output. Both leakage and noise margin problems
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Circuitos dinâmicos: vantagens e desvantagens
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Vantagens:
• Os circuitos ocupam menos área do que os circuitos estáticos
• Operar em velocidade mais alta do que CMOS estático

Desvantagens:
• Afetado pelo charge sharing
• Sempre exige sinal de clock
• Não pode operar em baixa frequência
• O projeto é mais complexo que portas CMOS estáticas



Famílias CMOS (Weste – Cap 9)
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Chapter 9     Combinational Circuit Design350

pass-transistor circuits are essentially equivalent ways to draw the fundamental logic struc-
tures we have explored before. An independent evaluation finds that for most general-
purpose logic, static CMOS is superior in speed, power, and area [Zimmermann97].

For the purpose of comparison, Figure 9.47 shows a 2-input multiplexer constructed
in a wide variety of pass-transistor circuit families along with static CMOS, pseudo-
nMOS, CVSL, and single- and dual-rail domino. Some of the circuit families are dual-
rail, producing both true and complementary outputs, while others are single-rail and may
require an additional inversion if the other polarity of output is needed. U XOR V can be
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CVSL - Cascode Voltage Switch Logic

Cascode Voltage Switch Logic
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5) Portas complexas. Para o diagrama lógico ao lado, determine:  
a) Diagrama de transistores. 
b) Layout (stick) para a função. 
c) Número de transistores total, número de  

transistores no plano N/P, número de  
transistores em série em cada plano. 

 
 
6) O gráfico abaixo apresenta no eixo y o atraso da porta lógica, e no eixo x o número de 

entradas variando de 2 a 6.  
a) A qual porta lógica corresponde o 

gráfico?  Fazer um diagrama de 
transistores para 4 entradas. 

b) Explique o porquê do aumento do 
tempo de propagação de descida, 
e o motivo do tempo de subida ser 
praticante constante.  

 
 
7) Considere o caminho lógico abaixo, entre a porta A com entrada igual a 20 unidades de 

W, e saída conectada a uma carga equivalente a 200 unidades de W. As portas lógicas 
{A,B,C,D} já estão dimensionadas, com tamanho de {20, 30, 30, 60}. 

 
 
 
 
 
 
 
 
 
 
Pede-se: 

a) Determine o atraso mínimo do caminho.  
b) Qual o dimensionamento de cada porta lógica considerando o atraso mínimo? 
c) Determine o dimensionamento do inversor E para que o atraso seja igual a 22 

unidades de atraso. 
 
8) Explique a operação de portas com lógica dinâmica utilizando o 

exemplo ao lado.   
 
Para o diagrama de tempos apresentados, indicar o valor esperado em 
‘S’, indicando se as transições em ‘X’ são válidas ou não (‘Z’ está em 
‘1’) 
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5) Portas complexas. Para o diagrama lógico ao lado, determine:  
a) Diagrama de transistores. 
b) Layout (stick) para a função. 
c) Número de transistores total, número de  

transistores no plano N/P, número de  
transistores em série em cada plano. 

 
 
6) O gráfico abaixo apresenta no eixo y o atraso da porta lógica, e no eixo x o número de 

entradas variando de 2 a 6.  
a) A qual porta lógica corresponde o 

gráfico?  Fazer um diagrama de 
transistores para 4 entradas. 

b) Explique o porquê do aumento do 
tempo de propagação de descida, 
e o motivo do tempo de subida ser 
praticante constante.  

 
 
7) Considere o caminho lógico abaixo, entre a porta A com entrada igual a 20 unidades de 

W, e saída conectada a uma carga equivalente a 200 unidades de W. As portas lógicas 
{A,B,C,D} já estão dimensionadas, com tamanho de {20, 30, 30, 60}. 

 
 
 
 
 
 
 
 
 
 
Pede-se: 

a) Determine o atraso mínimo do caminho.  
b) Qual o dimensionamento de cada porta lógica considerando o atraso mínimo? 
c) Determine o dimensionamento do inversor E para que o atraso seja igual a 22 

unidades de atraso. 
 
8) Explique a operação de portas com lógica dinâmica utilizando o 

exemplo ao lado.   
 
Para o diagrama de tempos apresentados, indicar o valor esperado em 
‘S’, indicando se as transições em ‘X’ são válidas ou não (‘Z’ está em 
‘1’) 
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5) Portas complexas. Para o diagrama lógico ao lado, determine:  
a) Diagrama de transistores. 
b) Layout (stick) para a função. 
c) Número de transistores total, número de  

transistores no plano N/P, número de  
transistores em série em cada plano. 

 
 
6) O gráfico abaixo apresenta no eixo y o atraso da porta lógica, e no eixo x o número de 

entradas variando de 2 a 6.  
a) A qual porta lógica corresponde o 

gráfico?  Fazer um diagrama de 
transistores para 4 entradas. 

b) Explique o porquê do aumento do 
tempo de propagação de descida, 
e o motivo do tempo de subida ser 
praticante constante.  

 
 
7) Considere o caminho lógico abaixo, entre a porta A com entrada igual a 20 unidades de 

W, e saída conectada a uma carga equivalente a 200 unidades de W. As portas lógicas 
{A,B,C,D} já estão dimensionadas, com tamanho de {20, 30, 30, 60}. 

 
 
 
 
 
 
 
 
 
 
Pede-se: 

a) Determine o atraso mínimo do caminho.  
b) Qual o dimensionamento de cada porta lógica considerando o atraso mínimo? 
c) Determine o dimensionamento do inversor E para que o atraso seja igual a 22 

unidades de atraso. 
 
8) Explique a operação de portas com lógica dinâmica utilizando o 

exemplo ao lado.   
 
Para o diagrama de tempos apresentados, indicar o valor esperado em 
‘S’, indicando se as transições em ‘X’ são válidas ou não (‘Z’ está em 
‘1’) 
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EXERCÍCIOS MICROELETRÔNICA – 22/SETEMBRO/2022 
 

1) A figura abaixo ilustra a curva DC do inversor, para o caso que o dimensionamento Wp/Wn 
é equivalente ao fator de mobilidade µn/µp (Wp/Wn = µn/µp). 

 

 

Ponto NMOS PMOS 

1   
2   
3   
4   
5   

 

Pede-se: 
a) Qual o estado dos transistores N e P para cada um dos 5 pontos da curva, completando a tabela acima 

com as letras:  C, L, S (cortado, linear (ou resistivo), saturado). 
b) Considere o W (width) dos transistores N e P de um inversor iguais a 1,2 µm. A relação de mobilidade 

para a tecnologia é igual a 2,5. Qual a curva de transferência DC esperada para este inversor? Justifique. 
Desenhe sobre a curva acima. 

 
2) Considere um oscilador em anel de 7 estágios, tendo o inversor tr=2,6 ns (tempo de 

propagação de subida de um inversor) e tf=1,4 ns (tempo de propagação de descida de um 
inversor).  Determine t1, t2, período e frequência. 

 
 

3) Considere a porta complexa ao lado.  
 
a) Qual o valor observado na saída quando A=’1’, B=’0’, C=’0’, 

D=’0’, E=’1’, F=’0’?  Esta porta está corretamente projetada?  Em 
caso negativo, explique o motivo.  
 

b) Caso esta porta esteja mal projetada, considere que o plano P 
represente a função desejada pelo projetista. Como ficaria o 
diagrama elétrico do plano N? 

 
 

 
4) Explique como operam os transmission gates (TGs), e  

apresente um multiplexador 4:1 utilizando TGs. 
 
 
 

T (período)

t1 t2

tempo

V(S)

saída
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D E

F

A

B

C
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E

F

(4) 

V(out) 

V(in) 

(1) 
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(3) 

(5) 

Transmission Gate

48

Solução: 
- Um transistor N em paralelo com o transistor P
- Passa corretamente os níveis ‘0’ e ‘1’

A B

C

C

A B

C

A B

C

A B

C

C

B = A quando C=1 B = A quando C=0

Caminho de baixa impedância 
(direção da corrente depende do driver)

Chaves CMOS compostas por 
1 transistor N e 1 transistor P
em paralelo, com sinais de 
gate complementares, que 
passam tanto o nível lógico ‘0’ 
quanto o nível lógico ‘1’ fortes. 

Y

I0
I1

A1

I2
I3

A0

I0

I1

I2

I3

A0

A0

A0

A0

A0

A1

A1 saída

A1
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EXERCÍCIOS MICROELETRÔNICA – 22/SETEMBRO/2022 
 

1) A figura abaixo ilustra a curva DC do inversor, para o caso que o dimensionamento Wp/Wn 
é equivalente ao fator de mobilidade µn/µp (Wp/Wn = µn/µp). 

 

 

Ponto NMOS PMOS 

1   
2   
3   
4   
5   

 

Pede-se: 
a) Qual o estado dos transistores N e P para cada um dos 5 pontos da curva, completando a tabela acima 

com as letras:  C, L, S (cortado, linear (ou resistivo), saturado). 
b) Considere o W (width) dos transistores N e P de um inversor iguais a 1,2 µm. A relação de mobilidade 

para a tecnologia é igual a 2,5. Qual a curva de transferência DC esperada para este inversor? Justifique. 
Desenhe sobre a curva acima. 

 
2) Considere um oscilador em anel de 7 estágios, tendo o inversor tr=2,6 ns (tempo de 

propagação de subida de um inversor) e tf=1,4 ns (tempo de propagação de descida de um 
inversor).  Determine t1, t2, período e frequência. 

 
 

3) Considere a porta complexa ao lado.  
 
a) Qual o valor observado na saída quando A=’1’, B=’0’, C=’0’, 

D=’0’, E=’1’, F=’0’?  Esta porta está corretamente projetada?  Em 
caso negativo, explique o motivo.  
 

b) Caso esta porta esteja mal projetada, considere que o plano P 
represente a função desejada pelo projetista. Como ficaria o 
diagrama elétrico do plano N? 

 
 

 
4) Explique como operam os transmission gates (TGs), e  

apresente um multiplexador 4:1 utilizando TGs. 
 
 
 

T (período)

t1 t2

tempo
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(4) 
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Transmission Gate
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Solução: 
- Um transistor N em paralelo com o transistor P
- Passa corretamente os níveis ‘0’ e ‘1’

A B

C

C

A B

C

A B

C

A B

C

C

B = A quando C=1 B = A quando C=0

Caminho de baixa impedância 
(direção da corrente depende do driver)

t1 = 4 * 2,6 + 3 * 1,4 = 14,6
t2 = 4 * 1,4 + 3 * 2,6 = 13,4

T = 28 ns à f = 35,71 MHz

1,4   0V 2,6   1,4   2,6   1,4   2,6   2,6   
1,4   1V 1,4   2,6   1,4   2,6   2,6   1,4   
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EXERCÍCIOS MICROELETRÔNICA – 22/SETEMBRO/2022 
 

1) A figura abaixo ilustra a curva DC do inversor, para o caso que o dimensionamento Wp/Wn 
é equivalente ao fator de mobilidade µn/µp (Wp/Wn = µn/µp). 

 

 

Ponto NMOS PMOS 

1   
2   
3   
4   
5   

 

Pede-se: 
a) Qual o estado dos transistores N e P para cada um dos 5 pontos da curva, completando a tabela acima 

com as letras:  C, L, S (cortado, linear (ou resistivo), saturado). 
b) Considere o W (width) dos transistores N e P de um inversor iguais a 1,2 µm. A relação de mobilidade 

para a tecnologia é igual a 2,5. Qual a curva de transferência DC esperada para este inversor? Justifique. 
Desenhe sobre a curva acima. 

 
2) Considere um oscilador em anel de 7 estágios, tendo o inversor tr=2,6 ns (tempo de 

propagação de subida de um inversor) e tf=1,4 ns (tempo de propagação de descida de um 
inversor).  Determine t1, t2, período e frequência. 

 
 

3) Considere a porta complexa ao lado.  
 
a) Qual o valor observado na saída quando A=’1’, B=’0’, C=’0’, 

D=’0’, E=’1’, F=’0’?  Esta porta está corretamente projetada?  Em 
caso negativo, explique o motivo.  
 

b) Caso esta porta esteja mal projetada, considere que o plano P 
represente a função desejada pelo projetista. Como ficaria o 
diagrama elétrico do plano N? 

 
 

 
4) Explique como operam os transmission gates (TGs), e  

apresente um multiplexador 4:1 utilizando TGs. 
 
 
 

T (período)

t1 t2
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(4) 

V(out) 
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(5) 

Transmission Gate

48

Solução: 
- Um transistor N em paralelo com o transistor P
- Passa corretamente os níveis ‘0’ e ‘1’

A B

C

C

A B

C

A B

C

A B

C

C

B = A quando C=1 B = A quando C=0

Caminho de baixa impedância 
(direção da corrente depende do driver)

 

4 Desenhar no quadro.os TGs 
 

 
 

5 Porta Complexa:  

       
 

6 NAND 
 
 

 
4) Considere o netlist spice abaixo, o qual representa uma porta lógica CMOS complexa, dual: 

 
MN1  out e1 3 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN2  out e2 3 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN3  out e3 3 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN4  3 e4 4 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN5  3 e5 4 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN6  3 e6 4 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN7  4 e7 gnd gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN8  out e8 gnd gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP9  out e1 5 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP10 5 e2 6 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP11 6 e3 9 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP12 out e4 7 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP13 7 e5 8 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP14 8 e6 9 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP15 out e7 9 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP16 9 e8 vcc vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
 

Pede-se: 

a) Diagrama de transistores (compreensível) 
b) Diagrama lógico 
c) Número de transistores total, número máximo de transistores em série no plano N, e número máximo de transistores em 

série no plano P. 
d) Complete o layout desta porta lógica, sobre o modelo apresentado na figura abaixo (esta célula tem caminho dual em 

ambos os planos), diferenciando os níveis de metal. Não alterar a ordem dos transistores. 
e) Se esta mesma função fosse implementada com portas simples (nand, nor, inversor) quantos transistores seriam 

necessários? Justifique. 
 

5) Considere o layout ao lado: 
 
a. Determine o diagrama de transistores desta porta lógica 

(fazer desenho compreensível) 
b. Para o vetor de entrada ABCDE = {11011} determine o 

valor lógico da saída. 
c. Esta porta lógica está corretamente projetada? Tanto em 

caso afirmativo como negativo, justificar a resposta 
 

 
 

 
6) Considere a porta complexa ao lado. 

 
a. Qual o valor observado na saída quando A=’1’, B=’0’, C=’0’, 

D=’0’, E=’1’, F=’0’?  Esta porta está corretamente 
projetada?  Em caso negativo, explique o motivo. 

b. Caso esta porta esteja mal projetada, considere que o 
plano P represente a função desejada pelo projetista. 
Como ficaria o diagrama elétrico do plano N? 
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exercício 7 
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4 Desenhar no quadro.os TGs 
 

 
 

5 Porta Complexa:  

       
 

6 NAND 
 
 

 
4) Considere o netlist spice abaixo, o qual representa uma porta lógica CMOS complexa, dual: 

 
MN1  out e1 3 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN2  out e2 3 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN3  out e3 3 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN4  3 e4 4 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN5  3 e5 4 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN6  3 e6 4 gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN7  4 e7 gnd gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MN8  out e8 gnd gnd NMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP9  out e1 5 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP10 5 e2 6 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP11 6 e3 9 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP12 out e4 7 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP13 7 e5 8 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP14 8 e6 9 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP15 out e7 9 vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
MP16 9 e8 vcc vcc PMOS L=0.8U W=8U AD=17.6P AS=17.6P PD=20.4U PS=20.4U 
 

Pede-se: 

a) Diagrama de transistores (compreensível) 
b) Diagrama lógico 
c) Número de transistores total, número máximo de transistores em série no plano N, e número máximo de transistores em 

série no plano P. 
d) Complete o layout desta porta lógica, sobre o modelo apresentado na figura abaixo (esta célula tem caminho dual em 

ambos os planos), diferenciando os níveis de metal. Não alterar a ordem dos transistores. 
e) Se esta mesma função fosse implementada com portas simples (nand, nor, inversor) quantos transistores seriam 

necessários? Justifique. 
 

5) Considere o layout ao lado: 
 
a. Determine o diagrama de transistores desta porta lógica 

(fazer desenho compreensível) 
b. Para o vetor de entrada ABCDE = {11011} determine o 

valor lógico da saída. 
c. Esta porta lógica está corretamente projetada? Tanto em 

caso afirmativo como negativo, justificar a resposta 
 

 
 

 
6) Considere a porta complexa ao lado. 

 
a. Qual o valor observado na saída quando A=’1’, B=’0’, C=’0’, 

D=’0’, E=’1’, F=’0’?  Esta porta está corretamente 
projetada?  Em caso negativo, explique o motivo. 

b. Caso esta porta esteja mal projetada, considere que o 
plano P represente a função desejada pelo projetista. 
Como ficaria o diagrama elétrico do plano N? 
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