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Abstract-In this paper, a new four-phase dynamic logic, called 
the high-speed precharge-discharge CMOS logic (HS-PDCMOS 
logic), is proposed and analyzed. Basically the HS-PDCMOS logic 
uses two different units to implement the logic function and 
to drive the output load separately. Thus, a complex function 
can be implemented within a single gate and form the pipelined 
structured as well. The HS-PDCMOS logic needs four operation 
clocks and has three different versions. An experimental chip 
has been designed and measured to partly verify the results of 
circuit analysis and simulation. It is shown that the HS-PDCMOS 
logic has an operation speed about 2.5 to 3 times higher than 
the conventional four-phase dynamic logic. Moreover, the new 
logic has no clock skew, race, and charge redistribution problems. 
These advantages make the HS-PDCMOS logic very promising 
in high-speed complex VLSI design. 

The circuit structure, clocking strategy, and operational 
principle of the three versions of the HS-PDCMOS logic 
are described in Section 11. Section I11 presents the speed 
evaluation of the HS-PDCMOS logic. Section IV shows the 
speed comparisons of the HS-PDCMOS and the conventional 
four-phase logic. The measurement results of the experimental 
chip of the HS-PDCMOS logic are given in Section V. Finally 
a conclusion is given. 

11. CIRCUIT STRUCTURE AND OPERATIONAL PRINCIPLE 

The proposed new HS-PDCMOS logic has three circuit 
versions. They are described below. 

I. INTRODUCTION A. The First Version of the HS-PDCMOS Logic 

ECENTLY. CMOS dynamic logic has been widely ap- R plied to high-performance VLSI. So far, many dynamic 
logic circuits [ 11-[5] have been proposed to improve packing 
density and operation speed. But sparingly they still suffer 
from certain problems like charge redistribution, dc power dis- 
sipation, clock skew, race, etc. Among the proposed dynamic 
logic circuits [l]-[S], the domino CMOS circuits [ l ]  have a 
limitation that all of the gates are noninverting. The NORA 
circuits [ 2 ]  have the charge redistribution problem as does the 
domino CMOS. The zipper CMOS [3] consumes a little dc 
power and requires a delicately designed zipper driver. The 
four-phase logic has the clock skew problem [4], [ 5 ] .  

In this paper, a new four-phase dynamic logic called the 
high-speed prechargedischarge CMOS logic (HS-PDCMOS 
logic) is proposed and investigated. This new logic can be used 
in the pipelined structure. The HS-PDCMOS logic has three 
mutually compatible versions that can be used in the same 
chip. The new logic can implement complex combinational 
logic function within a single gate and achieve an operation 
speed beyond 2.5 times higher than the conventional four- 
phase logic [4]. The more the logic complexity is, the more 
speed benefit the new logic has. Moreover, it is shown from 
both theoretical and experimental results that the pipelined 
structure of the HS-PDCMOS logic has no static power dissi- 
pation, clock skew, race, and charge redistribution problems. 

The circuit structure and the corresponding clock timing of 
the first version of the HS-PDCMOS logic is shown in Fig. 1 
where the logic gates can be divided into two types, i.e., type 1 
and type 3. The block N i  ( i  = 1,2 ,  3) in the NMOS tree is used 
to realize the logic function. The circuit has three operation 
phases, that is, charge/evaluate, evaluation, and dischargehold. 
When & and 412 are high in gate B, the circuit is in the 
discharge/hold phase. The path from V D ~  to node A is off 
whereas the paths from nodes B.C, and D to GND are on. 
Thus, the voltages at nodes B. C. and D are discharged to 0 
V. Since the PMOS P,, and the NMOS iVcl are off, the output 
node X is isolated from other nodes and can hold the previous 
data. When 4, and 4 1 2  go low, all the paths to GND in gate 
B are off and the output node X is precharged to Voo. This 
is the charge/evaluate phase of gate B. At this time, gate A 
driving gate B is in the discharge/hold phase and stable signals 
can be sent to the inputs of gate B from the charge/evaluate 
phase to the next phase, the evaluation phase. Therefore, the 
logic block N 3  of gate B behaves as a switching network 
and performs the desired logic function in the charge/evaluate 
phase. The logic values at nodes B and C can be obtained in 
the charge/evaluate phase and the logic functions fs  and fc 
at nodes B and C,  respectively, can be equated as 

(1) . fB = IC' = f i .3  

where ,fAv3 is the logic function performed by the switching 
block N3.  

is the 
evaluation Dhase. In this time interval T J ,  I', is tumed off and 
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Fig. 1. The circuit schematic and clock timing diagrams of the first version 
of the HS-PDCMOS logic. 

prechargehold phase with a stable output. Thus the circuit has 
no charge redistribution problem. The logic function obtained 
at output node X is 

The output function of node X is an inverting function 
of N 3 .  This verifies the correct logic function performed 
by this special circuit structure. Note that the evaluation 
network is separated from the network performing the logic 
function. Thus the evaluation path always consists of only 
two stacked NMOS transistors, i.e., N,1 and Np2 which 
enhance the operation speed. This is the difference between 
the proposed logic and the conventional four-phase logic. Due 
to this separation, the HS-PDCMOS logic has no race problem 
even when clock skew occurs. Moreover, the complex logic 
function can be implemented in a single gate to achieve a high 
operation speed. Meanwhile, wire routing complexity can be 
reduce efficiently. 

Since & is high in the evaluation phase, the PMOS P,, is 
off and the evaluated output value is not affected by input 
signals. After evaluation, the output logic value is still held 
constant throughout the next two phases when the clock & 
keeping high. 

In the time interval TI.& and 434 go low. The output node 
of gate A is precharged to 1/00 in this interval. The precharged 
output node of gate A tums on the NMOS in the logic tree 
N3 of gate B. But the evaluated logic value at node X of gate 
B is not affected by the precharging in gate A because node 
X has been isolated from the inputs as described previously. 
Thus, it is realized that the new dynamic four-phase logic 
has no precharge-race problem, i.e. no clock skew problem. 
In this phase, gate B begins to discharge the internal node 
charges inside the logic tree while holding the data at the 
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Fig. 2. The circuit schematic and clock timing diagrams of the 
second version of the HS-PDCMOS logic. 

output node X. This interval is called the discharge/hold phase 
of gate B. The three phases of operations, i.e., charge/evaluate, 
evaluation, and discharge/hold, proceed in sequence every four 
clock intervals. 

Gate A ( B )  is defined as the type-I (3) gate. The two 
types of gates should be connected alternatively in a system, 
thus forming an extensively pipelined structure. Static gates 
can also be mixed with this new dynamic gates if necessary 
to implement a logic function and this does not cause the 
precharge-race problem, i.e., no clock skew problem. In such a 
case, the basic operations described previously are not altered, 
but the discharge time may become longer due to the static 
gate delay. 

B. The Second Version of the HS-PDCMOS Logic 

The second version of the HS-PDCMOS logic is shown in 
Fig. 2. This version is derived from the first version of the HS- 
PDCMOS logic. As shown in Fig. 2, the HS-PDCMOS logic 
is separated into two units, the function unit and the driver 
unit. As shown in gate B, both units have their own precharge 
PMOS transistors P,1 and Pp2. Thus, the output capacitive 
load of the HS-PDCMOS logic is completely separated from 
the logic block N i .  The operational principle of the second 
version of the HS-PDCMOS logic is similar to that of the 
first version, since the second version has fewer control MOS 
transistors and the output capacitive load at the output node 
is completely separated from the logic block N i .  Thus, it is 
expected that the operation speed of the second version is 
faster than that of the first version. 

C. The Third Version of the HS-PDCMOS Logic 

In applying the dynamic logic in the pipelined structure, 
the maximum system operation frequency of the pipelined 
structure is limited by some worst-delay gates in the system. 
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Fig. 3 .  The circuit schematic and clock timing diagrams of the 
third version of the HS-PDCMOS logic. 

Thus, the overall system speed performance can be improved 
if the speeds of those gates are increased. Using this concept, 
it is helpful to develop logic gates with very high speed and 
low dc power dissipation and use them in those worst-delay 
gates. Thus, the overall operation frequency of the pipelined 
system can be raised with a little dc power dissipation. 

The gate connection and the corresponding clock timing of 
the third version of the HS-PDCMOS logic is shown in Fig. 3. 
Its operation speed is higher than the second version but with 
a small dc power dissipation. The primary structure difference 
between the third version and the second version of the HS- 
PDCMOS logic is that the evaluation NMOS transistor N,3 in 
the output driver of Fig. 2 has been removed. This does not 
affect the logic function. 

The circuit operations of the third version of the HS- 
PDCMOS logic is similar to the first version. As shown in 
Fig. 3, in the dischargehold phase of gate B, the paths from 

to nodes 21 and X are off and the path from node B to 
GND is on. The voltage at node B in this time is discharged 
to 0 V. In the charge/evaluate phase, all the input signals that 
are just evaluated and output from the preceding gates (type- 1 
gates) to gate B are constant from the charge/evaluate phase to 
the next phase, the evaluation phase. Thus, the logic value at 
node ZI can be obtained in the charge/evaluate phase and held 
to the next phase. In the evaluation phase, the PMOS device 
Ppl is turned off and the output logic function at output node 
X can be obtained as 

( 3 )  

If the logic value at node B is ZERO, there is no dc power 
dissipation. The output node X can be precharged to VDD 
and keep the voltage level at V D ~  correctly. If the logic vlaue 
at node B is ONE, the precharge device I',, of the output driver 
is tumed on in the charge/evaluate phase. The output driver 
has dc power dissipation in this phase. However, consider the 
voltage at node B. At the beginning of the charge/evaluate 

- -  
f-\- = .fl? = .f \-3. 

phase. the voltage at node B is 0 V. It will be verified later 
that at the end of the charge/evaluate phase, the node voltage 
at node B is charged to a voltage level below 2 V. Thus, in the 
charge/evaluate phase, the NMOS device N,1 is only slightly 
tumed on, so that the dc power dissipation is very small. Due 
to the weakly turned on N,1, the voltage at node X can only 
be precharged to about 2/3 Voo within a short time period. 

The speed improvement is achieved because the removal 
of the evaluation NMOS transistor Ne3 results in a smaller 
evaluation path resistance in the output driver. If the final 
output logic value at node X is ZERO, the output node x 
is only precharged to about 2/3 VDD in the charge/evaluate 
phase. In the evaluation phase, the output voltage at node X is 
discharged from 213 VDD to 0 V. Due to smaller voltage swing 
and evaluation path resistance in logic ZERO, the evaluation 
time can be reduced in the evaluation phase. Thus, using the 
third version of the HS-PDCMOS logic in the worst-delay 
gates of a pipelined system can improve the overall system 
speed performance. The cost paid for the high speed is the 
small dc power dissipation in the charge/evaluate phase. 

111. SPEED PERFORMANCE EVALUATION 

The maximum operation frequency of the new dynamic 
circuits depends on the total charge/evaluate, evaluation, and 
discharge time. Although the HS-PDCMOS logic requires 
some extra transistors stacked below the logic network, it 
will be shown later that the new dynamic circuit still spends 
less time in charge/evaluate, evaluation, and discharge than the 
conventional four-phase logic circuit. 

As shown in Fig. 1,  the longest charge-evaluate time is 
determined by the voltage level at node C ,  which should be 
charged. Because the evaluation path consists of only two 
stacked NMOS transistors (N,1 and Nr2),  the evaluation speed 
for the logic ZERO can still be very fast even when node c is 
only charged to 2.0 V or less at the end of the charge/evaluate 
phase. The circuit used for the simulation of the worst-case 
charge/evaluate time is shown in Fig. 4, which is an eight- 
input HS-PDCMOS NAND gate of the first version. The worst 
charge/evaluate case of gate A happens if initially the charges 
stored at the output node X and the intemal node 1-9 have 
been discharged completely in the previous discharge phase 
and in this phase the output node will be evaluated low. The 
charge/evaluate time t,, is defined as the time difference of 
t 2 ,  when node 10 is charged to 2.0 V, and t l ,  when the gate 
begins to charge. If the charge voltage at node 10 is higher than 
2.0 V, the evaluation speed of output node X will be faster in 
the evaluation phase. But it requires a longer charge/evaluate 
time t,, in the charge/evaluate phase. Thus, there exists a 
compromise between the speed in the charge/evaluate phase 
and in the evaluation phase. In this case, 2.0 V is chosen as 
the charge/evaluate voltage at node IO.  

As shown in Fig. 3, the evaluation path of the third version 
HS-PDCMOS logic consists of only two NMOS transistors 
N,1 and Ne2. Thus, the evaluation speed for the logic ZERO 
can be faster than the second version if the charge voltage is 2 
V at the gate of the NMOS transistor N,1.  Keeping the same 
evaluation speed as in the second version, the charge voltages 
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Fig. 4. The circuit used to determine the worst-case charge/evaluate time 
t ,  , of the HS-PDCMOS logic. 

at node B in the third version can be lower than 2 V. Thus 
the charge/evaluate phase can be made shorter to enhance the 
speed. 

After determining the charge/evaluate time, the worst dis- 
charge time and evaluation time are determined to find the 
overall speed performance. Consider the worst case for the 
discharge time as shown in Fig. 5 where all the input signals 
to gate B come from the preceding dynamic gates (type-1 
gates) through static inverter gates. When gate B enters the 
discharge/hold phase, gate A enters the charge/evaluate phase 
and the voltage at node X8 is pulled high. It pulls down the 
voltage at node Y8, which retards gate B to discharge its 
internal node charge. Thus the discharge of gate B cannot be 
completed in this charge/evaluate phase of gate A. In the next 
phase, gate B is still in the discharge/hold phase whereas gate 
A enters its evaluation phase. It is evident that the discharge 
of gate B can only be completed after all the preceding gates 
A complete their evaluation operation and the outputs (i.e., 
the inputs X - X g  to gate B) are stabilized. The worst-case 
discharge time of gate B is that the residual charges stored at 
the internal nodes of gate B from node 2 to the node 8 in Fig. 
5 should be removed because the input signals X2-X8 are 
stabilized at logic ZERO whereas is at logic ONE. Thus the 
required worst-case discharge time t d l s  of gate B is related 
to the time in the evaluation phase of gate A. This worst- 
case discharge time t d i s  of gate B is longer than the required 
evaluation time of gate A by the amount of static inverter delay 
plus the time interval for removing the stored charges at nodes 
2 to 8 in gate B. Since the worst discharge time is always 
longer than the evaluation time, only the worst discharge time 
is considered. As shown in Fig. 5 ,  the worst discharge time f d i s  

of gate E is defined as the time interval from the time when the 
preceding stage begins to evaluate to the time when the voltage 
at node 2 is pulled down to 0.5 V. At this time, the node 

t l  t2 

tdis = t2 - tl 

Gate A Gate B 
(Type- 1 ) (Type-3) 

Fig. 5.  The circuit used to determine [he worst-case discharge time f d , .  of 
the HS-PDCMOS logic. 

voltage at node 9 is as low as 0.05 V, which is small enough 
to turn off the NMOS transistor N,I. Note that if a longer 
discharge time is given, the voltages at nodes 2 and 9 can be 
lower. The resulting improvement in the circuit performance 
is very small but the speed performance is degraded. Thus 
we choose the above reasonable node voltages for high-speed 
applications. 

After determining the worst charge/evaluate time t,, and the 
worst discharge time t$ i s ,  the maximum operation frequency 
ftl,,, of the HS-PDCMOS logic is defined as 

IV. PERFORMANCE COMPARISONS 

To compare the speed performance of the HS-PDCMOS 
logic with that of the conventional four-phase dynamic logic, 
the longest precharge and evaluation times in the conventional 
four-phase dynamic logic should be determined. Fig. 6 shows 
the circuit structure and the corresponding clock timing of the 
conventional four-phase dynamic logic [4]. Fig. 7 illustrates 
the circuit condition that leads to the worst-case precharge 
time in the conventional four-phase logic. Since the input 
signals are available before the gate begins to precharge, the 
worst precharge case is that the lowest positioned input signal 
in a string of stacked NMOS transistors is held low while 
other input signals are held high during the precharge phase. 
Thus the PMOS transistor P, has to precharge the output node 
X and those internal nodes connected to the output node. In 
the evaluation phase, P, is tumed off while NtL is on. Then 
charge redistribution occurs between the output node and the 
internal nodes if the internal nodes are not precharged to their 
maximum extent and the output node is evaluated high. 
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Fig, 6. The circuit schematic and the clock timing diagrams of the conven- 
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Fig. 7. The circuit used to determine the worst-ca$e precharge time t,, of 

the conventional four-phase dynamic logic. 

It is found from simulation results that node 8 in Fig. 7 
should be at least precharged to 3.3 V at the end of the 
precharge phase in order not to cause serious corruption to 
the output node voltage due to the charge redistribution effect. 
Fig. 8(a) and (b) shows the simulation results. It is seen from 
Fig. 8(a) that the output voltage is seriously corrupted if node 8 
in Fig. 7 is precharged only to 3.0 V at the end of the precharge 
phase. In Fig. 8(b), node 8 is precharged to 3.3 V at the end 
of the precharge phase. Then the output voltage at node x, 
although it falls below 5 V in the evaluation phase due to the 
charge redistribution effect, is still kept at a tolerable level. 

As shown in Fig. 7. the worst-case precharge time t,, for 
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Fig. 8. SPICE simulation results showing the charge-redistribution effect 
in the conventional four-phase dynamic logic with node 8 shown in Fig. 7 
precharged to (a) 3.0 V and (b) 3.3 V at the end of the precharge phase. 

this test circuit is defined as the maximum value between the 
output rise delay time t,l and the rise delay time t,z at node 8, 
because dynamic circuits generally have a tighter requirement 
for noise immunity than the static circuits. The rise delay time 
t , . ~  of the output node is defined as the difference between the 
time when the clock q1 begins to fall and the time when the 
output node reaches 4.9 V. 

The worst evaluation case occurs when the output node 
is evaluated low in the evaluation phase. In such a case as 
shown in Fig. 9, the charges accumulated at the intemal nodes 
2-9 during the precharge phase should be removed through 
the very long signal path to ground. The evaluation time t,,,, 
defined in Fig. 9 is from t l  when the gate begins to evaluate, 
to t 2  when the voltage level of output node X is pulled down 
to 0.1 V. In the conventional four-phase logic, the maximum 
operation frequency can be formulated as 

Based on the 1.2-pm CMOS process, the speed comparisons 
on multi-input NAND gates (Fig. 4) between the HS-PDCMOS 
logic and the conventional four-phase dynamic logic are pre- 
sented in Table I where the SPICE simulated f,.?. f d z s ,  t,,., t ,  t , a l  

and fn lax  are listed. In Table I, all three circuit designs have 
no dc power dissipation. The simulated logic gate has a single 
fan-out load, and the SPICE MOS models of the 1.2-pm 
CMOS process are shown in Table 11. It is seen from Table 
I that the second version of the HS-PDCMOS logic is the 
fastest. The maximum frequency of the new dynamic circuit 
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TABLE I 
SPICE SIMULATION RESULTS OF t ,  ~ . f , j l h .  f,, . f ,  , ". AND fillax FOR THE 

MULTIFINPUT NAND GATES OF THE FIRST-VERSION HS-PDCMOS 
LOGIC, SECOND-VERSION HS-PDCMOS LOGIC, A N D  CONVENTIONAL 

FOUR-PHASE LOGIC WITH DIFFEREYT NUMBERS OF STACKED NMOS DEVICES 

TABLE 111 
SPICE SIMIJLATION RESULTS OF t ,  , . t,fi 9. fill&, AUD AVERAGE POWER 

HS-PDCMOS LOGIC A N D  THE SECOND-VERSIOL HS-PDCMOS LOGIC 
DISSIPATIO? Pd FOR THE MULTIFINPUT NAND GATES OF THE THIRD-VERSION 

P d  : Average power dissiaption (mW at 50 MHz) 

( tce tdis :ns ; fmax :MHz) 

(Ice tdis tpr teva :ns ; fmax :MHz) 

TABLE 11 
THE SPICE MOS MODELS OF THE 1.2-pm CMOS PROCESS 

NMOS MODEL 
.MOOEL NMOS NMOS LEVEL=) 
VTO =0.840 U0 =561 NFS =729.1G TOX =25N 
NSUB =1.90E16 VMAX =122.9K R S  =43.25 RD =43.25 
RSH =46 XJ =460N LO =110.6N OELTA=O.E 

THETA=69M ETA =157.9M KAPPA=O PB =724.4# 
WD =-100N CJ =183.30 MJ =617.8M CJSW =303.1P 
MJSW =240.8M 

PMOS MODEL 
.MOOEL PMOS PMOS LEVEL=3 
VTO =-0.940 U0 =205 NFS =?.E12 TOX =25N 
NSUB =3.57E16 VMAX =662.9K RS =10 RO =10 
RSH =65 XJ =500N LD =54N DELTA=1.006 
THETA=165M ETA =224.2M KAPPA=22.6 PB =1.26 
WD =O CJ =231.2U MJ =336.4M CJSW =1.444N 
W S W  =662.0M 

Fig. IO. Chip photograph of the fabricated test circuits of the second-version 
HS-PDCMOS logic. They include (a) the cascaded 15-input NAND gates, and 
(b) the 4-b carry generator. 

and average power dissipations of the second-version HS- 
PDCMOS and the third-version HS-PDCMOS logic are listed 
in Table I11 for comparisons. Note that in obtaining the time 
tee. the voltage at node B in Fig. 3 is precharged to 1.8 V 
in the charge/evaluate phase. Thus the charge/evaluate time 
of the third-version HS-PDCMOS is shorter than that of the 
second version. 

is about 2.5 to 3 times higher than that of the conventional 
four-phase dynamic logic circuit. Moreover, the more the logic 
complexity is, the more speed benefit the HS-PDCMOS logic 
has. 

Another design of the HS-PDCMOS logic is the third 
version of the HS-PDCMOS logic. This logic consumes a 
little dc power dissipation in the charge/evaluate phase and the 
operation frequency can be enhanced. The speed performances 

V. EXPERIMENTAL VERIFICATIONS 

Several experimental circuits were designed and fabricated 
to verify part of the simulated results of the HS-PDCMOS 
logic circuits. This experimental chip was fabricated in a 1.2- 
pm, double-metal single-poly, n-well CMOS process. The test 
circuits for the second version of the HS-PDCMOS logic are 
two cascaded pipelined 15-input NAND gates and a 4-b carry 
generator. Fig. 10(a) and (b) shows the chip photograph of the 
test circuits. The test logic gates have a single fan-out load. 
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Fig. 11. Measurement results of the fabricated 15-input HS-PDCMOS NAND gates. This circuit is operated at 60 MHz with a large clock skew between 
each clock signal. 

. . . . . . . . . . . . . . . . . . . . .  
09 ::E . . . . . . . . . . . . . . . . . . . . .  

8 5.12 ++++++ ++++++ 
$ 4.87 . . . . . . . . . . . . . . . . . . . . .  
3 ::E . . . . . . . . . . . . . . . . . . . . .  

::% . . . . . . . . . . . . . . . . . . . . .  

5.75 . . . . . . . . . . . . . . . . . . . . .  
5.62 . . . . . . . . . . . . . . . . . . . . .  
5.50 . . . . . . . . . . . . . . . . . . . . .  
5.37 . . . . . . . . . . . . . . . . . . . . .  
5.25 . . . . . . . . . . . . . . . . . . . . .  
5.00 ++++++ PASS ++++++ 

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  
4.25 . . . . . . . . . . . . . . . . . . . . .  
4.12 - . . . . . . . . . . . . . . . . . . . .  
4.00 - - -  ++++++++++++++++++ 
3.87 - - - -  +++++++++++++++++ 
3.75 
3.62 
3.50 . . . . . . . . . . . . . . . . . . . . .  
3.37 _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _  

- _ _  - _ _  +++++++++++++++ 
- - - - - - - - +++++++++++++ 

4.0 5.0 6.0 
(ns) 

Pulse Width of Clock 

VDD T 

I 3 i T  
Fig. 12. Shmoo plot of the fabricated 15-input HS-PDCMOS NAND gates. GND 1 1 

Fig. 13. The circuit of 4-b carry generator implemented by the second-version 
HS-PDCMOS logic. 

From the measurement results in Fig. 11, the fabricated 15- 
input HS-PDCMOS NAND gates can work with a four-phase 
clock rate of 60 MHz. Through suitable tuning on the delay and 
pulse widths of the four clock signals, the clock delay among 
each clock line can be formed as shown in Fig. 1 1. Such clock 
waveforms with skews can be used to test the immunity of the 
fabricated circuit to the clock skew. From the measurement 

because Of too many series 
The other test circuit is a HS-PDCMOS 4-b carry generator 

as shown in Fig. 13. The measured maximum clock rate is 
147 MHz. 

VI. CONCLUSIONS 
results in Fig. 11, it is shown that the HS-PDCMOS logic can 
tolerate considerable clock skew. 

Since the charge/evaluate level and the speed of the HS- 

In this paper, new four-phase dynamic logic circuits called 
HS-PDCMOS logic circuits are proposed and analyzed. The 
new logic circuits have three versions. Two of them have no 

PDCMoS logic are affected by the power the 
time t C p  Of the HS-PDCMoS logic and the 

'peration frequency are supply-dependent, To investigate the 

dc power dissipation, The third version consumes a small dc 
power dissipation, but it has a higher operation speed than the 
other two. The three new HS-PDCMOS logic versions can be 

dependence, the shmoo plot of the 15-input Second version 
HS-PDCMOS NAND gates is measured and shown in Fig. 12 
where the L-axis represents the pulse width of the clock signal 
4 3 ,  i.e., the charge/evaluate time, and the y-axis represents the 
power supply VDD changing from 3.37 to 6.0 V. As the power 
supply voltage decreases, the charge/evaluate time of the HS- 
PDCMOS logic increases, which leads to the decrease of the 
operation clock rate. When the power supply is below 3.5 V, 
this test circuit of the 15-input NAND gates cannot function 

used in the Same chip. As compared to the conventional four- 
phase dynamic logic, the operation speed of the HS-PDCMOS 
logic is 2.5 to 3 times higher. Moreover, the new logic has 
no clock skew, race, and charge redistribution problems. The 
static gates can also be mixed with these new dynamic circuits 
if necessary to implemented a logic function without the 
precharge-race problem. This increases the design flexibility. 
The performance of the proposed HS-PDCMOS logic has been 
partly verified by an experimental chip. 

- 
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