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A New True-Single-Phase-Clocking BICMOS
Dynamic Pipelined Logic Family for High-Speed,
Low-Voltage Pipelined System Applications

Yuh-Kuang Tseng and Chung-Yu Wéellow, IEEE

Abstract—New true-single-phase-clocking (TSPC) BiCMOS/ problem can be solved by using dynamic circuit techniques.
BINMOS/BiIPMOS dynamic logic circuits and BICMOS/BINMOS  The resulting BICMOS dynamic logic circuits can retain the
dynamic latch logic circuits for high-speed dynamic pipelined high-performance features of BICMOS and have smaller chip

system applications are proposed and analyzed. In the proposed . L . . .
circuits, the bootstrapping technique is utilized to achieve fast area than the static circuits. Using the dynamic BiCMOS

near-full-swing operation. The circuit performance of the pro- l0gic, high-speed BiCMOS pipelined circuits can be realized
posed new dynamic logic circuits and dynamic latch logic circuits for various applications. They can also be used with CMOS
in both domino and pipelined applications are simulated by using pipelined logic to form an optimal pipelined logic system.

HSPICE with 1-pm BiCMOS technology. Simulation results have Recently, many BICMOS dynamic logic circuits have been

shown that the new dynamic logic circuits and dynamic latch - . . o
logic circuits in both domino and pipelined applications have proposed [2]-[5]. In the BICMOS dynamic logic circuits

better speed performance than that of CMOS and other BiCMOS  Proposed in [2]-[4], the N-P domino circuit structure with
dynamic logic circuits as the supply voltage is scaled down to alternatively connected N-cell and P-cell [6], [7] is adopted.

2 V. The operating frequency and power dissipation/MHz of But the high-speed pipelined operation is not considered.
the pipelined system, which is constructed by the new clock- \joreqver, these BICMOS dynamic circuits require a true-two-

high-evaluate-BiCMOS dynamic latch logic circuit and clock-low- h lock i | which i lock desi lexit
evaluate-BiCMOS (BiINMOS) dynamic latch logic circuit, and the ~PNaS€ ClOCK Signal, which Incréases clock design compiexity

logic units with two stacked MOS transistors, are about 2.36 (2.2) and chip area. As the supply voltage is scaled down, the speed
times and 1.15 (1.1) times those of the CMOS TSPC dynamic logic of some BiCMOS dynamic logic circuits [2], [3] is degraded

under 1.5-pF output loading at 2 V, respectively. Moreover, the sjgnificantly due to thé4,. loss in the output voltage swing
chip area of these two BICMOS pipelined systems is about 1.9 [8]. In the BICMOS domino circuit proposed in [5], only a

times and 1.7 times as compared with that of the CMOS TSPC h high P-cell i dto f the domi ircuit f
pipelined system. A two-input dynamicAND gate fabricated with precharge hig -cell 1S used to Torm the domino circuit for

1-pm BIiCMOS technology verifies the speed advantage of the 1.5-V operation. However, if the logic function is complex,
new BINMOS dynamic logic circuit. Due to the excellent circuit especially for dynamicor gate implementation, the speed

performance in high-speed, low-voltage operation, the proposed performance of the proposed logic is degraded due to the
new dynamic logic circuits and dynamic latch logic circuits are <o of the PMOS logic unit. Moreover, the pipelined system
feasible for high-speed, low-voltage dynamic pipelined system . . . . !
applications. operation is not considered in [5].
_ o ) In this work, new true-single-phase BICMOS/BINMOS/
d Index -'l—e”."s_.B'C.MOS p'p.e"“led ?’Stemi IO\Ly-voIt_ng?DglCMOS BiPMOS dynamic logic circuits [9] and BICMOS/BINMOS
ynamic logic circuits, true single-phase clocking ( ) dynamic latch logic circuits for the design of BIiCMOS
pipelined logic circuits are proposed and analyzed. In the
|. INTRODUCTION proposed new logic circuits, the true-single-phase clocking

iCMOS technology has been widely applied to the ddJSPC) scheme is used so that the clock driving and
Bsign of memories and high-performance very-Iarge-sce{-?éSt“bUt'on are simple and less chip area is .occupled.by clock
integrated circuit (VLSI) logic due to its advantageous fednes [10]-{19]. Furthermore, the bootstrapping technique [4],
tures of high speed, high driving capability, and low powdP]: [20], [21] is used to obtain fast operation and near-
dissipation [1]. In the design of conventional BICMOS statifll-swing output. It is shown that under 2-V operation, the
logic circuits, extra PMOS devices should be used with NMOEW BICMOS dynamic logic circuits and latch logic circuits,

devices to realize logic functions. As a consequence, tfé Well as the formed new pipelined logic circuits, have
chip area is large, especially in complex logic. Also, botRetter speed performance than both conventional BICMOS

power dissipation and speed performance are degraded. Bfld CMOS design. . o
In Section Il, the circuit structure and operational princi-

. . . _ J)Ie of the new BiCMOS/BINMOS/BIPMOS dynamic logic
Manuscript received October 20, 1997; revised October 27, 1998. Thiswork . . . . .
was supported by the National Science Council, Taiwan, R.O.C., under Gr&rlﬁcwts are described. The circuit structure of the new BiC-
NSC87-2215-E-009-028. MOS/BINMOS dynamic latch logic circuits and design con-
The authors are with the Institute of Electronics and Department @iderations of pipelined structure on the new circuits are

Electronics Engineering, National Chiao-Tung University, Hsin-Chu, Taiwan . . .
300 R.O.C. (e_?na”: p89]].11824@alab.ee.nctu?edu.tw). Y also presented in Section lll. In Section IV, the HSPICE

Publisher Item Identifier S 0018-9200(99)00415-1. simulation results are presented to verify the performance of

0018-9200/99$10.0Q1 1999 IEEE



TSENG AND WU: TSPC BICMOS LOGIC FAMILY 69

vdd vdd

T I E
CLK —{>o———<1 MP2

MP3 F oq e Vout

Vin, 4' EVINn =
NMOS Logic Unit —» 2 1 CLK_4 MP4
CLK —‘ MN2 Lo<}-o<-¢ Vout PMOS Logic Unit —»
Vinl 4 L‘Mpl

\./'mn -4 EMPn
{BNé Q2
CLK —{ MN2

@) (b)

Ql
. NR1
° y Vout
NMOS Logic Unit — }

(©

Fig. 1. The circuit structure of (a) the CHE-BINMOS dynamic logic circuit, (b) the CLE-BiPMOS dynamic logic circuit, and (c) the CLE-BiINMOS
dynamic logic circuit.

new BiCMOS dynamic logic circuits and BICMOS/BINMOScircuit is evaluated when the clock is high (low). Thus, it
dynamic latch logic circuits. Comparisons to other BICMO$ called the clock-high (low)-evaluate-BiINMOS (BiPMOS)
and CMOS dynamic circuits are also made. Experimenf@HE(CLE)-BINMOS (BiPMOS)] dynamic logic. In Fig. 1(c),
results are demonstrated in Section V to further verify the precharge-low device is NMOSFET, whereas the logic
performance of some proposed logic circuits. Conclusions ajigcuit is evaluated when the clock is low and precharged

given in Section VI. low when the clock is high. Thus, it is called the clock-
low-evaluate-BiINMOS (CLE-BiINMOS) dynamic logic. These
Il. NEw TSPC BiCMOS IYNAMIC LOGIC circuits can be used to form the domino circuit where the

According to the circuit structure of the load driver, th@recharge time is not critical. The CHE-BiINMOS and CLE-
proposed dynamic logic circuits in BICMOS technology caBiPMOS dynamic logic circuits can also be used in the
be divided into two types, namely, BINMOS/BiIiPMOS logicpipelined structure where the output load of the pipelined logic
and BiCMOS logic. In BINMOS/BiPMOS dynamic logic, gate is medium.
the precharge-low (high) operation is performed by NMOS The operation of the CHE-BiNMOS dynamic logic circuit in
(PMOS) devices. In Fig. 1(a) and (b), the precharge-loftig. 1(a) can be divided into two phases, namely, the precharge
(high) device is NMOSFET (PMOSFET), whereas the logiphase and the evaluation phase. During the precharge phase,
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the clock is pulled low and node 1 is pulled high. Thus, MN6 In the evaluation phase with CLK low, MP2 and MN2 are
is turned on, and the output is pulled down to the ground levélirned off, whereas MP4 is turned on. The PMOS MP3 is
At the same time, the PMOS MP2 is turned off, whereas thséill kept on by the precharged high output signal through
NMOS MNS5 is turned on. Thus, the excess minority chargdise inverter 12. If all inputs to the PMOS logic unit are low,
in the base of Q1 are discharged and Q1 is turned off. Q2 is turned on by the PMOS logic unit to pull down the
During the precharge phase, the internal-node prechaméput voltage. Since Q2 is driven from forward active region
transistors MN; to MN,, can be turned on to charge theo saturation region, the output voltage can be driven to the
internal nodes of the NMOS logic unit fg,4—V;,, whereV;, ground level. Hence, the full-swing operation can be achieved.
is the threshold voltage of NMOS transistors with the bodét the end of the output pulldown transition, MP3 is turned
effect. This nonfull-swing internal-node precharging techniquef by the inverter 12. Thus, the extra power dissipation after
[5], [9] is different from the conventional multiple precharginghe pulldown transition can be avoided.
internal-node technique [22], which precharges the internalThe CLE-BINMOS dynamic logic circuit shown in Fig. 1(c)
nodes toVyy by PMOS transistors. Precharging .-V, is suitable for domino circuit structure. The operational prin-
can enhance the evaluation speed while avoiding the chargiple is described as follows. During the precharge phase, the
sharing problem during the evaluation period. clock is pulled high and the output volta@g,; is pulled down
In the evaluation phase with CLK high, MP1 is turned offto the ground level. At this time, the output of the static CMOS
MN2 is turned on, and MP3 is still kept on by the prechargetor gate is low to turn on MP1, and thus, MP2 is turned off. In
low output signal through the two inverters 11 and I2. If aladdition, MN5 is turned on, which discharges the base of Q1.
inputs to the NMOS logic unit are high, node 1 is pulled lowhus, Q1 is turned off. In addition, the internal-node precharge
to turn off MN5 and turn on MP2. Thus, QL1 is turned on tdransistors MN; to MN,,, are turned on to charge node 1 and
pull up the output voltage. This high output voltage makes theternal nodes of the NMOS logic unit t&;,,—V;,. This can
output of 12 high to turn off MP3. As a result, the base o&void the charge-sharing problem during the evaluation period.
Q1 is isolated from the circuit to confine the excess minority In the evaluation phase with CLK low, MN6, MN5, and
charge in the base. Due to the capacitive coupling betweliN,,; to MN,, are turned off, whereas MN2 is turned on
gate and drain of MP3 and between output node and basebgfthe NOR gate NR1 with two inputs low. If all inputs to
Q1, the base voltage of Q1 can be bootstrapped up beydhd NMOS logic unit are high, MP2 is turned on and Q1
Vaa, and thus, the output can be pulled up nearlyig [4], pulls up the output voltage. When the output voltage is high
[9]. Thus, the fast near-full-swing operation can be performamhough, the output of the feedbaskbr gate NR1 is pulled
at a considerably higher speed than by using the feedbdow to turn on MP1 and turn off MN2. Thus, MP2 is turned
technique [3]. This bootstrapping technique [4], [9] has amff immediately. As a result, the base of Q1 is isolated from
operation voltage limit at 2 V [4]. As the supply voltage ighe circuit to confine the excess minority charges in the base.
reduced below 2 V, the CHE-BINMOS dynamic logic circuitSimilar to the operation of the CHE-BINMOS dynamic logic
cannot achieve fast near-full-swing operation. circuit, the output voltage of the CLE-BINMOS dynamic logic
The operational principle of the CLE-BIPMOS dynamicircuit can be pulled up close t6,q.
logic circuit shown in Fig. 1(b) is described as follows. During The other type of proposed dynamic logic is called the BiC-
the precharge phase, the clock is pulled high and MP2 is turnéd@®S dynamic logic circuit. Fig. 2(a) and (b) shows the clock-
on by the inverter 11 to pull up the output i¢.4. At the same high-evaluate-BiCMOS (CHE-BICMOS) [clock-low-evaluate-
time, MP4 is turned off, whereas MN2 is turned on. Thus, therecharge-high-BiCMOS (CLEPH-BICMOS)] dynamic logic
excess minority charge in the base of Q2 is discharged arictuit, which is evaluated during the clock high (low) period.
Q2 is turned off. Note that the inverter I1 and MN2 shoul#vhen the CHE-BICMOS logic in Fig. 2(a) is in the precharge
be optimized to make Q2 turned off before MP2 is turned ophase, the clock is pulled low and MP5 is turned on. If the
Thus, the short-circuit current through MP2 and Q2 during thpgrevious state of the output is high, MP4 is in the “on” state
clock pull-high transition can be avoided. and MN3 is off because of the low feedback signal at the
In the precharge phase, MP4 is turned off by the cloakutput of the inverter I11. Thus, Q2 is turned on to pull down
signal to eliminate the dc power dissipation problem whewsutput voltage. Since MP4 and MP5 provide a direct path from
all the inputs of the CLE-BIPMOS dynamic logic circuit areVy, to the base node of Q2, the turn-on time of Q2 is short
driven by logic-low signals during the precharge period in thend the output voltage can be discharged rapidly. When output
pipelined system. If the CLE-BIiPMOS dynamic logic circuitvoltage is pulled low enough, MP4 is turned off and MN3 is
is adopted in the domino circuit structure as an internal gatarned on by the feedback inverter 11, and the base node of
all the inputs of the CLE-BIPMOS dynamic logic circuit areQ2 is discharged. Therefore, Q2 saturates transiently, and full-
precharged high by the previous stage. Thus, the PMOS M&4ing pulldown operation can be achieved. Other operations
can be removed to enhance the evaluation speed. As a resflthe CHE-BICMOS dynamic logic are the same as those of
this circuit is similar to that proposed in [5]. Moreover, thehe CHE-BINMOS dynamic logic circuit.
charge-sharing problem can be avoided by adding an NMOSWhen the CLEPH-BICMOS dynamic circuit of Fig. 2(b) is
predischarge transistor in the pulldown section where the dramthe precharge phase, the clock is pulled high. At this time,
node and the gate node of this NMOS transistor are connecMB5 is turned on, whereas MN3 is turned off by the inverter
to the base node of Q2 and the gate node of MP1, respectivély, If the previous state of the output is low, MP2 is in the
as discussed in [5]. “on” state. Thus, Q1 is turned on to pull up the output voltage.
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Fig. 2. The circuit structure of (a) the CHE-BICMOS dynamic logic circuit, (b) the CLEPH-BICMOS dynamic logic circuit, and (c) the CLE-BICMOS
dynamic logic circuit.

When the output voltage is high enough, MP2 is turned off dhat in the CHE-BICMOS dynamic logic. In the evaluation
13. As a result, the base node of Q1 is isolated from the circyghase of the CLE-BICMOS dynamic logic, the operation is
to confine the excess minority charge in the base. Similar to tidentical to the CLE-BINMOS dynamic logic because they
operational principle of the CHE-BICMOS/BINMOS dynamichave identical pullup circuits.
logic, the output voltage can be pulled up to nedrly. In the Since the outputs of the proposed CHE-BICMOS/BINMOS
evaluation phase of the CLEPH-BICMOS logic, the operaticand CLE-BIiCMOS/BINMOS (CLE-BiPMOS and CLEPH-
is identical to the CLE-BiPMOS because they have identicBICMOS) dynamic logic circuits are precharged to low
pulldown circuits. (high) and they all use NMOS (PMOS) logic units, the
In the CLE-BICMOS dynamic logic circuit of Fig. 2(c), the CHE-BICMOS/BINMOS and CLE-BIiCMOS/BINMOS (CLE-
precharge-low operation when the clock is high is similar BBiPMOS and CLEPH-BICMOS) dynamic logic circuits can
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be cascaded directly to form the BIiCMOS domino circuis shown in Fig. 3(b), where 11 and I3 are small-size CMOS
systems. static latches. In the precharge-and-hold phase, the clock is
pulled high. Thus, MP4 is turned off and MN3 is turned on.
This turns off the bipolar transistor Q2. At the same time,
. NEw TSPC BiCMOS/BINMOS FPELINED LOGIC MN1 is turned on to discharge node 1 to ground and turn

To develop a complete BiCMOS dynamic logic familyoff MN2. Also, MP2 is turned off by the clock signal. This
for pipelined systems, three new BiICMOS/BINMOS dynamifakes the base node of Q1 in the floating state retain the
latch logic circuits that use an N-logic unit or a P-logic unit aréoff” state of Q1 in the previous evaluation phase. Because
proposed. The circuit diagram of the new BiCMOS dynamieoth Q1 and Q2 are in the “off” state, the output node holds
latch logic with the N-logic unit is shown in Fig. 3(a), wherehe previous state.
the output data are evaluated when the clock is high. Thus, itign the evaluation phase, the clock is pulled low. If the
called the clock-high-evaluate-BICMOS dynamic latch logidrevious state is high, MP5 is on and MP3 is off. If all inputs
In the precharge-and-hold phase, the clock is pulled low atl the PMOS logic unit are low, node 1 is pulled high to
MP1 is turned on to precharge the node Tg@. Thus, MP2 turn off MP1 and turn on MN2. Thus, the base node of Q1
is turned off and MN1 is turned on. Meanwhile, the outpus discharged and Q1 is turned off. At the same time, Q2 is
of the feedbackianD gate NA1L is high to turn off MP3 and turned on by the PMOS logic unit and the output voltage is
turn on MN2. Thus, the bipolar transistor Q1 is turned ofpulled down to ground. Note that MN2 and both PMOS logic
by MN1, whereas Q2 is turned off by MN2. Because bottnits in the pullup and pulldown sections should be optimized
Q1 and Q2 are turned off, the output node holds the previoigsmake Q1 turned off before Q2 is turned on. Thus, the short-
state. In the precharge-and-hold phase, the output voltageifguit current through Q1 and Q2 during the output pulldown
held by the small-size CMOS static latch composed of tligansition can be avoided. At the end of the output pulldown
feedback inverters 12 and 13 to avoid charge leakage probleff@nsition, MP5 is turned off by the inverter I1. Thus, the extra
and increase noise immunity. power dissipation after the pulldown transition can be avoided.

In the evaluation phase, the clock is pulled high. If thi at least one of the logic inputs is high, the precharge state
previous output state is high, the output of NA1 is pulled lovs retained and the output holds the previous high state.
to turn on MP3 and turn off MN2. Meanwhile, if at least one of If the previous state is low in the evaluation period, MP3
the logic inputs is low, node 1 remains high and MN3 is still it turned on by the inverter 12. If at least one of the logic
the “on” state. In this case, Q2 is turned on to pull doWgp, inputs is high, node 1 remains low and the output is pulled up
immediately. Since Q2 is driven from forward active regioto nearly Vyq in a similar way as that in the CHE-BICMOS
to saturation region, the output voltage can be driven to thlgnamic latch logic circuit. On the other hand, if all inputs to
ground level. Hence, the full-swing operation can be achievagtie PMOS logic unit are low, node 1 is pulled up to turn off
At the end of the output falling transition, node 2 is pulled upIP1. In addition, MN2 is turned on to keep Q1 in the previous
by NA1 and MP3 is turned off. This can eliminate the extraff state. Thus, the output node holds the previous low state.
current from power supply through MN3, MP3, and Q2 to The pulldown part of the CLE-BICMOS dynamic latch
ground. Thus, the extra power dissipation after the pulldowagic in Fig. 3(b) can be replaced by a simple NMOS device
transition can be avoided. In addition, MN2 is turned on teontrolled by the node 1 voltage, as shown in Fig. 3(c). The
discharge the excess minority charges in the base of Q2, afrguit of Fig. 3(c) can implement a similar latched logic
thus, Q2 is turned off. On the other hand, if all logic inputfunction as the CLE-BICMOS dynamic latch logic and is
are high in the evaluation phase, node 1 is pulled down ¢alled the CLE-BINMOS dynamic latch logic.
the ground level to turn on MP2 and turn off MN3. Thus, Q2 There are two kinds of race problems in CMOS pipelined
remains in the “off” state and output voltadé, still holds systems, namely, precharge race and clock-skew race [6]. The
the previous high state. precharge operation of the conventional CMOS dynamic logic

In the evaluation phase, if the previous state is low, thdrcuits under the slow-transition clock operation could lead
output of NA1 is high and MP4 is turned on by the inverteto the precharge race, which results in the failure operation
11 in the previous phase. If all logic inputs to the NMOS logi¢24]. Fig. 4 shows HSPICE-simulated output voltages of both
unit are high, node 1 is pulled down to the ground level to tua CMOS TSPC dynamic logic circuit [23] and a new BiCMOS
on MP2 and turn off MN1. Thus, Q1 is turned on to pull uglynamic latch logic circuit under 45-ns clock slope. It is
the output voltage. When the output voltage is high enougsgen that the CMOS TSPC dynamic logic circuit cannot hold
node 2 is pulled down by NA1 and MP4 is turned off by I1the output level due to the precharge race, whereas the new
As a result, the base node of Q1 is isolated from the circuit BICMOS dynamic latch logic circuit can. Thus, the precharge-
confine the excess minority charge in the base. Similar to thece immunity of the new circuit is improved.
operational principle of the CHE-BICMOS/BINMOS dynamic Although theNAND gate NAL in the CHE-BICMOS dy-
logic, the output voltage can be pulled up nearlyifg. If at namic latch logic circuit of Fig. 3(a) is driven by the clock
least one of the logic inputs is low, node 1 remains high. #ignal and the output signal to control the node 2 voltage
can be analyzed similarly that both Q1 and Q2 are in the “offd achieve hold and pulldown operations, the clock-skew
state and the previous low output state is held. immunity is not degraded because the clock signal drives the

The new BIiCMOS dynamic latch logic with the P-logic unitevaluation device directly. Since the new BiCMOS dynamic
is called the clock-low-evaluate-BiCMOS dynamic latch logidatch logic uses the true-single-phase clock, the clock-skew
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Fig. 3. The circuit structure of (a) the CHE-BICMOS dynamic latch logic circuit, (b) the CLE-BICMOS dynamic latch logic circuit, and (c) the
CLE-BINMOS dynamic latch logic circuit.

race can be avoided by using the same techniques as in dhernatively in the pipelined structure. In the CLK-HIGH
CMOS TSPC pipelined systems [23].

Generally, the BICMOS TSPC pipelined system with thkagic circuit. Since the proposed BiCMOS dynamic logic is
precharged dynamic circuit technique consists of two differefutlly compatible with the CMOS dynamic logic, the basic
types of pipelined sections, namely, CLK-HIGH section anblock in the CLK-HIGH section can be the CMOS TSPC
CLK-LOW section. The two sections must be connecteld-block [23] if the output load is not heavy. If more logic

section, the basic block is the CHE-BICMOS dynamic latch
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Fig. 4. HSPICE-simulated output waveforms of CMOS TSPC logic and new

BICMOS dynamic latch logic under 45-ns clock slope. NA1, Q2 remains in the “off” state and the output holds the
previous high state. Thus, the dip phenomenon does not occur.
functions or more stages are to be implemented in the sathés found that if only one CHE-BIiCMOS (CLE-BICMOS)
section, CHE-BICMOS or CHE-BINMOS dynamic circuits aslynamic latch logic circuit is adopted in the CLK-HIGH
well as CMOS N-logic precharge dynamic circuits with outpu{CLK-LOW) section, the dip phenomenon and, thus, its extra
static inverter can be connected to the basic block, as showrpower dissipation can be avoided when the number of stacked
Fig. 5(a). When driven by CHE-BICMOS, CHE-BINMOS, orMOS devices in the logic unit is smaller than three.
CMOS N-logic precharge dynamic circuits with output static If more logic functions or more stages are to be implemented
inverter, the charge-sharing problem may occur in the CHiE+ the CLK-HIGH section, the pulldown delay at node 1 is
BiCMOS dynamic latch logic, as in the case of CMOS TSPE€qual to the total evaluation delay of the previous stages plus
dynamic circuits. This problem can be avoided by using thiee pulldown delay of the logic unit in the CHE-BICMOS
same techniques described in the previous section. Direatlynamic latch logic. If the pulldown delay at node 1 is large
cascadable with CMOS dynamic circuits makes the BICMO&hough, Q2 is turned on by MN3 and MP3 to pull down the
pipelined system more flexible in delay with different capacbutput voltage below the logic threshold of NA1. Thus, MP4
tive load and achieving the optimal performance. can be turned on by the inverter 11, and the output voltage can
Similarly, the CLK-LOW section consists of CLE-BICMOShbe recovered by Q1 when the voltage at node 1 is pulled low.
(CLE-BINMOS) dynamic latch logic circuit and CMOS TSPC If the pulldown delay is not large enough and the output
P-block [23] as the basic block, which may be driven by CLEroltage cannot be pulled down below the logic threshold
BiPMOS (CLEPH-BICMOS) dynamic circuit or CMOS P-of NA1 by Q2, MP4 is still in the “off” state. The output
logic precharge dynamic circuit cascaded with an output statioltage level cannot be recovered. This will result in a failure
CMOS inverter, as shown in Fig. 5(b). The charge-sharirgperation. In this case, an extra PMOS transistor should be
problem of the CLE-BIiCMOS (CLE-BiINMOS) dynamic latchshunted with Q1 of the CHE-BICMOS dynamic latch logic,
logic circuit driven by other dynamic circuits can be avoideds shown in Fig. 3(a), to solve this problem. The gate node
by using the same techniques as in the CLE-BiPMOS dynanutthe PMOS device is connected to node 1. With the PMOS
logic circuit. device, the output voltage can be recovered, and the resultant
The output dip phenomenon is a common problem favaveform of the dip phenomenon is shown in Fig. 6, where
precharge circuits [23]. Such dips at the output nodes thfe unrecoverable output voltage of the latch logic without
the latches result in more power dissipation under heattye PMOS device is also shown for comparison. Similarly, an
loading conditions. Thus, the dip problem of CHE-BICMO&xtra NMOS transistor should be added to the CLE-BICMOS
(CLE-BICMOS) dynamic latch logic should be considereddynamic latch logic, as shown in Fig. 3(b), to solve this
During the precharge phase of CHE-BICMOS dynamic latgbroblem.
logic, as shown in Fig. 3(a), node 1 is precharged high andTo provide a design guideline in choosing new BiC-
MP3 is turned off by theNanD gate NALl. When the clock MOS/BINMOS/BIPMOS dynamic logic circuits or CMOS
signal makes a low-to-high transition and the previous outpptecharge dynamic circuits to form a BICMOS pipelined
state is high, MP3 is turned on by NA1l in the evaluatiosystem with optimal performance, the evaluation time of
phase. If the pulldown delay at node 1 is shorter than that thiese dynamic circuits is minimized through optimal device
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Fig. 6. HSPICE-simulated output waveforms of CHE-BICMOS dynamic
latch logic with and without PMOS transistor. 5.5
50 4 —&— CLEPH-BiCMOS dynamic logic circuit
dimension design, and the precharge time is designed to be ~ | —A— CLE-BiPMOS dynamic logic circuit
. . . —— P-logic dynamic circuit cascaded with
the same as the evaluation time. Then the delay times of 45 | an inverter buffer
the BICMOS/BINMOS/BIPMOS or CMOS dynamic circuits Vdd=2Vv

are compared. Fig. 7(a) shows the HSPICE-simulated delay_ 4.0 -
times versus load capacitance for a CMOS N-logic prechargeﬁ
dynamic circuit with an output static CMOS inverter buffer,
CHE-BICMOS, and CHE-BINMOS dynamic logic circuits,
all with two stacked MOS devices in the logic unit. As may
be seen from Fig. 7(a), if the load capacitance is smaller than™ 25 |
0.5 pF, the CMOS N-logic precharge dynamic circuit with an
inverter buffer should be used to obtain a higher speed. It can 2.0
also be seen that the average speed performance difference
between CHE-BICMOS dynamic logic and CHE-BINMOS 159
dynamic logic as the load capacitance increases from 0.5 to
3 pF is about 9%. Thus, if the delay time is critical, the
CHE-BINMOS dynamic logic circuit can be replaced by the
CHE-BICMOS dynamic logic circuit to achieve higher speed
performance. Fig. 7(b) shows the HSPICE simulated delay ()

times versus load capacitance for CMOS P-logic precharl jg. 7. HSPICE-simulated gate-delay times versus load capacitance at
dynamic circuit with an output static CMOS inverter buffer,dd = 2V

CLEPH-BICMOS, and CLE-BiPMOS logic circuits, all with

two stacked MOS devices in the logic unit. The figure indicate®mpared with CMOS TSPC dynamic circuits and other
that the CLEPH-BICMOS and CLE-BIPMOS are faster thaBiCMOS domino logic gates proposed in [3]-[5].

the CMOS P-logic precharge dynamic circuit under various |n the simulation of the BICMOS domino logic in [3]
output Ioadings. It can also be seen that if the load Capacitary;ﬁj [4], the average evaluation de|ay times and the average
is smaller than 0.5 pF, the CLE-BIPMOS logic circuit shoulghower dissipation are extracted from the gate chain formed by

3.5

3.0 1

Delay Time

1~0 T 1 T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Load Capacitance (pF)

be used to obtain a higher speed. alternately connecting the N-cell and the P-cell. The evaluation
delay time versus load capacitance of the CLE-BINMOS
IV." PERFORMANCE EVALUATION dynamic logic with three stacked MOS transistors in the logic

The circuit performance of the proposed new BiCMOSNit are shown in Fig. 8, where the data of other BICMOS
dynamic logic circuits and the new BiICMOS pipelined cirdomino gates are also presented. It can be seen that the speed
cuits are simulated by using HSPICE with the Berkelegerformance of the CLE-BINMOS and CLE-BiICMOS domino
Short-Channel IGFET Model (BSIM) [25] for MOS transisdogic gates are higher than that of the other domino logic
tors. Moreover, the performance of the proposed BiCMOQO@rcuits as the output loading is beyond 0.5 pF at 2 V. It can
dynamic logic circuits and BiCMOS pipelined circuits aralso be seen that the evaluation speed of the CLE-BICMOS



76 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 34, NO. 1, JANUARY 1999

10.0 110
9.5 1 100 4 —2— CLE-BiCMOS domino logic circuit
9.0 —&— CLE-BiNMOS domino logic circuit
8.5 90 - —i— BiCMOS domino logic circuit {3]
8.0 - o —&— BiCMOS domino logic circuit [4]
™ o} —A— BiCMOS domino logic circuit [5]
5 754 g 80 -
g 7.0 =
E < 70 4
E 6.5 =
£y 5
g 604 T 60 -
& 5.5 £
§ 5.0+ = 50 H
T 4.5 A ~—— CLE-BiCMOS domino logic circuit T
5 404 —®&— CLE-BiNMOS domino logic circuit 8 4041
-§ : —— BiCMOS domino logic circuit [3] I}
= 3.5 9 —&— BiCMOS domino logic circuit [4] 2 304
3.0 4 —&— BiCMOS domino logic circuit [5] B
25 Vdd=2v 20
2.0 - M
1.5 10
1.
0 T T T T 0 r T . .
0.0 0.5 1.0 1.5 2.0 2.5

0.0 0.5 1.0 1.5 2.0 25

Load Capacitance (pF) Load Capacitance (pF)

Fig. 8. HSPICE-simulated gate-evaluation delay times versus load capagh 19, HsPICE-simulated power-delay product versus load capacitance for
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for various domino circuits under 1-pF load capacitance. Fig. 11. HSPICE-simulated operating frequency versus load capacitance at
Vdd =2V

domino logic is nearly equal to that of the CLE-BINMOS,y the new BICMOS dynamic latch logic circuits with two
domino logic because they have the same evaluation circgicked MOS transistors in the logic unit, is shown in Fig. 11,
structures. Fig. 9 shows the evaluation delay times versyggere the data of a CMOS TSPC dynamic circuit are also
supply voltage. It can be seen that the CLE-BINMOS angtesented. The rise/fall time of the clock signal is 0.5 ns.
CLE-BICMOS domino logic circuits have a smaller delay thai can be seen from Fig. 11 that the operating frequency of
other BICMOS domino logic circuits as the supply voltage ifhe pipelined system, which is constructed by CHE-BICMOS
scaled down from 4 to 2 V. dynamic latch logic and CLE-BiICMOS (BiNMOS) dynamic
Fig. 10 shows the power-delay product versus load capagtch logic, is smaller than that of the CMOS TSPC under
itance. As seen from Fig. 10, the power-delay product of15-pF load capacitance. However, under 0.5- and 1.5-pF
the CLE-BINMOS dynamic logic gates is smaller than thabad capacitances, the operating frequencies of the BICMOS
of other BICMOS domino gates when the output loading idynamic pipelined system with CLE-BiCMOS (BiNMOS)
beyond 0.5 pF. dynamic latch logic at 2-V supply voltage are 172.4 (172.4)
The operating frequency versus load capacitance of taed 151.5 (140.8) MHz, while the power dissipations per
BiCMOS dynamic pipelined system, which is constructeshegahertz are 9.99 (9.49) and 16.88 (16,22YMHz, respec-
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0.5-pF load capacitance ?—% 13. HSPICE-simulated power-delay product versus load capacitance at

Vdd =2 V.

tively. They are about 1.45 (1.45) times and 2.36 (2.2) time
the operating frequency, as well as 1.34 (1.28) times and 1.
(1.1) times the power dissipation in the CMOS TSPC dynami
pipelined system, respectively, where the CMOS paramete
are extracted from l:m BiCMOS technology.

It can be seen from Fig. 11 that when the output loadin
is larger than 0.5 pF, the operating frequency of the pipelined SRS e A ¢ §
system that is constructed by CHE-BICMOS dynamic latch 158 ; i
logic and CLE-BICMOS dynamic latch logic is higher than i TR S PR '
that of the pipelined system, which is constructed by CHE-;
BiCMOS dynamic latch logic and CLE-BiINMOS dynamic B
latch logic. This is because the pulldown driving capability of f
the NMOS device in the CLE-BINMOS dynamic latch logic i | :
is smaller than that of the bipolar device in CLE-BiCMO%ig_ 14. Microphotograph of the experimental chip.
dynamic latch logic under heavy loading conditions. Thus, the
new CLE-BICMOS dynamic latch logic is suitable for heavy o
loading pipelined operation. As the device technology is scaidip" that of the CMOS TSPC pipelined system as the load
down to the deep submicrometer range, it is expected from frRpacitance increases from 0.5 to 1.5 pF.

above analyses that the speed advantages of new BiCMOghe chip area of the new BiCMOS_ pipelined system is
pipelined systems can be maintained if the bipolar device 0 compared W'th_the CMOS TSPC plpellneq sy_stem. Under
suitably scaled. 1.5-pF load capacitance, the area of the pipelined system

Fig. 12 shows the operating frequency versus supply Voﬁgnstructed'tr:y CHE-.BiCMOS _dynamic latch .Iolgic hcilrcu_it
age. The figure indicates that the operating frequency of tﬁgscaded with CLE-BICMOS (BINMOS) dynamic latch logic

BICMOS dynamic pipelined system is faster than that cﬁarcuit, and the logic units with two stacked MOS transistors,

CMOS TSPC under various supply voltages. Moreover, as tg\?ﬁg%lfi 1|(')99i(cl'7) times that constructed by the CMOS TSPC

supply voltage is scaled down from 4 to 2 V, the operatin
frequency of the BICMOS dynamic pipelined system is about
1.4-1.45 times the operating frequency in the CMOS TSPC V. EXPERIMENTAL RESULTS
pipelined system under 0.5-pF output loading. To experimentally evaluate the performance of the new
The power-delay product versus load capacitance of tBECMOS/BINMOS dynamic logic gates, an experimental chip
new BICMOS dynamic latch logic circuits and CMOS TSPGs designed by using a Am double-poly, double-metal BiC-
dynamic circuits is shown in Fig. 13, where the delay timMOS process. The minimum gate length of NMOS and PMOS
is defined as 1/(clock frequency). As seen from Fig. 13, thievices are 1 and 1,2m, respectively. The threshold voltages
power-delay product of BICMOS dynamic pipelined systenmsf NMOS and PMOS devices are 0.7 an.8 V, respectively.
constructed by CHE-BICMOS dynamic latch logic cascaddelg. 14 shows the microphotograph of the experimental chip,
with CLE-BICMOS (BiINMOS) dynamic latch logic is smallerwhich consists of two blocks. In Block 1, a logic gate chain
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i { ; 3 __j ai's ; two-input AND gate versus supply voltage under 1-pF load capacitance.
- i i . i

Fig. 15. The two measured output waveforms of Block 1 and Block 2 driven . o
by the same input voltage waveform at 2.3 V. sults and experimental results. In the future, more applications
on the proposed BiCMOS dynamic pipelined logic circuits

constructed by 14 stages of the CLE-BINMOS dynamic tW(\JIyIII be explored.

input AND gates with 1-pF output load capacitance in each
stage. The input of the logic gate chain is connected to the ACKNOWLEDGMENT

input buffer, whereas the output is connected to the outputryg 4 thors wish to acknowledge the Chip Implementation
buffer. Block 2 is fprmed bY cascading the input buffer '@ enter of the National Science Council of Taiwan, R.O.C., for
the output buffer directly. Fig. 15 shows the two measurqg support in chip fabrication

output waveforms of Block 1 and Block 2 driven by the
same input voltage waveform. The delay time between these
two waveforms is equal to the evaluation delay time of the
fabricated 14 stages of CLE-BINMOS dynamic logic. It can(y; v. nishio, F. Murabayashi, S. Kotoku, A. Watanabe, S. Shukuri, and K.
be seen from Fig. 15 that the evaluation delay time of the Shimohigashi, “A feedback-type BiCMOS logic gatéEEE J. Solid-

CLE-BINMOS is 1.32 ns at 2.3 V. The power dissipation of  State Circuitsyol. 24, no. 5, pp. 1360-1362, 1989.
23V is 9 26W/MHz. Eia. 16 sh h d [2] J.B. Kuo, H. J. Liao, and H. P. Chen. “A BICMOS dynamic carry look-
agate at 2. is 9.2¢ Z. Fg. shows the measure ahead adder circuit for VLS| implementation of high speed arithmetic

and simulated evaluation delay time versus supply voltage of unit,” IEEE J. Solid-State Circuitsol. 28, pp. 375-378, Mar. 1993.

the fabricated CLE-BINMOS dynamic two-inputnp gate  [3] H. P"tCh'?P? and Y-k'_’- Wu, "‘f\ ﬁ-3V, higth Shp‘?ed ?é‘é“é?s dy”gmic_tc'-A
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