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ABSTRACT

This paper investigates the basic mechanisms of hysteretic delay Gate
and noise margin variations for floating-body Partially-Depleted " tox

SOI CMOS domino circuits in detail. Three cases, based on whether T
the input signals are “domino input signals” from other domino cir- Oxide| N*_J iSi PL\W Oxide
*
(

cuits; “static input signals” from static circuits or latches; or a com-
bination of “domino and static input signals” are examined and dif- Buried Oxide (BOX) teox
ferentiated. It is shown that hysteretic delay variation is larger and L]
noise margin worse for the later case with “mixed domino and static P Substrate

input signals.” Although the delay and noise margin digjesrbe- (a)

tween the three types of input signals are significant at beginning °

of the clock cycles, they converge as the circuit approaches steady- G

state.

1 INTRODUCTION

Silicon-on-insulator (SOI) tdmologies are maturing from research
stage to commercial development for low-power and high- perfor-
mance applications [1, 2, 3, 4, 5]. For high-performance applica-
tions, partially-depleted SOI (PD/SOI) devices are more favorable
due to the better scalability and manufacturability by algaing

the threshold voltage from the silicon film thickness [3]. It is well T
known that the floating-body in the partially-depleted device causes l
hystereticVr and delay variations due to the long time constants X
associated with various body charging/discharging mechanisms re- ®)

sulting from the slow generation/recombination processes of excessrigyre 1: (a) Schematic cross-section of a PD/SOI nMOSFET, and
carriers in the body region [6, 7, 8]. Experimentally, hysteresis has (p) Equivalent circuit modellg, is the parasitic lateral NPN tran-
been shown to cause pulses to stretch or shrink as they propagatg;stor collector current; the two diodes are the internal Emitter-Base

down a inverter chain [6, 7]. The hysteretic variationWp als0  and Collector-Base junction diod&, and /. are the impact ion-
affects the noise immunity of the circuit. It is crucial for circuit  i;ation currents.

designers to quantify and contain the variations in both the circuit

delay and noise margin to maintain and exploit the advantage of pysteretic delay variation is larger and noise margin worse for the

PD/SOIl technology. _ _ later case with “mixed domino and static input signals.” Although
CMOS domino circuit is one of the most widely used circuit e gelay and noise margin disparities between the three types of

style for high-performance designs [9]. Although domino circuits 5yt signals are quite significant at beginning of the clock cycles,

are faster than their static counterparts, they are more susceptlblqhey converge as the circuit approaches steady-state.

to noise. The parasitic bipolar effect resulting from the floating-

body in PD/SOI devices has been shown to reduce the noise margin

and potentially cause logic state error if not properly accounted for 2 DEVICE STRUCTURE AND CIRCUIT CONFIG-

[10]. Circuit techniques have been derived to overcome the para- URATION

sitic bipolar effect and improve the noise immunity with minimal . . . .
impact on the delays [5]. However, a detailed study of the hys- The schematic cross-section of a PD/SOI nMOSFET is shown in

teresis effect on domino circuits is still lacking. In this paper, we Fig- 1(a). The device has a 0.1 effective channel length, 3.5
investigate the basic mechanisms of hysteretic delay and noise mar"™M gate oxide, and silicon film thickness of 180 nm. Thpply

gin variations for PD/SOI CMOS domino circuits in detail. Three Voltage is 1.8 V. Fig. 1(b) shows the equivalent circuit model of the
cases are examined and differentiated, based on whether the inPP/SOI NMOSFET [10]. The floating region under the MOS de-
put signals are “domino input signals” from other domino circuits; Vic® channel acts as the base of the parasitic lateral bipolar device,
“static input signals” from static circuits or latches; or a combij- With the base current supplied by impact ionization.

nation of “domino and static input signals.” It is shown that the Fig. 2 shows the schematic of a 5-input OR domino circuit. A
basic domino gate consists of a n-transistor logic structure whose

output nodeDY N is precharged t&/pp by a precharge pMOS
transistor, and conditionally discharged to ground by the evaluate
nNMOS transistors. In addition, the domino gate incorporates a static
CMOS inverting buffer at its output. During the precharge phase,
the clock is “Low” and nodeDY N is precharged td/pp, and
thus gate outpuY is at “Low.” In the evaluate phase, the clock
goes “High.” Depending on the state of the inputs, ndtg N
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will either float at “High” level or will be pulled down. Corre-
spondingly, the domino gate outpXtwill either remain “Low” or

A_BODY_VOLTAGE
(Volts)

will get charged to “High.” Thus, during the evaluate phase, the 009

domino gate outpuY can only make a transition from “Low” to oss)

“High.” In a cascaded set of domino logic blocks, each stage evaI-A—T“RES”OLD—VO”A"E?

uates and causes the next stage to evaluate. Any number of Ic:,.iw"s) 026 Y T e o
stages may be cascaded as long as the sequence can be evalu~*~~ L4 660
within the evaluate clock phase. (@)

Domino circuits can receive both domino and static input sig-
nals. As discussed before, the output of every domino gate falls
(in the precharge phase) before the evaluate cycle and it condition-
ally rises during the evaluate cycle. In contrast, a unclocked signal’-o

* (Volts)

such as a static signal, does not follow the precharge and evalua.c 000 1
characteristics of a domino signal, i.e., it does not reset and condi- 1807

tionally rise in every clock cycle. Thus, the rise and fall transitions asmrcmeurf{*

of a static signal can arrive at any time during the clock cycle (€ " 4 1

ther during precharge cycle or evaluate cycle), and may erroneously 180
discharge the dynamic node causing an incorrect evaluation of the cvresr P!
domino gate. For the domino gate to evaluate correctly, the f=" vow | ot
transition of a static signal must occur and settle before the onset of n
the domino evaluate cycle [11]. A oDy voLradi
Fig. 3 depicts waveforms of clock, inpdt, and outpuf’” for a (Volts)
5-input OR gate (Fig. 2) for the cases where: infus a “domino
signal” (Fig. 3(a)); inputd is a “static signal”’(Fig. 3(b)); and input

0.04

0.56

46
A_THRESHOLD_VPLTAGE

Ais a“domino signal” while inpuB is a “static signal” (Fig. 3(c)), (volts)

respectively. Also shown are the body voltages and the threshuiu 022 e B

voltages of the nMOS driven by input through the clock cycles. 0109+ . . L6 . . . . 330 . . . . 404 . . . . 658
For the case of “domino input signal” (Fig. 3(a)), the clock (b)

is initially “Low” and the domino hput A remains “Low” for a

sustained period of time. The clock signal becomes active, corre- 180

sponding to the situation when the circuit first starts operation ei-rcox j \ L

ther during chip start-up or when a gated clock domain is activated ¥  oooll__. ’ LI e

The domino input signatl remains “Low” until it becomes active Bmmiwlﬁ 1

(rises to “High”) during the 6-th evaluate clock phase, pulling down wors) obo

the dynamic node “DYN” and causing the outp(to rise. Subse- 180 Y

quently, clock goes “Low” (i.e., precharge phase) and bb#ndY oo e

0.00

are precharged “Low.” Input signals B, C, D, and E remain “Low” 1
all along. Initially, in the sustained precharge phase, the clockedy.oor [
evaluate nMOS is “off” and the switching nMOS-A (driven by the " oo Lt o
input A) has its drain precharged ¥pp. The body voltage of  wureer |5 |
NMOS-A is determined by the balance of the reverse-leakage of it§"" ) . : i e |0
drain-to-body junction and the forward-current through the body- =~} =
to-source junction (which flows as the leakage current through thewvors) ~ .. e e o
“off” clocked evaluate nMOS). This initiabody voltage can be 049! . -
seento be 0.54 V in Fig. 3(a). Both the clock and signal have rise@;g@*owﬂk%“ ) . o
and fall time of 100 ps. - ' )

For the “static input signal” (Fig. 3(b)), the clock is “Low” Mo e 3% e e
while the static inputd remains “High” for a sustained period of (©)

time. The static signad falls before the first clock evaluate phase,
and remains “Low” until it becomes active (rises to “High”) during

the 6-th evaluate clock phase. Except for the init@idition for 4,

the rest are identical to the previous case. Initially, witat “High”

and the clocked evaluate nMOS “off”, the source of NMOS-A sits
atonelr below its gate voltage (i.6/p b - Vr. Notice that thig/r

Figure 3: Waveforms for clock, input signdl, outputY’, body
voltage, and/r for the 5-input domino OR gate for the case when
: (@) A is domino input signal, (b} is static input signal, and (&3

is domino input signal and® is static input signal (mixed domino
and static input signals).



is lower than the reguldrr because of the positive body-to-source
bias). The body of nMOS-A sits between its drain (precharged to
Vbp) and source, and is very closeW®p (1.71 V in Fig. 3(b)).
When the inputd falls before the first clock evaluate phase, the
body voltage of nMOS-A is capacitively coupled down by the gate-
to-body capacitance to 1.20 V as shown in Fig. 3(b). The source of
nNMOS-A is capacitively coupled down only slightly by the small
gate-to-source capacitance, and remains considerably higher than
the source voltage in the “domino input signal” case before the first
clock evaluate phase.

In the case that the 5-input OR gate receives both “domino and
static input signals” (Fig. 3(c)), the clock isitially “Low” and the
domino inputA remains “Low” while the static signa remains
“High” for a sustained period of time. The static sigrlfalls
before the first clock evaluate phase, and remains “Low” thereafter.
Domino input signa# remains “Low” until it becomes active (rises
to “High”) during the 6-th evaluate clock phase, pulling down the
dynamic node “DYN” and causing the outpytto rise. Input sig-
nals C, D, and E remain “Low” all along. itially, with B at “High”
and the clocked evaluate nMOS “off”, the source of nMOS-B (i.e.,
node! in Fig. 2) sits at oné/r below its gate voltage (i.e¥/pp
- Vr=1.65 V. Notice that thi&/r is lower than the reguldrr be-
cause of the positive body-to-source bias). The bodies of NMOS-A
and nMOS-B sit between their drain nod&’ N (precharged to
Vbp) and source nodé, and are very close topop (1.71 V in
Fig. 3(c)). When the static inpuB falls before the first clock eval-
uate phase, the source of nMOS-B (ndjlés capacitively coupled
down by the gate-to-source capacitance (from 1.65 V to 1.47 Vin
Fig. 3(c)). The drop in voltage of nodecapacitively couples down
the body of nMOS-A slightly through source-to-body capacitance
(from 1.71 V to 1.65 V in Figure 3(c)). This initiddody voltage
of 1.65 V is significantly higher than the body voltage for the pure
“static input signal” case (1.20 V in Figure 3(b)) due to smaller cou-
pling between source-to-body for the case in Fig. 3(c) as compared
with the larger gate-to-body coupling for the case in Fig. 3(b).

In the following section, we discuss the basic mechanisms of
hysteretic delay and noise margin variations for the three cases in
detail.

3 RESULTS AND DISCUSSION

When the first evaluate clock pulse rises, the source node of NMOS-
A is pulled down to ground by the clocked evaluate nMOS. The
body of nMOS-A loses charges via the forward-biased body-to-
source junction. The body voltage of nMOS-A is capacitively cou-
pled down by the body-to-source capacitances (to 0.40 V for the
“domino input signal” case in Fig. 3(a); to 0.52 V for the “static
input signal” case in Fig. 3(b); and to 0.80 V for the “mixed
domino and static input signals” case in Fig. 3(c)). Notice that
the nMOS-A body voltage is highest (and thids lowest) for the
“mixed domino and static input signals” case When the evaluate
clock pulse falls, the clocked evaluate nMOS turns “off”, the dy-
namic node “DYN” is precharged t6pp. The body of nMOS-A
is first capacitively coupled up by its drain (the “DYN” node), and
then slowly charged up by the off-state impact ionization current
and the reverse-leakage through the drain-to-body junction.
Through the clock cycles, the body gains charges via impact
ionization current and the reverse-biased drain-to-body junction cur-
rent, and loses charges via the forward-biased body-to-source junc-
tion current. The net gain/loss of charges builds up from cycle
to cycle, causing the body voltage to drift, until steady-state is
reached. Hencé/r and the circuit delay vary, depending on when
(which clock cycle) the input signal arrives. Fig. 4(a) shows the
body voltageVr, and the circuit delay as functions of the number
of clock cycles after which the input signdl rises for a 1.0 GHz
clock. The corresponding cases for the “static input signals” and
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Figure 4: Variation in body voltage, threshold voltage, delay, and
noise response with time (i.e., w.r.t. number of clock cycles after
which input signal rises) for : (a) “domino input signal”, (b) “static
input signal”, and (c) “mixed domino and static input signals.”



“mixed domino and static input signals” are shown in Fig. 4(b) and
Fig. 4(c), respectively. Notice that for the present configuration,
nNMOS-A loses body charges through the clock cycles, causing its
body voltage to decrease, thus ritieg in higherVz and larger
delay. The delay variation for the “domino input signal” is not sig-
nificant (from108.6 ps at first clock cycle to 110.0 ps at the 1000-th
clock cycle, a variation of 1.29%) as can be seen in Fig. 4(a). For
the “static input signal”, due to the higheiitial body voltage for
NMOS-A as discussed earlier, the delay variation is more signifi-
cant (from105.6 ps at the first clock cycle to 110.6 ps at the 1000-
th clock cycle, a variation of 4.73%). In the case of “mixed domino
and static input signals”, the delay variation is the most significant
(from 101.4 ps at the first clock cycle to 110.6 ps at the 1000-th
clock cycle, a variation of 9.07%) due to the highest inibaldy
voltage for nMOS-A (as discussed in previous section).

As Vr increases through the clock cycles, the noise immunity
of the circuit improves. Fig. 4(a) also shows the amplitude of
the noise response as function of the number of clock cycles af-
ter which the noise inputs are applied. The input noise pulse has
a 50 ps rise time, 25 ps plateau, 210 ps fall time, and amplitude
of 0.7 V. All inputs receive the input noise pulse simultaneously,
representing the possible worst case due to coupling noise. The
amplitude of the noise response can be seento decrease from 0.28
V at the first clock cycle to 0.19 V at the 1000-th cycle in the case
of “domino input signal.” The corresponding case for the “static
input signal” is shown in Fig. 4(b) where the noise response is sig-
nificantly higher at the beginning of the clock cycles (0.76 V at the
first clock cycle). The noise response decreases to 0.19 V at the
1000-th clock cycle (same value as for the “domino input” case)
as the circuit approaches steady-state. For the “mixed domino and
static input signals” case, the noise response is highest at the be-
ginning of the clock cycles (1.66 V at the first clock cycle) and it
decreases to 0.19 V at the 1000-th clock cycle (same value as for
the other two cases).

Fig. 5(a), Fig. 5(b), and Fig. 5(c) show the variations of the
body voltages and delays through clock cycles with the clock fre-
guency as a parameter for the three cases. Notice that the time con-
stant associated with the body charging/ discharging for the nMOS
is in the us range, so it would take abost 1us for the circuit to
reach steady-state. With decreasing clock frequency, the number
of cycles to reach steady-state is decreased. Thus, in the case of
125 MHz clock, the body voltage and delay reach steady-state at
100 cycles as compared with 1000 cycles for a 1.0 GHz clock.
Also notice that the body voltages and delays for different clock
frequencies converge as the circuit approaches steady-state. This
is because we are maintaining a constant 50% duty cycle, and the
ratio of charge lost in the evaluate phase to the charge gained in the
precharge phase is roughly constant for different clock frequencies
(if we neglect the small off-state impact ionization current).

Fig. 6(a), Fig. 6(b), and Fig. 6(c) plot the “net charge leav-
ing the body” per clock cycle as functions of the number of clock
cycles for different clock frequency for the “domino input” case,
“static input” case, and “mixed domino and static input signals”
case respectively. The “net charge leaving the body” is obtained by
integrating the impact ionization current, the reverse drain-to-body
junction leakage, and the forward body-to-source junction current
over the clock cycle. As can be seen, at low clock frequency, more
charges are lost per clock cycle. Furthermore, at the same clock fre-
qguency, charges lost per clock cycle are highest for “mixed domino
and static inputs” case and lowest for “domino input” case due to
the corresponding variation in thetial body voltage.

Notice that the steady-state is independent of the initial states of
the circuit, since it is determined only by the net charges gained/lost
through the clock cycle (and is reached when the net charges gainecﬁ
lost through the clock cycle equal to zero). This can be clearly seen
in Fig. 7 where the body voltages ai@ for the “domino input”
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Figure 5: Variation of body voltage and delay with the clock fre-
uency as a parameter for : (a) “domino input signal”, (b) “static
input signal”, and (c) “mixed domino and static input signals.”
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Figure 6: “Net charge leaving the body per cycle” as function of
number of clock cycles with the clock frequency as parameter for
the case of : (a) “domino input signal”, (b) “static input signal”,
and (c) “mixed domino and static input signals.”
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Figure 7: Convergence of body voltages and threshold voltages in
steady-state for “domino input signal”, “static input signal”, and
“mixed domino and static input signals.”

case, “static input” case, and “mixed domino and static inputs” case
converge as the circuit approaches steady-state.

Finally, Fig. 8(a) shows the amplitude of the noise response vs
the input noise anippude for “domino input” case with the number
of clock cycles after which the noise pulse (50 ps rise time, 25 ps
plateau, 210 ps fall time) is applied (simultaneously to all inputs) as
a parameter. The circuit is most susceptible to noise when the clock
first becomes active. Agr increases through clock cycles, the am-
plitude of the noise response decreases. The corresponding case for
“static input” case is shown in Fig. 8(b) where the noise response
is significantly higher in the first clock cycle due to lower threshold
voltage. As shown in Fig. 8(c), the circuit is most susceptible to
noise in the case of “mixed domino and static inputs” where the
noise response is the highest in the beginning due to the smallest
Vr, but it converges with the noise response in the “domino inputs”
case and “static inputs” case at steady-state (around 1000-th clock
cycle).

4 CONCLUSION

A thorough understanding of the circuit behavior in a new technol-
ogy is crucial in realizing its potential benefits. In this paper, we
presented a detailed analysis of the basic mechanisms of hysteretic
delay and noise margin variations for CMOS domino circuits in
floating-body partially-depleted SOI technology. It was shown that
when a domino circuit received its inputs from static circuits or
latches, the hysteretic delay variation was larger and noise margin
worse, compared with the case when the circuit received its in-
puts from other domino circuits. The hysteretic delay variation was
the largest, and noise margin the worst, when the circuit received
“mixed domino and static signals.” The effect was attributed to
the different initialbody voltages of the switching logic transistor
with different type of input signals. Although different types of in-
put signals caused significant delay and noise margin disparities at
the beginning of the clock cycles, they converged as the circuit ap-
proached steady-state. This study provided a basic understanding
for circuit designers to better quantify and contain the hysteretic de-
lay and noise margin variations which is crucial for fully exploiting
the performance leverage of a scaled PD/SOI technology.
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