Transistor Sizing for Reliable Domino Logic Design
in Dual Threshold Voltage Technologies

Seong-Ook Jung
Coordinated Science
Laboratory, ECE Department
University of Illinois at
Urbana-Champaign

sojung@uivlsi.csl.uiuc.edu

ABSTRACT

Dynamic logic is much susceptible to noise, specially in ul-
tra deep submicron technology. The keeper transistor has
to be carefully sized to maintain noise margin without much
speed penalty. In this paper, we analyze the keeper tran-
sistor sizing with respect to the size of NMOS transistors
in the evaluation tree. Based on the analytical results, we
propose a keeper transistor sizing method. HSPICE simula-
tion results show that the proposed keeper transistor sizing
method can be broadly applied to all domino logic gates.

1. INTRODUCTION

Tight cycle time in giga-hertz range can not be met with
static logic and thus designers use more dynamic logic [1,
8]. Unfortunately, dynamic logic is more susceptible to noise
than static logic [5, 9]. Furthermore, in Ultra Deep SubMi-
cron (UDSM) technology, the signal integrity is one of the
most crucial circuit design issues [6]. For UDSM technology,
the supply voltage has to be scaled down for reliability [3]
and reduction of power consumption. Since lowering sup-
ply voltage causes performance degradation, it is desirable
to scale down threshold voltage in proportion. V; scaling
increases subthreshold current (Is,;) exponentially, which
makes dynamic circuit design much more difficult.

Recently, applying dual V; to domino logic has been dis-

cussed. [9] recommends not to use low V; in domino logic

due to noise sensitivity. To reduce leakage currents in standby
mode, Kao in [4] proposes to make all domino logic gates

evaluated in standby mode. But noise immunity is not ad-

dressed in [4]. In dual V; domino logic design techniques, the

noise immunity has become one of the most important de-

sign issues due to significant crosstalk of UDSM technology

and significant I, of low V; transistor.

Several domino logic sizing algorithms have been proposed.
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[2] mainly focuses on timing constraint and does not pay
attention to noise due to I,». Although [10] uses noise
margin constraints with lower and upper bounds, it does not
present any method how to find lower and upper bounds.

Domino logic can not recover after dynamic node loses its
data due to noise. Thus, noise immunity must be considered
while designing domino logic. The noise immunity of domino
logic can be maintained by proper keeper transistor sizing.
In this work, an analytical model for keeper sizing of domino
logic gate is introduced. Based on the model, we propose a
keeper sizing method.

2. NOISE SUSCEPTIBILITY OF DOMINO
LOGIC

2.1 Noise Sources of Domino Logic

The dynamic node of domino logic should be held by a small
keeper transistor during the evaluation phase. And the oper-
ation of domino logic is synchronized with clock, which can
inject the noise to power supply. Furthermore, a domino
logic gate, especially wide OR logic gate, has a very low trip
point. Therefore, domino logic is intrinsically susceptible to
noise.

In addition to the inherent noise sensitivity, UDSM technol-
ogy and low V; make it even worse. In UDSM technology,
the crosstalk between two signal wires gets worse because the
interconnection layers are packed closer together. Further-
more, V; scaling increases Is,, exponentially. As a result,
significant amount of I, of low V; transistor acts a major
noise source combined with increased crosstalk in UDSM
technology. Thus, noise immunity must be taken into ac-
count when applying dual V; to domino logic.

We adopt the following static noise constraint introduced in
[9], which is widely used in industry. Base on the noise con-
straint, the keeper transistor will be sized to hold a dynamic
node against noise during evaluation phase.

< Noise Constraint >

For a complex domino logic, we define a noise constraint
as follows. Vpp is applied to the inputs of all the NMOS
transistors in the evaluation tree except for topmost NMOS
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Figure 1: Noise margin and delay time of output
inverter

transistors connected to the dynamic node. The input volt-
age of topmost NMOS transistors is 0.2 * Vpp. The domino
logic will be considered error free if the voltage of inverter
output is less than 0.1 « Vpp.

2.2 Keeper Transistor Sizing

Some tradeoff should be made between evaluation time and
noise margin. Noise margin and delay time of the output
inverter are shown in Figure 1. The symbol hh denotes
inverter which has high V; NMOS and PMOS transistors
and miz denotes inverter which has high V; NMOS and
low Vi PMOS transistor. Noise margin and delay time are
normalized by those of hh when P:N ratio is 2:1. Noise
margin of output inverter is defined as follows.

NMpyg output inverter — Vbp — ‘/}HIO% (1)

where NMu output inverter 1S high noise margin of output
inverter, Vpp is power supply voltage, and V;gi9% is in-
put voltage of output inverter which corresponds to output
voltage 0.1 %« Vpp.

As shown in Figure 1, the delay time of output inverter
gets smaller but the noise margin of output inverter gets
worse when output inverter is highly skewed (high P:N ratio)
or low V; is applied to the PMOS transistor of the output
inverter.

We can also replace high V; NMOS transistors in the eval-
uation tree with low V; NMOS transistors to improve the
performance. However, with low V;, significant subthresh-
old leakage currents make the dynamic node unreliable, thus
lowering noise immunity of domino logic. Unless we resize
the keeper transistor appropriately, the domino logic may
fail due to reduced noise margin. As the keeper size in-
creases, the contention between the keeper and the NMOS
transistors in the evaluation tree increases. The increased
contention leads to more switching power consumption and
may lead to more delay time.

In summary, noise margin depends on the P:N ratio of the
output inverter and threshold voltage assignments. The
keeper transistor has to be properly sized to maintain noise
immunity while minimizing delay and power.

3. KEEPER TRANSISTOR SIZING ANAL-
YSIS

3.1 Drain Current in Linear and Subthresh-
old Regions

Equations (2) and (3) describe the drain current (Ips) in
linear and subthreshold regions. BSIM2 MOS transistor
model [7] is used for the subthreshold region.

1. Linear Region [Vas >V: and 0 < Vps < Vpsar]

w 1
Ips = 1oCox (f) [(Vas — Vi)Vps — §V1:2>s] (2)

2. Subthreshold Region [0 < Vas < Vi]
Ins = uoChn (%) At/ KT(Vas Vi)
- E*VDS(Q/KT)] (3)

where W and L are effective channel width and length,
respectively. A = (%)261'8. Vpsar = Vas — Vi and
Vi = Vi, +7'Vs —nVbs. po is the zero bias mobility. Co is
the gate oxide capacitance per unit area. n’ is the subthresh-
old swing coeflicient of the transistor. Vr, is the zero bias
threshold voltage. The body effect for small values of Vs is
nearly linear. It is represented by the term ' Vs, where 7' is
the linearized body effect coefficient. 7 is the drain induced
barrier lowering coefficient.

3.2 Domino Inverter Gate
Figure 2 shows domino inverter gate and node voltages to
meet the noise constraint as mentioned in section 2.1.
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Figure 2: Domino inverter and node voltages to
meet the noise constraint

Our concern is the noises injected into domino logic during
evaluation mode. Therefore, clock is connected to Vpp and
0.2 * Vpp is applied to the input of domino logic as a noise.
We set the dynamic node V; 9% since the minimum allow-
able voltage of dynamic node is Vrn19% to meet the noise
constraint where V7199 corresponds to the inverter output
of 0.1 *x Vpp. Vinion depends on the P:N ratio and the
threshold voltage of the output inverter. Transistor N1 is in
subthreshold region because Vizs of N1 is less than V;, while
transistors N2 and P2 are in linear region because the abso-
lute values of Vpsar of N2 and P2 are greater than Vps. In
this analysis, the subthreshold current of transistor P1 and
the gate leakage currents are ignored because they are far



smaller than the currents through N1, N2 and P2. There-
fore, based on Equations (2) and (3), In1 and In2 through
N1 and N2 are described by

Iny = poCos (WN1> Aeq/anT(O'Q*VDD_VX—VtNl)
Ln:
. [1 — 6_(VIN10%_VX)(Q/KT)] (4)
W 1
Iny = poCos 22 ) [(Vop — Vine)Vx — =V | (5)
Ln» 2

where Vin1 = Vrng —nViniow + (Y + 1)V, Viny = Vg, —
nVinio% + (7 +1)Vx, and Vx is the voltage of internal node
X between N1 and N2 as shown in Figure 2.

Under this condition, V, and ¢/KT is far less than (Vpp —
Vin2) and (Viyio% — Vx), respectively. Therefore, Equa-
tions (4) and (5) can be simplified as

Int = p0Cos (‘ZJVVII> Aeq/n’KT(o.z*VDD7VX7ViN1)(6)
W
In2 = p0Coz (%) (Vbp — Vine)Vx (7)

where Vin1 = Vruy —nVinio% and Vinze = Vrp, —nVx.

Because In1 = In2, with Ly1 = Ln2, Equations (6) and (7)
lead

(Vop —Vin2)Vx = <$) Ap?/n KT(0.24VDDp —Vx =Vin1)
N2
(8)

Vin10% is predetermined according to P:N ratio and V; of the
output inverter. The internal node voltage Vx is uniquely
defined for a given (Wx1/Wn2). Therefore, In: and In2
can be related to Wy and Wy as follows.

Ini = fi{Vx(Wni1/Wn2)}- Wai 9)
foAVx (Wn1/Wn2)} - Wia (10)

In>

For a given value of (Wx1/Wx2), the only variable to set
Ini (or In2) is Wi (or Waz). In other words, with a fixed
size ratio of NMOS transistors in the evaluation tree, the
current through NMOS tree In is linearly proportional to
W1 or Wi, i.e,

For a given (Wn1/Wn2) ratio
In =a1-Wn1 = a2 - Wne (11)

where a1 and as are constants.

Now, let us consider the keeper transistor P2 in its linear
region. According to Equation (2), the current Ips is given
by

7%
Ipy = poCos <LP2

) [(0.1%Vpp — Vpp — Vip2)
P2

1
‘(Vinio% — Vbp) — §(V1N10% -Vop)’] (12

where Vipas = Vrpy + nVin10%.

Since all variables in Equation (12) are fixed except for Wp2,

we have a simplified following expression.
IP2 = ,8 . WP2 (13)

where (3 is a constant.

Because Iy = Ipz, we can conclude from Equations (11)
and (13) that

For a given (Wn1/Wn2) ratio

(g;?> _ % . <%zi) = C (constant) (14)

The size ratio for evaluation NMOS transistors determines
an optimal (Wp, /W) ratio, where Wp, is optimal keeper
transistor size. If the keeper transistor size is greater than
W3, then it results in unnecessary data contention between
PMOS keeper transistor and NMOS transistors in the evalu-
ation tree. Thus, the performance is degraded and the power
consumption is increased. If the keeper transistor size is less
than Wp,, then the domino circuit cannot meet the noise
constraint. It results in functional failures.

The value of Vx varies with the (Wx1/Wy2) ratio, so do the
values of a; and az. Therefore, we can not expect the effect
of (Wn1/Wn2) ratio change from Equation (14). Next, we
evaluate the effect of (Wx1/Wn2) ratio.

Let (Wy1/Wys)/(Wn1/Wn2) = K and K > 1. From
Equation (8), the following equation is obtained.

<Vx> _ <VTn0 — nV}g) ieq/n’KT(l+'y’ 1) (Vg —Vx) (15)
V)I( Vrng —nVx | K

where Vx and Vy are the voltage of node X corresponding
to (Wn1/Wn2) and (Wy /W), respectively.

We can observe from Equation (15) the following inequality
for all values of 7' and 7.

Vx < KVx (16)

From (7), (13) and In2 = Ip>

’ ’ ’
IN2:a3-WN2'Vx, IN2=a3-WN2-VX

Ipzzﬂ'WPQ, IIP2:/8'W;’2
Wps = <%) WNQVX, W;’Q = (%) W;VZV)I( (17)

where, as and 3 are constants.

By combining (16) and (17),

Wpy = (%)W&QV)}
< <%)WN2KVX

N
2
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~
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By inserting K = (W /Wys)/(Wn1/Was) into (18),
Wps (WP2> Wt <WN1 )
Pz < A 19
(WN1> Wi for Wiy W (19)

We can see the (Wpz/Wn1) ratio decreases as (Wn1/Wn2)
ratio increases.

3.3 Complex Logic Gate

Figure 3 shows k-input OR gate and k-input AND gate.
To simplify the analysis, we assume a uniform (W/L) ratio
for all NMOS transistors in the evaluation tree. However,
our analysis can be readily extended to arbitrary (W/L)
ratios. For k-input OR gate as shown in Figure 3(a), all
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(a) k-input AND gate and equivalent inverter

Figure 3: K-input OR and k-input AND gate and
equivalent circuit

the evaluation NMOS transistors (NEVALy, ---, NEVALy)
are in subthreshold region and have the same Vs, Vps and
Vi. Thus, the (W/L) ratio of an equivalent transistor N1
for the evaluation NMOS transistors and the (/L) ratio of
the equivalent transistor N2 are

(D), = 21,5 @

). - @.-G) o

For k-input AND gate, we assume that NCLK, NEVAL,
through NEVAL,, in the linear region have the same thresh-
old voltages. And the values of V5 in Equation (2) for
those transistors are negligible. Then the (W/L) ratio of
the equivalent transistor N2 for NCLK, NEVAL; through

NEVALy, and the (W/L) ratio of the equivalent transistor
N1 are given by

D), = (DD @
), = EE) 5]

L)

Now, we know the (Wx1/Wn2) ratios of the equivalent
transistors N1 and N2 for k-input OR and k-input AND
gates. And (Wpz/Wpy1) ratio is determined for a given
(Wn1/Wn2) ratio. Therefore, we can find the (Wp2/Wy1)
ratio from pre-simulated value.

Transform complex NMOS transistors
in the evaluation tree to simple NMOS
transistors (N1 and N2)

\

Find (WNl/WNZ)

Find (Wpo/ W 1) Pre-simulated

(W2 /WND)

\

Calculate Wpo

N1 : Equivalent transistor in subthreshold region during noise simulation
N2 : Equivalent transistor in linear region during noise simulation
P2 : Keeper transistor

Figure 4: Keeper sizing flow

Figure 4 shows the generic flow of keeper sizing. First,
complex NMOS transistors in the evaluation tree are trans-
formed to equivalent NMOS transistors, namely N1 and N2
transistors. N1 transistor is the equivalent transistor which
corresponds to the transistors in subthreshold region. N2
transistor is the equivalent transistor which corresponds to
the transistors in linear region. Then, the (Wn1/Wn2) ra-
tio is computed from equivalent NMOS transistors (N1 and
N2). Next, (Wpz/Wn1) ratio can be determined by pre-

simulated (Wp2/W1) ratio based on the value of (Wy1/Wn2).

From Equation (14), (Wp2/Wn1) remains constant as long
as (Wn1/Whn2) fixed. Therefore it is unnecessary to simu-
late all the design corners corresponding to feasible ranges of
W1 and Wia to achieve an optimal keeper transistor size.
In other words, the pre-simulated value of (Wp2/Wy1) ratio
for a (Wn1/Wn2) ratio can be used to compute (Wp2/Wn1)
ratio of all domino logics which have the same (Wy1/Wn2)
ratio. Finally, the keeper size is obtained by computing
Wpa = Wi - (Wpa/Wh).

4. SIMULATION RESULTS

Table 1 shows the delay time and sub-threshold leakage cur-
rent (Isyp) characteristics for low and high Vi transistors
which were used in our work. The values of delay time and
I, are normalized with respect to high V; transistor.



Table 1: Performance and subthreshold leakage cur-
rent of low and high threshold voltage transistors

Sub-Threshold
Leakage Current
High V; 1.0 1.0
Low V; 0.85 4.1

Transistor Type || Delay Time

Table 2: Simulation cases

Type || evaluation | PMOS of Static
NMOS CMOS gate
HH || High V, High V;
LL Low V; Low V;

Table 2 shows two simulation cases according to V; assign-
ment. One is HH type domino logic which uses all high V;
transistors. The other one is LL type domino logic, where
low V; is applied to NMOS transistors in the evaluation tree
and PMOS transistor of the output inverter.

Figure 5 and 6 show simulation results of keeper sizing for

15 domino inverters which have different Wy and W+ for
HH type and LL type, respectively.
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Figure 5: Simulation results of keeper sizing for 15
different domino inverters of HH type

W1 varies from 1pm to 16pm and Wis varies from 1um to
16pm with W1 > Wy, If high V; transistors are replaced
by low V; transistors to improve performance, the keeper
transistor size (Wp2) has to be increased. Figure 5 and 6
indicate that for the same Wx1 /W2 ratio, the Wpa /Wi
ratio is almost constant within 5% tolerance irrespective of
Wn1 and Wyo, which supports Equation (14). Therefore,
keeper transistor sizes of domino inverter gates, even for
same Wy1, depend on the Wy1/Wio ratio. As Wy1/Whe
ratio increases, Wpa /W1 ratio decreases as expected from
Equation (19).
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Figure 6: Simulation results of keeper sizing for 15
different domino inverters of LL type
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Figure 7: (Wp2/Wpy1) ratio for 2,4 and 8-input OR
gate

For instance, the Wps/Wn1 ratio of Wy1 = 8um can be
selected as the pre-simulated values. Figure 7 shows two
sets of (Wp2/W1) ratios with respect to various OR gates.
One set is for pre-simulated Wpa/Wy1 ratios of Wy1 =
8um. Another set is obtained by HSPICE simulation for
different OR gates of HH type. Wxgvar; and Wycrk are
4pm for all OR gates. Figure 7 asserts that computation
results based on our analytic model accurately comply with
real simulation results.

Similarly, the computation results and simulation results on
(Wpa/Wn1) ratios are compared for various AND gates as
shown in Figure 8. Wygvar, and Wycrk are set to 6um,
9um and 12pm for 2, 3 and 4-input AND gates, respectively.

Figure 9 shows an example of the complex domino logic
gate. The equivalent Wy is 21um and Wy is 20/3um.
Therefore, (Wn1/Wn2) ratio is 3.15 for an equivalent con-
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Figure 8: (Wp2/Wn1) ratio for 2,3 and 4-input AND
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figuration. Simulated (Wp2/Wn1) ratio is 0.025. From
pre-simulated value, (Wp2/Wn1) ratio is 0.0247 as shown
in Figure 8, which matches into the simulated value well.
Therefore, the estimated value from pre-simulated value can
be used to determine the keeper size for any types of logic
gates as expected in our analysis.
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Figure 9: Complex gate and its equivalent gate

5. CONCLUSION

Domino logic has been prevalently used for high performance
circuit design. However, domino logic becomes more sensi-
tive to noise in UDSM and dual threshold voltage technol-
ogy. The noise immunity of domino logic can be maintained
by properly sizing the keeper transistor. When the thresh-
old voltage is lowered to improve performance, we should
reconsider the keeper transistor sizing. In this paper, we
presented an analytical model for keeper transistor sizing
to meet the noise constraint. Simulation results show that
our analytical model can be applied effectively to domino
inverter and complex logic gates.
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