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ABSTRACT

A forward body biased keeper circuit technique is pro-
posed in this paper for enhancing the robustness of dy-
namic circuits. The proposed circuit technique is evaluated
as an alternative to the standard approach of increasing the
physical size of a keeper transistor for enhanced noise im-
munity. The forward body biased keeper circuit technique
has a lower speed penalty under the same noise immunity
conditions as compared to a standard keeper sizing tech-
nique. The effectiveness of the proposed circuit technique
can be further increased provided that the junction tempera-
ture is reduced using active cooling and refrigeration.

1. INTRODUCTION

Domino logic circuit techniques are extensively applied
in high performance microprocessors due to the superior
speed and area characteristics of domino CMOS circuits as
compared to static CMOS circuits [1]-[3]. High speed op-
eration of domino logic circuits is primarily due to the
lower noise margin of domino circuits as compared to static
gates. This desirable property of a lower noise margin,
however, makes domino logic circuits highly sensitive to
noise as compared to static gates. Aggressive scaling of the
threshold voltages to enhance speed further degrades the
noise immunity of domino logic gates [1]. Moreover, ex-
ponentially increasing subthreshold leakage currents with
reduced threshold voltages degrade the reliability of dy-
namic circuits fabricated in deep submicrometer CMOS
technologies. As on-chip noise becomes more severe with
technology scaling and higher operating frequencies, error
free operation of domino logic circuits has become a major
challenge [1]-[3].

In a standard domino logic gate, a feedback keeper is
employed to maintain the state of the dynamic node against
coupling noise, charge sharing, and subthreshold leakage
current. The keeper transistor is fully turned on at
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the beginning of the evaluation phase. Provided that the
necessary input combination to discharge the dynamic node
is applied, the keeper and pulldown network transistors
compete to determine the logical state of the dynamic node.
This contention between the keeper and the pulldown net-
work transistors degrades the circuit speed and power char-
acteristics [1]. The keeper transistor is typically sized
smaller than the pulldown network transistors in order to
minimize the delay and power degradation caused by the
keeper contention current. A small keeper, however, cannot
provide the necessary noise immunity for reliable operation
in an increasingly noisy and noise sensitive on-chip envi-
ronment [1], [3]. There is, therefore, a tradeoff between
reliability and high speed/energy efficient operation in
domino logic circuits.

The forward body bias circuit technique is typically
employed for reducing power consumption, enhancing
speed, or compensating for die-to-die and within-die pa-
rameter variations [4], [5]. The forward body bias circuit
technique is often seen as an alternative to the reverse body
bias circuit technique due to the preferable scaling charac-
teristics of the forward body bias technique. Contrary to the
reverse body bias technique, forward body biasing a
MOSFET enhances the body effect while reducing short-
channel effects [4], [5].

A new use of the forward body bias technique is pro-
posed in this paper for enhancing the noise immunity of
dynamic circuits. Forward body biasing a keeper transistor
is evaluated as an alternative to the standard approach of
increasing the keeper size for enhanced robustness. The
current drive of a keeper transistor is increased with the
proposed circuit technique without modifying the physical
dimensions of the keeper. By applying a forward body bias
voltage of 550 mV to a keeper transistor at a worst case
temperature of 120°C, the noise immunity of an 8-bit mul-
tiplexer is enhanced by up to 7.5% while reducing the de-
lay penalty by 4.1% as compared to the standard approach
of increasing the keeper width.

The beneficial effect of reducing the die temperature on
the forward body bias circuit technique is also evaluated.
At room temperature, the enhancement in noise immunity
based on the proposed circuit technique increases to 8.7%
by increasing the forward body bias voltage to 700 mV.
The delay penalty is 3.3% smaller as compared to the stan-
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dard approach of increasing the keeper size in order to
achieve the same enhancement in noise immunity.

The operation of the proposed domino logic with for-
ward body biased keeper (FBBK) circuit technique is de-
scribed in Section 2. The speed and power overhead of the
FBBK circuit technique is described in Section 3. Some
conclusions are offered in Section 4.

2. FORWARD BODY BIASED KEEPER

Forward body biasing a keeper transistor is proposed to
improve the noise immunity characteristics as compared to
a standard domino logic circuit. The threshold voltage of a
forward body biased MOSFET is reduced, increasing the
conduction current as compared to a zero body biased tran-
sistor with the same physical dimensions. Forward body
biasing the keeper, therefore, improves the noise immunity
characteristics as compared to a standard domino logic cir-
cuit with the same keeper physical size. A K-bit domino
multiplexer with a forward body biased keeper transistor is
shown in Fig. 1.
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Fig. 1. A K-bit domino multiplexer based on the forward body biased
keeper circuit technique.

When a keeper transistor is forward body biased, the
source-to-body and drain-to-body p-n junctions produce
diode currents as illustrated in Fig. 1. The forward body
bias voltage that can be applied to a MOSFET is limited
due to these diode currents [1], [4], [5]. The diode current
through the drain-to-body p-n junction (I4ee2) Opposes the
drain current of a keeper transistor. For strongly forward
body biased keepers, Igioq2 can lower (clamp) the voltage
of the dynamic node. The noise immunity can thereby be
reduced, provided that the drain-to-body diode is strongly
turned on.

The low noise margin (NML) is the noise immunity
metric used in this paper. The NML is

NML =V, ~V,, s (1)
where V7, is the input low voltage defined as the smaller of

the DC input voltages on the voltage transfer characteristic
(VTC) at which the rate of change of the output node volt-

age with respect to the input voltage is equal to one (the
unity gain point on the VTC). Vy, is the output low volt-
age. The variation of the noise immunity of various domino
logic circuits is evaluated by varying the forward body bias
voltage, assuming a 0.18 um CMOS technology, as shown
in Fig. 2. The keeper to pulldown network equivalent tran-
sistor width ratio is two for all of the circuits.
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Fig. 2. Variation of the noise immunity of four input And and Or gates and
8 bit and 16 bit multiplexers with the forward body bias voltage applied to
a keeper transistor at two different junction temperatures. And4,
Or4_ALL, Mux8_ALL, and Mux16_ALL: noise couples to all of the
inputs. Or4_1, Mux8_1, and Mux16_1: noise couples to one input while
all of the other inputs are grounded. (a) T =27°C. (b) T = 120°C.

As shown in Fig. 2a, at room temperature, increasing
the forward body bias voltage towards 700 mV enhances
the noise margins of all of the domino logic circuits. For a
forward body bias voltage of 700 mV, the enhancement in
noise immunity varies between 2.2% (for a 16 bit multi-
plexer with noise coupling to all of the inputs,
Mux16 ALL) and 9.7% (for a 4 input Or gate with noise
coupling to only one input while the other inputs are
grounded, Or4_1) for different types of circuits and noise
coupling scenarios. As the forward body bias voltage is
increased beyond 700 mV, the body diodes strongly turn
on, degrading the noise immunity of the gates.
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The current through a forward biased p-n junction is
strongly dependent on the junction temperature [4], [5].
Liiode2 €Xponentially increases as the die temperature is in-
creased. Therefore, as shown in Fig. 2b, both the maximum
achievable enhancement in noise immunity and the maxi-
mum forward body bias voltage that can be applied to a
keeper transistor are reduced when the junction tempera-
ture is increased. For a worst case junction temperature of
120°C, the noise immunity is enhanced for forward body
bias voltages up to 550 mV (for all circuits evaluated). As
the forward body bias voltage is increased beyond 550 mV,
the noise immunity degrades primarily due to the diode
current through the forward biased drain-to-body p-n junc-
tion. For a forward body bias voltage of 500 mV, the en-
hancement in noise immunity varies between 2.0% (for
Mux16_ALL) and 7.6% (for Or4_1I) for different types of
circuits and noise coupling scenarios.

3. SPEED AND POWER OVERHEAD

The speed and power overhead of the proposed circuit
technique is evaluated in this section. Similar to increasing
the physical size of a keeper transistor, forward body bias-
ing a keeper increases the contention current; thereby, de-
grading the evaluation speed and increasing the power con-
sumption of a domino logic circuit. Since the standard ap-
proach for enhancing noise immunity is to increase the
width of a keeper transistor, the proposed forward body
biased keeper circuit technique is compared to standard
domino logic circuits with increased keeper sizes while
providing the same noise immunity characteristics. A com-
parison of the delay of an 8 bit domino multiplexer based
on the standard domino (SD) circuit technique and the pro-
posed forward body biased keeper circuit technique for
different noise coupling scenarios is shown in Fig. 3. For
each forward body bias voltage, the width of the keeper
transistor of a standard domino multiplexer is increased to
maintain the same noise immunity (assuming two different
noise coupling scenarios) as compared to an FBBK multi-
plexer.

As described in Section 2, the diode currents increase
with greater forward body bias (FBB) voltage; thereby de-
grading the voltage level of a dynamic node and reducing
the effective current supplied by a keeper to support the
state of the dynamic node. For a moderate FBB, the in-
creased drain current due to the reduced threshold voltage
dominates Igogeo. As shown in Fig. 3, the evaluation delay
increases for FBB voltages up to a specific value (depend-
ent on the junction temperature). Increasing the FBB volt-
age beyond this specific value (beyond 550 mV and 450
mV at 27°C and 120°C, respectively) enhances the evalua-
tion speed due to the supporting role of 44 in the evalua-
tion process. Alternatively, for a standard domino logic
circuit, increasing the keeper size increases the contention
current; thereby degrading the evaluation speed. The speed
advantage of the proposed forward body biased keeper

technique as compared to a standard domino logic circuit
with the same noise immunity characteristics, therefore,
increases as the forward body bias voltage is increased.
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Fig. 3. Comparison of the delay overhead of an 8 bit domino multiplexer
based on the FBBK technique as compared to the standard keeper sizing
technique for two different junction temperatures. At each FBB voltage,
the keeper size of a standard domino multiplexer is increased to maintain
the same noise immunity as compared to a FBBK multiplexer. SD_1: noise
couples to one input while the other inputs are grounded. SD_ALL: noise
couples to all of the inputs. All of the values are normalized to the delay of
the SD multiplexer with the same keeper size as compared to the FBBK
multiplexer. (a) T=27°C. (b) T = 120°C.

At room temperature, the delay penalty for increasing
the noise immunity by 8.7% (Vggg = 700 mV) is 3.3%
smaller as compared to a standard domino logic circuit
based on keeper sizing (assuming the noise couples to only
one input). Similarly, at 120°C, the delay penalty for
achieving a 7.5% higher noise immunity (Vg = 550 mV)
is 4.1% smaller as compared to the delay penalty of the
standard technique of increasing the keeper size.
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Short-circuit current within the output inverter increases
due to a degradation in the voltage of the dynamic node as
the forward body bias voltage is increased. Due to increas-
ing contention, diode, and short-circuit currents and in-
creasing junction capacitances, the power consumption
increases with the proposed FBBK circuit technique as
compared to a standard domino logic circuit with the same
size keeper. A comparison of the power consumption of an
8 bit domino multiplexer based on the SD circuit technique
and the proposed FBBK circuit technique for different
noise coupling scenarios is shown in Fig. 4.
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Fig. 4. Comparison of the power overhead of an 8 bit domino multiplexer
based on the FBBK technique as compared to the standard keeper sizing
technique for two different junction temperatures. All of the values are
normalized to the power consumed by the SD multiplexer with the same
keeper size as compared to the FBBK multiplexer. Simulation conditions
are as described in the caption of Fig. 3. (a) T =27°C. (b) T = 120°C.

As shown in Fig. 4, the rate of increase in power con-
sumption with the forward body bias voltage is relatively
small for moderate FBB voltages (below 550 mV and 350
mV for 27°C and 120°C, respectively). As the FBB is in-
creased beyond these voltages, the power consumption
rapidly increases due to the significantly higher diode cur-
rents. At room temperature, the power overhead of the

FBBK and standard keeper sizing circuit techniques is
similar for FBB voltages up to 500 mV. The FBBK circuit
technique increases the power consumption by up to 3.9%
and 21.3% for FBB voltages of 550 mV and 600 mV, re-
spectively, as compared to the standard keeper sizing tech-
nique while maintaining the same noise immunity. Simi-
larly, at 120°C, the power overhead of the FBBK and stan-
dard keeper sizing techniques is similar for FBB voltages
up to 300 mV. The FBBK circuit technique increases the
power consumption by up to 4.9% and 20.6% for FBB
voltages of 350 mV and 400 mV, respectively, as compared
to the standard domino logic circuit technique based on
increasing the keeper size while providing the same noise
immunity.

4. CONCLUSIONS

A forward body biased keeper circuit technique is pro-
posed in this paper for enhanced noise immunity in domino
logic circuits. Various domino logic circuits are evaluated
based on the proposed circuit technique. The achievable
enhancement in noise immunity based on the forward body
biased keeper circuit technique is strongly dependent on the
junction temperature. Up to a 7.6% enhancement in noise
immunity is achieved by applying a 500 mV forward body
bias to a keeper transistor at a worst case temperature of
120°C, assuming a 0.18 um CMOS technology. The effec-
tiveness of the proposed forward body biased keeper tech-
nique increases provided that the junction temperature is
reduced via active cooling and refrigeration. The enhance-
ment in noise immunity increases to 9.7% for a forward
body bias voltage of 700 mV at 27°C.

At room temperature, the power overhead of the for-
ward body biased keeper circuit technique as compared to
the standard keeper sizing technique is less than 3.9% for
body bias voltages below 550 mV. By applying a forward
body bias voltage of 550 mV, the noise immunity of an 8
bit multiplexer is enhanced by up to 7.6% with a 1.7%
smaller speed penalty as compared to the standard keeper
sizing technique.

5. REFERENCES

[1] V. Kursun and E. G. Friedman, “Domino Logic with Variable Thresh-
old Voltage Keeper,” IEEE Transactions on Very Large Scale Integration
(VLSI) Systems, Vol. 11, No. 6, pp. 1080-1093, December 2003.

[2] V. Kursun and E. G. Friedman, “Node Voltage Dependent Subthresh-
old Leakage Current Characteristics of Dynamic Circuits,” Proceedings of
the IEEE/ACM International Symposium on Quality Electronic Design,
March 2004.

[3] A. Alvandpour et al., “A Sub-130-nm Conditional Keeper Technique,”
IEEE Journal of Solid-State Circuits, Vol. 37, No. 5, pp. 633-638, May
2002.

[4] S. Narendra ef al., “Forward Body Bias for Microprocessors in 130-nm
Technology Generation and Beyond,” IEEE Journal of Solid-State Cir-
cuits, Vol. 38, No. 5, pp. 696-701, May 2003.

[5] C. Wann et al., “CMOS with Active Well Bias for Low-Power and
RF/Analog Applications,” Proceedings of the IEEE International Sympo-
sium on VLSI Technology, pp. 158-159, June 2000.

IT - 920

I 2



