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Abstract
In this paper a Low power Vdd Management (LPM) mechanism 
is proposed to design power performance manageable high 
speed dynamic circuits the objective of the proposed low power 
manageable design is to maintain high performance while 
decreasing the power consumption of the Domino Circuits. A 
test chip has been successfully validated to achieve 65% dynamic 
power consumption 13% static   power consumption respectively 
using TSMC 0.13µm CMOS Technology.
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I. Introduction
The power consumption of conventional CMOS circuits is 
composed of dynamic and static parts. Most power consumption 
comes from dynamic power consumption. The generic dynamic 
power model is given by the equation P=CV2f, which represents 
that power consumption is proportional to circuit loading (C), 
supplied voltage (V) and circuit clock frequency (f). Dynamic 
power consumption is large because the Vdd charge supplies the 
circuit’s parasitic capacitance during CMOS circuit switching 
and clock frequency boosting. In most low power techniques, 
power consumption can be limited by scaling down V and f to the 
circuit. The V and f can be adjusted as two independent variables. 
As domino logic design offers smaller area and higher speed than 
complementary CMOS design, it has been very commonly used 
for high-performance processors. CMOS domino gates have two 
basic operating phases: pre-charge phase when the clock Phi is 
low and evaluation phase when the clock Phi is high, as shown 
in fig. 1. During the pre-charge phase, the capacitance Co will be 
charged to high. During the evaluation phase, if all of the inputs 
Ini to N-transistors are high, the voltage Vx is pulled to ground. 
According to small-size test circuit simulation results as shown 
in Figure 1, the domino circuit has a 42% delay time reduction in 
comparison with the static circuit. However, the average power 
consumption of the domino circuit is 155% larger than that of 
the static circuit. Moreover, the peak current of dynamic circuit 
is 708% larger than that of static circuit. This power dissipation 
problem needs to be solved for the domino circuits.

Fig. 1: The Domino Gate and Design Comparison

In this paper, a LPM mechanism is proposed to design Power-
performance manageable high speed dynamic circuits. The 
objective of the proposed low power manageable design is 
to maintain high performance while decreasing the power 
consumption of the domino circuits.

(a). The Proposed LPM Circuit

(b). Four Operation Modes of LPM Circuit
Fig. 2: The Proposed LPM Design

The proposed LPM uses extended power gate techniques to reduce 
dynamic power during normal operation mode and leakage power 
during sleep mode. The proposed LPM domino circuit is shown 
in fig. 2(a). 
The LPM module controls PMOS transistors (PSW) that connect 
the power supply to the circuit blocks, to degrade the voltage level 
during circuit operation. Numerous PMOS transistors (PSW) ensure 
sufficient current supply to the circuit. The PSW power switches 
are used to shut off the leakage current when the circuits enter 
sleep mode. 
The PSW either work in saturation, linear or cutoff region. In 
linear region, the Vdd voltage level (VSW) applied to the circuit is 
scalable. Exploiting CKVdd has greater dynamic power reduction 
in operation mode. The simple LPM can be broadly used as a 
generic low power design technique. An integrated in-house cell-
based design EDA flow for mixed static dynamic circuits adopting 
the proposed LPM has been established, including a complete 
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chip tape-out validation flow.
Moreover, high performance domino cell libraries were generated 
for the development of in-house EDA and cell based synthesis 
tools. The domino circuit synthesis flow has been developed to 
design a domino circuit having skew tolerant, low-power (with 
LPM module) and high-performance characteristics. 
In this paper, the LPM is used to design a power-performance 
manageable high speed domino multiplier. Test chip validations 
show that the proposed LPM expands the domino circuit for high-
performance and low-power (slow circuit speed) applications.

II. LPM Low Power Techniques
The proposed LPM combines the advantages of rising Vdd and 
managing Vdd techniques. There are four modes (i.e. Clock Vdd-
CKVdd, power management of PSW, and sleep modes) in the 
proposed LPM of the designed circuits. The PG and sleep mode 
functionalities are the same as those of the conventional power 
gate design. The PG mode is shown in the diagram of fig. 2. In the 
normal operation mode (denoted as PG mode), the Pf is set to 0 or 
1 and Pc is set to 1. The capacitance Cf and CPG can be used as 
de-capacitance to filter out the noisy voltage. There is only a small 
voltage drop for the designed circuits, so that circuit operation is 
more stable than traditional power gate circuits.
This mechanism can control the VSW, to avoid the voltage drop 
from suddenly turning on the PSW. The LPM can prevent power 
consumption from leakage when the circuit enters sleep mode. 
There are two methods to control the designed circuits in the 
snooze state. The first is to set Pf=0 and Pc=0, so that the PSW 
are turned off. The second is that when the circuit operation is in 
PG mode (i.e. Pc=1 and Pf=0), the Vf is charged by Vsw. When 
the Pf signal transfers to logic high and Pc signal goes from high 
to low, the charge sharing from Vf allows the VPG voltage level 
to increase, and turns off the PSW transistor.
By regulating the PSW gate input voltage the Vdd supplied current can 
be managed. The circuit delay time can be adjusted by controlling 
the Vdd current supplied to the designed circuit. Moreover, LPM 
can be used to manage the tradeoff of circuit delay vs. power 
consumption. The VSW levels under different operation modes are 
shown in the table of fig. 2(a). The CKVdd and power management 
modes are described in detail in the following sections.

III. Low-Power CKVDD Mode
The LPM low power mode is CKVdd mode for low power 
consumption. In CKVdd mode, progressively rising voltage is 
provided to the circuit during circuit switching to achieve low 
power consumption. Thus, the designed circuit saves large 
dynamic power consumption.
When the circuits operate in CKVdd mode, the signal Pf is set to 
logic low (i.e. Pf=0) and Pc signal is the same as Phi signal. Then, 
the PSW follow the CK signal cyclically turning on and off. The 
PSW are fully turned on only for half of a clock cycle, which means 
that outer power is fully supplied to the circuits for half of every 
clock cycle. PSW are turned on when the clock signal is high, and 
act as active resistors with nonlinear resistance when the clock 
signal is low. Then, the circuits in CKVdd mode are alternatively 
charged and discharged. When the clock signals switch the 
PSW to work in the saturation region or active resistor region, 
the progressive rising Vdd of the VSW is cyclically generated in 
synchronous domino circuits. When both the Pf signal and PC 
signal are low, the current of the PSW is determined by gate to 
source voltage difference (Vgs) of PMOS transistors. The VSW 
is equal to or less than Vdd-Vtp. 

When the system clock signal (CK) changes from high to low, 
the PSW are turned off. In this situation, the VSW declines from 
Vdd level to a lower voltage level. From the SS connection, the 
CSW shares charge with CPG through the SS path. If the VPG 
level is too low, the PSW might be turned on to raise the VSW 
level at this time. The SS connection thus maintains a low level 
of variation in VSW when needed at the Pc signal transit stages. 
When the Pc signal transitions from low to high, the PSW are 
turned on, the domino circuit state transition (from precharge to 
evaluation phase) consumes current, and there is a large drop in 
VSW. The example circuit waveforms are shown in fig. 3. The 
IVdd and ICKVdd represent current consumption of stable Vdd and 
VSW, respectively. The ICKVdd is less than IVdd resulting in less 
power consumption in the CKVdd mode.
Generic circuit power consumptions are directly proportional to 
clock frequency (f). In the LPM CKVdd mode, the voltage and 
clock are two dependent variables. The VSW level provided to 
circuit is inversely proportional to f. It is interesting to note that 
CKVdd mode consumes less power than conventional PG circuit 
and Vdd circuit when working at high clock speeds. 
As the clock signal is high only for a short period of time for high 
speed clock in CKVdd mode, a low VPG charges CSW only for 
that short period. Therefore, the circuit operating voltage level 
is inversely proportional to f. The short capacitance charge time 
reduces VSW, and saves more power in CKVdd mode at high 
clock speeds. CKVdd mode can be construed as a characteristic 
property of the SS connection. 

Fig. 3:  CKVdd Mode Circuit Simulation

Due to the lower VPG (VSW), the PSW can be turned on to elevate 
the VSW. This negative feedback mechanism stabilizes VSW from 
this SS connection regardless of clock frequency. When CKVdd 
mode operates together with a high clock speed, it might not turn 
off the PSW since VSW (VPG) is low. The low VSW level also 
limits the highest operating speed in CKVdd mode.

IV. Domino Circuit Implementation

A. CAD Design Flow
Most domino circuit research reports have neglected to discuss 
physical implementation of their designs. In this paper, we attempt 
to construct a stable mixed static-dynamic high-speed and low-
power circuit from using a cell-based synthesized environment. 
The CAD flow can partition the circuit into static and dynamic 
circuit parts, which can decrease the circuit delay time and power 
consumption, as well as deal with performance issues. Some 
physical test chips have been implemented to validate the proposed 
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CAD design flow. The automatic cell-based design flow takes 
all the low power, high performance and skew-tolerant issues 
into consideration. Moreover, a noise-alleviation (charge sharing, 
crosstalk) dynamic cell library was developed, which is combined 
with static circuit cell library to design a mixed static-dynamic 
circuit. The mixed circuit partition, synthesis and optimizing 
techniques are all adopted in this circuit synthesizer.
 The main achievement of this automatic mixed circuit design flow 
supports effortlessly and quickly obtaining high-performance and 
low-power static-dynamic designed circuits. The proposed flow 
solves the bubble-push, circuit-domino clock assignments, skew-
tolerant issues and includes a complete tape-out validation flow.
 This low-power, high-performance mixed static-dynamic circuit 
synthesis flow includes four process steps. The first is front-end 
process for the mixed static-dynamic circuit gate level transform. 
The second is validation process, which is used to confirm the 
circuit functionality after circuit transformation of the previous 
step. The third is chip tapeout process and the fourth is test 
pattern generation for use in the test chip measurement. Several 
commercial CAD tools are applied within this circuit synthesis 
flow. As paper length limitation, the details will publish further.

B. Test Chip Design
Two 16x16 bit multiplier cores were implemented in a single 
test chip using TSMC 0.13um technology. There are eight LPM 
modules for this design.
For comparisons, the two 16x16 bit fast multipliers (MULs) were 
designed in the same die for verifying the proposed low power 
technique. 
MUL Ori is a regular domino circuit using outer Vdd with a constant 
power supply. MUL New includes eight LPM modules.From 
post-layout simulation, compared to generic domino circuit, the 
delay increases are 11% and 29% for PG mode and CKVdd mode, 
respectively. In addition, power reductions are 44% and 53% for 
PG mode and CKVdd mode, respectively, and the peak current 
value reductions are 93% and 95%, respectively.
CKVdd mode has significantly smaller power consumption, 
and saves large amount of power, especially when working in 
high speed clocks. The circuit delay time also increases but not 
significantly. The benefits of power saving gain outweigh the 
disadvantage of its performance loss.

V. Test Chip Measurements
Fig. 4 shows the die photo of the test chip. As the LPM modules 
are attached to the power rails, MUL New occupies a slightly 
larger area than MUL Ori.

Fig. 4: The Die Photo and Test Chip Specifications

The design of MUL New (in CKVdd mode) at fixed voltages of 
1.8V and 1.2V was applied to MUL Ori for comparing power 
consumptions In the following figures, the degrading ratios for 
MUL Ori and MUL New are compared in different operation 
modes.

Fig. 5: Comparison of Power Consumption in the Proposed Test 
Chip

Fig. 5 shows the measurement results by varying clock frequency. 
At clock frequency of 47MHz, MUL New reduces power by 68% 
and 15% (68%-53%) as compared to MUL Ori working at 1.8V 
and 1.2V, respectively. MUL New has less peak current, while both 
MUL New and MUL Ori increase power as frequency increases. 
It is interesting to note that the power increase rate was lower for 
MUL New than for MUL Ori. The curve flattens when f increases. 
This implies that CKVdd mode offers useful power savings in 
high speed clock designs.
MUL New consistently consumes less power than MUL Ori. 
However, MUL Ori can work at higher frequency than MUL New. 
As there is no power consumption in sleep mode, PM consumes 
less power than both the CKVdd and PG modes.

VI. Conclusion
The proposed LPM is an effective, simple and low power design 
technique. The LPM allows the designed circuit to have efficient 
power-performance trade-off capability with a small delay penalty 
in the output signals. The main contribution of this paper is the use 
of a feasible Vdd management technique for expanding the domino 
circuits for both low-power and high-performance applications.
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