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I. INTRODUCTION
The increasing prominence of portable systems and the need to limit power consumption and hence, heat dissipation in very high density VLSI chips have led to rapid and innovative developments in low power design. As the scale of integration improves, more transistors, faster and smaller than their predecessors are being packed into a chip. This leads to the steady growth of the operating frequency and processing capacity per chip, resulting in increased power dissipation.
There are various interpretations of the Moore’s law that predicts the growth rate of integrated circuits. New generations of processing technology are being developed while present generation devices are at a very safe distance from the fundamental physical limits. A need for low power VLSI chips arises from such evolution forces of integration circuits.
Another factor that fuels the needs for low power chips is the increased market demand for portable consumer electronics powered by batteries. The craving for smaller, lighter and more durable electronics indirectly translates to low power requirements.
High performance computing system characterized by large power dissipation also drives the low power needs. Power dissipation has a direct impact on the packaging cost of a chip and the cooling cost of the system.
Another major demand for low power chips and systems comes from environmental concerns. Since electricity generation is a major source of air pollution, inefficient energy usage in computing equipment indirectly contributes to environmental pollution.
In the modern VLSI design, with the transistor size shrinking and chip density increasing, the power dissipation becomes a major problem, which will influence the circuit reliability.  In the present project, the low power supply technique and the multicore design technique will be presented and implemented. The TSMC025 technology is first characterized by simulating a 1-bit ALU circuit in SPICE, and then trying to project the delay and power dissipation for a 16-bit ALU by this trend. We then evaluate 16-bit ALU circuit for delay and power dissipation when the supply voltage is reduced. The power reduction theoretically should be ¼th of the initial power dissipation when we reduce the voltage to half. Performance degrades, however. Power and delay are also analyzed by implementing the circuit in different technologies (TSMC025 and TSMC035) and at different temperatures respectively. Finally, a multicore design theory is presented and the 16-bit ALU is reimplemented using the multicore design theory. This design has a reduced power dissipation compared to the single-core reference design, but has no performance reduction.
-Components of Power Dissipation

There are primarily two components of power dissipation which are dynamic power and static power.

Pavg = Pd + Ps = Pswitching + Pshort-circuit + Pleakage
Where Pd is the dynamic power and Ps is the static power. The dynamic power consists of the switching component of the power and the short-circuit power. The static power is primarily due to the leakage power. The switching component of the power is calculated using
Pswitching = α * C * Vdd 2 * f

Where C is the load capacitance, f is the clock frequency, α is the node transition activity factor (the average number of times the node makes a power consuming transition in one clock period) and Vdd is the supply voltage.

The short-circuit power is due to the direct path short-circuit current (Isc), which arises when both the NMOS and PMOS transistors are simultaneously active, conducting current directly from the supply to ground.

Pshort-circuit = Isc * Vdd
The leakage power is due to the leakage current which can arise from reverse bias diode currents and sub-threshold effects. It is primarily determined by fabrication technology considerations. The static power is also caused by currents which arise from circuits that have a constant source of current between the power supplies such as bias circuitry, pseudo-NMOS logic families, etc.
II. OBJECTIVE
· Design and verify 16-bit ALU with synchronous clocked inputs and outputs.
· Study low-voltage power and delay characteristics of the design.

· Redesign ALU for minimum power and highest speed. 
Apart from these objectives, that we had to complete we also carried out the simulations for change in power at different temperatures and the difference of power consumption for the circuit synthesized in different technologies. 

III. CHARACTERIZATION OF THE TECHNOLOGY
There are several methods of reducing power consumption of circuit designs in the circuit level such as energy recovery, dynamic power reduction, leakage power reduction and so on. The power consumption is composed of dynamic power and station power. With the reduction of supply voltage, we can improve significantly the power reduction in whole components of power consumption in circuit level.

For the design of 16 bit ALU, we need to characterize 1 bit ALU for using trade-off with the supply voltage to performance. The power-delay product will give the range of supply voltage to the design for low-power in requirements.
1. Schematic of 1bit ALU

- It is composed of the 1bit ALU core and input and output registers.

But, we’re only interested in analyzing of the characteristics of 1 bit ALU core for power and delay terms related to the low power design.
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Figure 1
2. Technology and Simulation Specification

- The design of high description language for 1 bit ALU is synthesized by the Mentor tools with ADK kit in TSMC 0.25 um and Eldo spice simulates it at 90 C degree for normal operation temperature through 0 to 2.5 V supply voltage
	Technology
	TSMC 0.25 um

	Application Voltage
	2.5 V

	N-MOS Vth
	0.365 V

	P-MOS Vth
	-0.5625 V

	Temperature
	90 C degree

	Spice Simulator
	Eldo ver. 6.3.1.1

	Sweep Supply Voltage (6 point)
	0 to 2.5 V ( increment 0.5 V)


Table 1
3. 1 bit ALU Core Timing and Critical Path

- There are two parts in 1 bit ALU core, combinational logic part and DFF parts. Critical path is measured in combinational logic part and found in function c = a+b, carry calculation.
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Figure 2
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Figure 3
4. Logic operation voltage for 1 bit ALU core

- During sweeping the supply voltage from 0 to 2.5 V, there are logic malfunction below certain voltage between 0.80V and 0.85. Usually, the lowest supply voltage for correct function approximately is Vthp + Vthn . In our design, the supply voltage 0.85V will confirm correct logic operation with low power consumption.
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          Figure 6 
5. Simulation of 1 bit ALU 
-The simulation results of 1 bit ALU average power and delay are measured at operating clock frequency 200MHz. Using these results, we could make a decision of the operating supply voltage with a scalable 16bit ALU design for the low power consumption. From the power-delay product, the designers will consider the trade-off for the power or delay performance depended on the supply voltage.          
	Supply

Voltage(V)
	0.0
	0.5
	1.0
	1.5
	2.0
	2.5

	Averge

Power(uW)
	0.0
	0.5427
	31.0283
	82.8829
	179.9153
	354.563

	Critical Path

Delay(nsec)
	Infinite
	2.2493
	1.4203
	0.7204
	0.4955
	0.4123


Table 2 . 1 bit ALU core average power vs. delay
IV. 16-BIT SINGLE-CORE ALU DESIGN AND SIMULATION
A 16-bit ALU is designed to evaluate the delay and power dissipation when the voltage is reduced. A reference 16-bit ALU is shown in the fig. It consists of a combinational circuit along with two registers used for providing input and receiving the output respectively. The registers and the combinational circuits are uniformly clocked for synchronous operation of the circuit.  The power consumption of the circuit can be given as

P = Cref * Vref 2 * f
Where  Vref is the supply voltage

Cref  is the total capacitance switched per cycle and f is the clock frequency
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Figure 7

Six different test vectors are applied to this 16-bit ALU as inputs. The different values of ‘a’, ‘b’ and opcode are shown in the table below. Vector 4 with a = 1111111111111111, b = 0000000000000001 with an xor operation(opcode = 0100 ) activated the critical path.
	
	a
	b
	Opcode
	Cyin

	Vector1
	1010101010101010
	0001010101010101
	0001
(sub)
	0

	Vector2
	0101010101010101
	1010101010101010
	0011 (comp)
	0

	Vector3
	0101010101010101
	1010101010101010
	0100
(xor)
	0

	Vector4
	1111111111111111
	0000000000000001
	0000
 (add)
	0

	Vector5
	0110011001100110
	0000000000000000
	1010 (nand)
	0

	Vector6
	0001011001101101
	0101010010101010
	0001
(sub)
	0


Table 3
ELDO SPICE simulation was performed at five different voltages at a temperature of 27oC and at a clock frequency of 10MHz. TSMC025 technology was used. The circuit consisted of 694 gates and the total simulation time was 700ns. The values of static power, average power and delay obtained at different voltages are shown below.
	Voltage

(v)
	2.5
	1.25
	0.85
	0.625
	0.45

	Static Power(nw)
	24.55
	6.02
	3.05
	1.84
	1.71

	Average Power (uw)
	391.16
	62.62 
	26.66
	14.57
	3.56

	Delay (ns)
	2.83
	7.14 
	18.88
	73.21
	Ckt failed


Table 4
As shown in the table, the 16-bit ALU functioned correctly at 2.5V, 1.25V, 0.85V and 0.625V for all the six vectors. Their operation is shown in the graph below.
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Figure 8

The circuit failed at 0.45V as it is operating at a voltage less the threshold voltage. Its operation at 0.45V is illustrated in the graph below.
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Figure 9
Next we will discuss the results of 16-bit ALU average power savings and delay increases with the reference at 2.5 V and 1.25V when we reduce the power supply voltage, respectively. In figure 10 is the data from SPICE simulation. From these results we can see, when the power supply reduced to 1.25V (VDD/2) the power saving is about 84% and delay increases 2.57 times. And in Figure 11, when we use power supply at 1.25V as reference design, the average power dissipation reduced 77% and the delay increases 10.25 times under 0.625V (VDD/2) power supply. From both cases we can see, when the power supply reduced half, the power reduction is more than 1/4 than we expected and the delay increases further according the delay equation. We analyzed the waveforms again in simulation and come up an idea that is, the reason the power reduced more than expected is when the delay increased, the number of glitches that are the major part of dynamic power consumption reduced.
	Voltage

(v)
	(Reference)

VDD

2.5V
	1.25 V

VDD/2
	0.85 V

VDD/3
	0.625 V

VDD/4

	Average Power   (uw)
	391.16
	62.22

P2.5/6.24

84%
	26.22

P2.5/14.67

93%
	14.67

P2.5/26.66

96%

	Delay (ns)
	2.83
	7.14

2.57*D2.5
	18.87

6.67*D2.5
	73.21

25.87*D2.5

	FMax (approx) (MHz)
	333
	143
	53
	13.5


Figure 10.16-bit ALU power savings and delay increases with the reference at 2.5 V
	Voltage

(v)
	(Reference)

1.25
	0.85

(VDD/1.5)
	0.625

(VDD/2)

	Average Power

(uw)
	62.22
	26.66

P1.25/2.35

57%
	14.67

P1.25/4.27

77%

	Delay

(ns)
	7.14
	18.87

2.63 * D1.25
	73.21

10.25 * D1.25


Figure 11.16-bit ALU power savings and delay increases with the reference at 1.25 V
In this section, we simulate the circuit by using different technologies and analyze the power dissipation of technology impact. What we did here is synthesize the circuit using different technologies (TSMC035 and TSMC025). As seen in the simulation results in Figure 12, we see that as the technology is scaled the Delay decreases, this is due to the fact that as the device is scaled, the capacitance decreases and as the delay depends upon the capacitance the delay also decreases. Also we observe that the gate count is different at two technologies when the circuit is synthesized by Leonardo, the gate number is different is because the gates synthesized into complex gates. The gate number here can’t represent the exact number of simple gates the circuit contains. As for the average power, when technology switches from TSMC035 to TSMC025, the scenario that average power increased doesn’t make sense. There is a very less increase in the Average power and we assume that this might be just a little variation within the simulator. 
For the simulations at different temperature in Figure 13, we observe that as the temperature increases the static power increases drastically but there is not much increase in the Average power or Delay. This is due to the reason that as the temperature increases the leakage power increases and as a result the static power increases. 
16 Bit ALU Simulation Setup:

· Supply Voltage: 2.5v

· Simulation Transient Time: 700 ns

· 6 vectors

· Temperature: 27Co
	Technology
	TSMC035
	TSMC025

	#Gates after synthesis
	734 gates
	694 gate

	Voltage
	2.5 V
	2.5 V

	Static Power
	24.555 N Watts
	24.550 N Watts

	Average Power
	381.60 U Watts
	391.16 U Watts

	Delay
	3.12 ns
	2.83 ns


Figure 12.Power analysis under different technologies
· Circuit information: # 734 Gates    
· Clock Frequency applied: 10 MHz ;  Vdd=2.5V

· Vectors Applied: 6 vectors

· Simulation Time: 700 ns

· TSMC035 Technology C o
	Temperature

(C o )
	0
	27
	60
	90
	120
	900

	Static Power

(nw)
	12.7
	24.5
	75.51
	357.36
	4803.3
	3.38

mw

	Average Power (uw)
	404.23
	381.60
	378.15
	367.48
	363.15
	70.43

w

	Delay (ns)
	2.58
	3.12
	3.18
	3.53
	3.91
	Ckt fail!!


Figure 13.Temperature Influence on Power
V. 16-BIT MULTI-CORE ALU DESIGN AND SIMULATION
Multi-core design is a shift away from a predominant focus on pure performance to a balanced approach that optimizes for power as well as performance. Multi-core processors are comprised of multiple processor cores in the same package and offer on independent execution cores concurrently. Effectively threading an application is a nontrivial task that requires domain knowledge in multi-core architecture, parallelism fundamentals and a threading methodology. Nowadays, the world leading microprocessor designers like Intel and AMD both has its own plan on multi-core microprocessors design and multi-core technology will be the mainstream in the future 10 years. In this project, we concentrate on the power saving aspects of the Multi-core design. In the sections described above, we can see, when we lower the supply voltage, the speed of circuit slows down, the performance penalty in severe in real chip design. But the multi-core design methodology which uses parallel computing can gain the speed back when the circuit is working under lower voltage. Also, the penalty of the multi-core design is the area overhead. We analyze those details in the followings. 
· Multi-core means to place two or more complete cores within a single module.

· This architecture is a “divide and conquer” strategy. By splitting the work between multiple execution cores, a multi-core design can perform more work within a given clock cycle.
As a reference design shown in Figure 7. In Figure 14, parallel architectures are given. We give an example of N=4. In this figure, we can see the original design is duplicated 4 times with inputs and outputs registered. Also, the clock divided into 4 phases which is shown in Figure 15. And the multiplexer is controlled by Muxcn signal which changed at each clock cycle. As we can see in Figure 14, input vectors 1, 2, 3, 4, 5, 6, 7, 8, 9, 10…are divided into 4 groups and feed into four combinational copies, such as vector 1, 5, 9 … feed into copy1, vector 2, 6, 10 … feed into copy 2. 

[image: image9]
Figure 14.Parallel Architecture Used in Multi-core Processor Design. N=4
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Figure 15.Control Signals Waveforms, N = 4
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As the equations shown above, considering the overhead hardware (the clock generator and the Mux) consume a little more power. But when the power supply is reduced to VN   compared to Vref (square), the over all power supply is still reduced.
Clock generator design:

In our implementation steps, the 4-phased-clocks “CK0, CK1, CK2, CK3” can be generated by a clock generator. But the clock generator design is the most challenge part in this design. As we can see in Figure 10, if we write the FSM (Finite State Machine) in VHDL to generate different states corresponding to different signals, the state of this FSM will change state at each clock edge (Both Positive and Negative Edge). The VHDL codes works fine when compiled and simulated by ModelSim II but after synthesis by Leonardo, the code does not work at all. The symptom is, the whole ModelSim system halt when the first rising edge clock comes when the “reset” is not active.   Part of the VHDL codes is shown bellowing:

process( clk, reset )

begin

 if reset='1' then  state<= Halt ;   --when reset is high, reset

    elsif ((clk'event and  clk='1') or (clk'event and  clk='0')) then 

  case state is 

 when Halt => state<=s0 ;                               

    when s0   => state<=s1 ;


           --CLOCK CYCLE 1

    when s1   => state<=s2;    



   

    when s2   => state<=s3;                                --CLOCK CYCLE 2

    ... 

 end case;

 end if;   

end process;

Such problem in the simulation is due to the fact that Leonardo generates latches instead of flip-flops, since your model calls for state changes on each clock edge.  At least one of the latches has its output QB (Q_bar) fed back to its D input. Therefore, as soon as that latch is enabled, an oscillatory condition (race) will occur during the system, with the latch state continuously changing as fast as the latch can switch. The simulation fails at the first clock rising edge when reset is disabled because there are too many latch state changes within the simulation interval due to the race condition. Even if longer gate delays were inserted, we still have multiple state changes for a given clock transition. Also, we tried to write the clock generator code by using a serial 4 shift registers with initial state is “1000’ and the outputs are gated with the clock signal. In this case we also can get the correct waveform but the glitches are not escapable. Since the output will clock different registers, any glitch in clock signal will cause the simulation fail. 

Also, we consider using some other synthesizers rather than Leonardo to do the synthesis, but the most automated synthesis tools, do not know how to generate "non-standard" circuit structures, such as sequential circuits triggered on both clock edges. So, here, most automated synthesis tools can not be used for our synthesis, and consider that the clock generator is not a big design; we can manually synthesize our code. Due to the complexity and time requirement of this project, we just hand generate different phase-clock signals from the external of the system. 
The next section, first we analyze the lower voltage supply’s impact on power saving and delay, here we neglect the mathematical analysis part due to this part is detailed described in the earlier section of this report. In Figure 16 multi-core design power savings and delay increase with reference at 2.5 Volts and Figure 17 shows that multi-core power saving and delay increase with reference at 1.25 Volts.
Circuit information: # 2617 Gates  Clock Frequency applied: 10 MHz  

Temperature: 27C  Vectors Applied: 6 vectors  
TSMC025 Technology : Vthn = 0.365 V,  Vthp = -0.562 V  
Simulator: ELDO(Spice)  Simulation Setup: Simulation Time: 700 ns

	Voltage

(v)
	(Reference)

2.5
	1.25

VDD/2
	0.85

VDD/3
	0.625

VDD/4
	0.45

	Static Power (nw)
	96.35
	23.56
	11.94
	7.21
	6.37

	Average Power

(uw)
	687.86
	95.64U

P2.5/7.19

86%
	40.93U

P2.5/16.8

94%
	21.13U

P2.5/32.55

94.75%
	7.26U

	Delay

(ns)
	0.11
	0.57

5.18*D2.5
	1.52

13.8*D2.5
	30.70

279.1*D2.5
	Ckt failed

	FMax (approx)(MHz)
	333
	1700
	666
	33.3
	Ckt Failed


Figure 16.16 Bit ALU Multi-core Power Savings and Delay Increase with Reference @2.5 Volts
	Voltage

(v)
	(Reference)

1.25

VDD
	0.85

VDD/1.5
	0.625

VDD/2

	Average Power

(uw)
	95.64
	40.93

P1.25/2.33

57%
	21.13

P1.25/4.52

78%

	Delay

(ns)
	0.57
	1.52

2.67 * D1.25
	30.7

53.86 * D1.25


Figure 17.16 Bit ALU Multicore Power Savings and Delay Increase with Reference @1.25 Volts
In the following, we present the result of comparison of power dissipation and delay with Reference Design and Multi-core design. We can see in Figure 18, reference design with power supply of 2.5V, the average power dissipation is 391.16 uw and delay is 2.83 ns. If we need the multi-core design work under the same clock frequency which means have the same critical path delay and with the same vector pairs and same simulation environment as the reference design, we need the power supply at somewhere between 0.725V and 0.7V. In multi-core design, when the power supply reduced to 0.725V (VDD/3.5), the critical path delay is the same as the reference design with the power saving as much as 93% !!! This shows how the multi-core is power efficient design and how it gains the speed back by parallelism. The penalty of multi-core design is just relevant small hardware overhead.

	Voltage

(v)
	2.5

VDD

Reference Design
	1.25

Multicore Design

VDD/2
	0.85 Multicore Design

VDD/3
	0.725

Multicore

Design

VDD/3.5
	0.7

Multicore

Design

VDD/3.6
	0.625 Multicore Design

VDD/4

	Average Power

(uw)
	391.16
	95.64

P2.5/4.09

76%
	40.93

P2.5/9.56

89.5%
	25.6

P2.5/15.23

93.45%
	22.35

P2.5/17.5

94.3%
	21.14

P2.5/18.5

94.6%

	Delay

(ns)
	2.83
	0.57

D2.5/4.96
	1.52

D2.5/1.86
	2.61

D2.5/1.08
	3.04

D2.5/0.93
	30.7

D2.5/0.09


Figure 18 .Power and Delay comparison @2.5 V Reference Design with Multicore Design at different voltages
VI. CONCLUSION
The Low Power Design Project was done as a team. The work distributed among the four is as follows: The Characterization of the technology was done by Kyungseok Kim, the 16-bit Single-Core and Multi-Core ALU Design as well as Simulations were done by Khushboo Sheth, the presentation slides were prepared by Fan Wang, the detailed report on the Project was written by Fan Wang, Kyungseok Kim and Sai Siddharth Kumar Dantu. This Project was a very good learning experience and made the fundamentals of the subject clear, as we proceeded with the project. The simulations were the most laborious job throughout the project. On a second attempt we would like to figure out the efficient way of doing the simulations. We started the project in a wrong direction but gradually went back to our objectives. As we proceeded with the project we realized that the fundamental knowledge about CAD tools would have benefited us and would have made the project going easy for us. After attending the seminar on CAD tools we tried working on Mach PA for power and delay analysis but realized later that it is post-layout tool and had to go stick to Eldo for the maximum operating frequency simulations. The conclusions that we can make after the simulations of this project are: For Single core ALU design we get more than 60% power savings at reduced voltage but at the cost of performance. With Reference of 2.5 Volts we observe power drops faster than 1/Vsquare. With Reference of 1.25 Volts, power drop is almost equal to 1/Vsquare. Multi-core design helps to gain the speed back at reduced voltage and consumes less power. After having designed the Multi-Core ALU , we feel that we can extend this technique for designing Multi-Core Processor for getting the power savings. Overall the Project was very interesting to work on and enhanced our CAD skills as well as made the concept of parallelism and the effect of reduced supply voltage on power and delay very clear to us. We would like to thank Dr. Vishwani Agrawal for his invaluable guidance throughout the project.     
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