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Abstract—This work aims at studying the variation of frequency of the ring oscillator with the supply voltage and the low voltage operation of a sequential circuit clocked by the ring oscillator. The system designed can be used as an asynchronous block for communicating with other devices, but is synchronous internally. Observation of the variation of the critical path delay of the combinational circuit with supply voltage is attempted.
Index Terms— Dynamic Voltage Scaling, Dynamic Frequency Scaling, Asynchronous Systems, Globally Asynchronous and Locally Synchronous Systems (GALS), Power Management, Clock Skew
I. INTRODUCTION

Battery life and execution time performance are the two important parameters determining the usability of mobile devices such as PDAs, cell phones, and handheld/notebook computers. The problem is that the goals of high performance and low energy consumption are at odds with each other
The demand for extracting good performance while having low energy consumption has caused processor manufacturers to take a closer look at power-management strategies. Dynamic voltage frequency scaling (DVFS), in which the processor’s clock frequency and supply voltage can be changed in tandem by software during the course of operation is becoming the most important power management strategy used.
Using such a mechanism, a processor can be set to use the most appropriate performance level at any given moment, spreading signal traffic over time.
Voltage and frequency are scaled together to achieve reductions in energy per computation. Scaling frequency alone is insufficient because, while reducing the clock frequency does reduce a processor’s power 
consumption, a computation’s execution time is to a first approximation linearly dependent on clock frequency, and the clock-speed reduction can result in the computation taking more time but using the same total energy. Because power consumption is quadratically dependent on voltage level, scaling the voltage level proportionally along with the clock frequency offers a significant total energy reduction while running a processor at a reduced performance level.
However, it is not sufficient to merely have a chip that supports voltage scaling. There must exist an entity, whether hardware or software, that decides when to scale the voltage and by how much to scale it. This decision is essentially a prediction of the near-future computational needs of the system and is generally made on the basis of the recent computing requirements of all tasks and threads running at the time. This is done by the power management unit. For a large system, this unit requires lot of computational power to manage the operations and distribute the clock.
Due to shrinking technologies and increasing design sizes, it is becoming more difficult and expensive to distribute a global clock signal with low skew throughout a processor die. Most conventional microprocessor designs are synchronous in their construction; that is, they have a global clock signal which provides a common timing reference for the operation of all the circuitry on the chip. 
On the other hand, fully asynchronous designs built using self-timed circuits do not have any global timing reference. Alternatively, Globally Asynchronous Locally Synchronous systems (GALS) can be used as an intermediate style of design between these two. GALS systems contain several independent synchronous blocks which operate with their own local clocks and communicate asynchronously with each other. The main feature of these systems is the absence of a global timing reference and the use of several distinct local clocks (or clock domains), possibly running at different frequencies.
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ENTITY local_synch IS

PORT

(set, clear, count_enable: IN STD_LOGIC;

cry_out : OUT STD_LOGIC;

ring_clock | Clock Distribution sum_out: OUT STD_LOGIC_VECTOR( 3 DOWNTOO0 ));

Network

END local_synch;





Fig. 1.  Complete system overview. There are only three external asynchronous inputs: SET, CLEAR, COUNT_ENABLE. Rest all are generated internally.
TABLE 1. Inverter Characteristics
	Voltage (V) 
	Average Power (uW) 
	Maximum Power (uW) 
	Delay(ps) 

	1.8 
	36.2283
	134.6928
	10.66338

	1.6 
	25.3686
	95.0667
	12.91967

	1.4 
	17.1228
	54.9572
	17.03383

	1.2 
	11.5631
	37.004
	23.38268

	1.0 
	7.9412
	23.5385
	31.57895

	0.8 
	7.9287
	23.8102
	55.85586

	0.6 
	6.211
	8.1721
	128.6984

	0.4 
	3.0039
	0.194451
	400.7

	0.2 
	0.274565
	0.000531
	395541.6


II. Project Description

In this project a A 4-bit ALU, consisting of a ripple carry adder, with register files clocked by a ring oscillator clock is designed. The ALU and register files will be designed in VHDL using ModelSim. 
An RTL level net-list is generated from the VHDL code using Leonardo Spectrum and then a transistor level net-list is obtained by using Design Architect. This net-list is fed into the ELDO to generate the circuit schematic. The power dissipation is measured form ELDO SPICE simulations. TSMC018a technology (0.18um) is used for the simulations.
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Fig. 2.  Schematic diagram of the entire system. From left to right, the ring oscillator, the clock distribution network, 9-bit counter, 9-bit input register file, ALU, output register file.
TABLE 2. Ring Oscillator Characteristics
	Voltage (V) 
	Clock Frequency (GHz) 
	Ave. Power (uW) 
	Delay 

(ns) 
	Energy 

(fJ) 
	Energy*

Delay

(E-24Js) 

	1.8 
	0.5588 
	321.40
	1.78947 
	575.1
	1029.21 

	1.6 
	0.5071 
	216.50
	1.97193 
	426.9
	841.913 

	1.4 
	0.4107 
	134.50
	2.435 
	327.4
	797.456

	1.2 
	0.33023 
	73.606
	3.02817 
	222.8
	674.948 

	1.0 
	0.2212 
	33.507
	4.5211 
	151.4
	684.855 

	0.8 
	0.1055 
	9.9393 
	9.4782 
	94.21
	892.950

	0.6 
	0.0168 
	0.9035
	59.5348 
	53.78
	3201.9178 

	0.4 
	4.84E-04 
	0.0119
	2065.22 
	24.65 
	50916.075 

	0.2 
	5.61E-06 
	4.54E-05 
	178260.87 
	8.095
	1443163.1


The ring oscillator is designed in ELDO. The number of inverters in the ring oscillator is decided by its delay. The delay of the ring oscillator is made equal to the time taken for a change at the inputs of the ALU to appear at its output. Both the ALU and ring oscillator are powered by the same supply.
The clock frequency and total power dissipation are calculated as a function of supply voltage for various feature sizes of the transistors. Also, the trends in power dissipation are observed as a function of supply voltage. 
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Fig. 3 Energy-Delay product of the ring oscillator. Minimum foound at 1V supply voltage.
TABLE 3. Comparision of the frequency values calculated theoreticlaly and found experimentally.
	Voltage (V) 
	Observed Clock Frequency (GHz) 
	Theoretical Clock Frequency (GHz) 

	1.4 
	0.4107 
	0.4445 

	1.2 
	0.33023 
	0.3697 

	1.0 
	0.2212 
	0.2791 

	0.8 
	0.1055 
	0.1720 

	0.6 
	0.0168 
	0.0593 

	0.4 
	4.842E-04 
	0.1555E-04 

	0.2 
	5.61E-06 
	undefined 


The ring oscillator clock will reduce the overhead on the power management unit in dynamically scaling the voltage and frequency because the frequency of the ring oscillator will automatically reduce with the decrease in 

supply voltage, if both the clock and the logic are powered by the same supply. This technique is used where a processor is run at a less-than-maximum frequency in order to conserve power. Thus, this circuit under consideration externally looks like an asynchronous circuit. 
To make the full system look asynchronous from outside, a 9-bit counter is designed such that the inputs registers are fed by the counter. The counters and the input registers are all synchronized by the same ring oscillator clock.
An inverter-tree clock distribution network is also designed to distribute the clock signal to various sequential elements. Finally, the system looks completely asynchronous externally with only three asynchronous inputs, with no clock input and five outputs.

TABLE  4. Comparison of the frequency values calculated theoretically and found experimentally.
	Voltage (V) 
	Average Power (uW) 
	Maximum Power (uW) 
	Critical Delay (ns) 
	Average Power*Delay 

	1.8 
	6.284
	928.2791
	1.0781
	6.775 

	1.6 
	4.8427
	636.8054
	1.24825
	6.045 

	1.4 
	3.5987
	413.6859
	1.51913
	5.467 

	1.2 
	2.5949
	272.8673
	2.00965
	5.2148 

	1.0 
	1.7407
	179.5037
	3.02571
	5.2668 

	0.8 
	1.0849
	56.7458
	6.19
	6.7155 

	0.6 
	0.562447
	16.7108
	35.187
	19.79 

	0.4 
	0.031435
	0.431696
	1456.19
	45.775 

	0.2 
	0.000582
	0.001475
	105682.1
	61.506 
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Fig. 4 Energy-Delay product of the ring oscillator. Minimum foun  at 1V supply voltage.
III. Experimental Results

The experimental results are tabulated in Table 1, Table 2, and Table 4. The complete system diagram is shown in Fig. 2. The number of inverters in the ring oscillator is found to be 23. The graphs for energy-delay 
product of the ring oscillator and the power-delay product of the ripple carry adder are shown in Fig. 3 and Fig. 4. 

The Variation of frequency with the supply voltage is given by the α-power law, given by the Eqn.1. 


[image: image5.wmf](

)

a

a

DD

th

DD

V

V

V

k

f

-

=









[1]

VDD is the supply voltage, Vth is the zero-bias threshold voltage, f is the clock frequency, k and α are constants. Typical Vth for 0.18 um technology is 0.3932V. ‘k’ and ‘α’ are calculated from the VDD and f values obtained for 1.8V and 1.6V supply voltage experimentally and found to be k = 1.097 G and α = 2.74. The experimental results obtained for the remaining voltage 1.4V to 0.2 V in steps of 0.2V are compared to the theoretical results and are tabulated in Table5.
IV. CONCLUSIONS


A total of twenty three inverters are used to design the ring oscillator. The calculated frequencies are found to be close to the experimental results in almost all cases, but do not match the observed frequencies near and below threshold voltages. The power-delay product of the ring oscillator was monotonically decreasing, but its energy-delay product had a minimum at 1V supply voltage. The power-delay product of ripple carry adder is minimum at 1V supply voltage. Thus, VDD = 1V is the optimum supply voltage. The whole system could not be simulated due to convergence errors in ELDO. 

V. FUTURE WORK

   The convergence errors in ELDO need to be resolved. This experiment can be repeated for high leakage technologies and similar trends need to be compared. 
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