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Abstract- A constant current source has been designed which makes use of

on chip electrically erasable memory to adjust the magnitude and tempera-

ture coefficient of the output current. The current source includes a voltage

reference based on the difference between enhancement and depletion transis-

tor threshold voltages. Accuracy is + 3% over the full range of power supply,

process variations, and temperature using eight bits for tuning.

1 Introduction

The lack of precision components in CMOS integrated circuits has traditionally forced

design engineers to depend upon external components and matching of on chip components

to realize precision functions. For example, switched capacitor filters [1] realize precise

transfer functions only when supphed with an accurate clock frequency, which is usually

generated by an external crystal oscillator. The locations of poles and zeros are relative

to the clock frequency, and are determined by accurate on chip capacitor ratios. Switched

current [2], Transconductor C [3], and MOSFET C [4] filters also depend on an external

frequency reference, and matching of transistors to realize their transfer functions. In

cases where external components are unacceptable, some kind of tuning of the non-ideal

components must be accomplished to reahze precision functions. Laser trimming is one

method which works well, but requires expensive equipment, and a special process. Blowing

poly-silicon fuses is inexpensive, but sometimes unrehable, and some types of tuning are

difficult to achieve with fuse blowing. Neither laser trimming, nor fuse blowing is reversible,

a distinct hindrance if a tuning operation requires more than one iteration. If the circuit to

be tuned is fabricated in a process which includes nonvolatile electrically erasable memory,

floating gate transistors can be programmed to trim analog performance. Two different

methods may be used to employ the floating gate transistor to tune an analog circuit. First,

an analog voltage can be stored on the floating gate to change the current or resistance

from source to drain [5,6]. The current or resistance will be a function of temperature, and

possibly power supply voltage. The second method is to use nonvolatile digital memory to

select how much resistance or capacitance is connected to a node, or which tap of a resistor

will be connected in a circuit. The second method has the advantage of insensitivity to

temperature and power supply voltage, assuming the resistance of the analog switch is low,

while it has the disadvantage of requiring more circuitry to do the tuning. In this paper,

a circuit is described which uses the later method to tune the magnitude and temperature

coefficient of a current source.
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2 Application

The tunable current source described in this paper, is a part of a larger circuit which emits

a constant frequency square wave, independent of temperature, processing, and power

supply voltage. The circuit consists of a voltage controlled oscillator (VCO), a frequency

to current converter, and an integrator connected in a feedback loop as shown in figure 1.
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Figure 1: Constant frequency circuit.

The control voltage for the VCO is used in other cells on the chip. The frequency to

current converter is based on a switched capacitor network whose average current is given

by equation 1 [7]:

Ia .=f,v,c (1)

where f is frequency, V is the voltage across the switched capacitor network, and C is

the value of the switched capacitor. At a fixed temperature, both V, and C are constants

in this circuit, which makes the average current proportional to frequency. The difference

between the constant current and the switched capacitor current is integrated, and used

to control the VCO. The high gain of the feedback loop ensures that the VCO emits a

frequency which causes the current in the switched capacitor network to exactly cancel the

constant current. Since the capacitor has a non-zero temperature coefficient, the constant

current source must have a temperature coefficient which cancels that of the capacitor. The

current source must also compensate for variations in reference voltage and capacitance

due to processing.
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3 Voltage Reference

In this circuit, a constant current will be derived from a constant voltage as shown in

figure 2.

Vref
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Figure 2: Voltage to current converter.

The performance of the current source will only be as good as the performance of

the voltage reference, so the voltage reference must have good rejection of power supply

variations and temperature. Three possibilities come to mind to generate a reference

voltage on a chip. A power supply voltage divider is the most simple reference available, but

since the specification for the current is tighter than the variation of the power supply, the

voltage divider can not be used to generate the reference voltage. The bandgap reference [8]

is probably the most accurate voltage reference which can be built on a CMOS chip, but it

can not be used on this chip because substrate currents, caused by the bipolar transistors,

are unacceptable. A threshold voltage reference [9] is based on the difference between the

threshold voltages of depletion and an enhancement MOSFET's.

V, ef _ V,e(1 -a,T)- V,d(1 -a2T) (2)

Where V,, is the n-channel enhancement threshold voltage, Vtd is the n-channel depletion

threshold voltage, al is the temperature coe_cient of V,,, a2 is the temperature coefficient

of Vtd, and T is temperature. Since ax, and a2 are approximately equal, V,,! has a very

small temperature coefficient.

The mobility temperature coefl21cient can be ignored by making the width to length

ratio of the transistors large for the amount of current flowing through them, and by

making the width to length ratio, and drain to source current equal for both transistors.

This makes the gate to source voltage mostly V,, and the gate to source voltage above

V, is approximately equal for both transistors. The threshold voltage of both transistors

is also dependent on the source to bulk voltage. Depletion and enhancement transistors

have approximately the same body effect factor, so if the transistors have the same source

to bulk voltage, the body effect will change both threshold voltages equally. This gets

canceled by the subtraction as shown in equation 2. One circuit which implements the
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reference with equal current, and source to bulk voltage ir_ both transistors is shown in

figure 3.
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Figure 3: Enhancement-Depletion voltage reference.

Unfortunately, the reference voltage is larger than the power supply in some cases,

rendering the circuit useless for this application. To rectify this situation, the circuit in

figure 4 was designed which sums half of the two threshold voltages. The body effect is

no longer equal for the two transistor, so the output voltage will be sensitive to the bulk

voltage. Equal current flows through the two transistors, and the width to length ratios

are large compared to the current, so mobility temperature coefficients are negligible.

4 Voltage to Current Conversion

Voltage to current conversion will be accomplished by maintaining the reference voltage

across a resistor using an opamp as shown in figure 2, This circuit will be independent of

temperature only if the resistor and the voltage reference have a Zero temperature cOeffi-

cient. This is far from true on silicon, where the best resistor available has a temperature

coefficient of approximately 0.1%/°C. In addition to the temperature coefficient, the value

of the resistor and voltage reference are dependent on processing. To tune the magnitude

of the resistor to account for processing, taps can be programmed as shown in figure 5.

The resistance of the switchs must be made small compared to the hnear resistor.

In order to produce a current with a small temperature coefficient, the voltage across
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Figure 4: Enhancement-Depletion reference for low power supply voltage.
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Figure 5: Tuning Scheme for the Magnitude of Io_t,
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the resistor must have a positive temperature coeËficient to cancel the positive tempera-

ture coefficient of the resistor. One way to generate a voltage with a positive temperature

coefficient is to subtract a voltage with a negative temperature coefficient from a con-

stant voltage. The threshold voltage of an enhancement transistor has a linear negative

temperature coemcient suitable for subtraction from V, el. To make the threshold voltage

independent of power supply voltages, a p-channel transistor can be used with its source

connected to the bulk to get rid of the body effect. The circuit in figure 6 shows this

temperature coefficient cancellation.

Vref
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Figure 6: Temperature Coefficient cancellation for I_t.

To tune the temperature coefficient of the current to zero, the magnitude of the refer-

ence voltage can be adjusted. This makes the negative temperature coefficient voltage a

larger or smaller portion of the reference voltage, which adjusts the overall temperature

coefficient. This temperature coefficient cancellation can be expressed as follows:

K1V,_I - Vtp (1 - alT) (3)
K2R,_ s (1 + a2T)

where Vtp is the threshold voltage of a p-channel enhancement transistor, ax is the temper-

ature coeffÉcient of Vtp, and a2 is the temperature coefficient of R,.,]. 1(1 is the fraction of

the reference voltage chosen by the first tapped resistor,/(2 is the portion of R,,! chosen

by the second tapped resistor. K1 and /(2 range from zero to one. If we define two new

terms:

Vt_,_e= KxV,¢! - Ep (4)

and

= v,,,o,,/ v,,,,,. (5)
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then equation 3 can be rewritten as:

Vt_,_ (1 + fiT)Io t (6)
K2Rr_I (1 + a2T)

When fl equals a_, Io_t has a zero temperature coefficient.

The key to all this temperature coefficient cancellation is that all the components have

only first order temperature coefficients. Measurements from silicon indicate that poly-

silicon resistors have linear temperature coefficients, as well as the smallest temperature

coefficient of any resistor available on chip. The poly-silicon resistor also has no voltage

coefficient, since there is no reverse bias junction which could change the dimension of

the resistor. The threshold voltages of n-channel and p-channel transistors have negligible

higher order temperature coefficient terms. Threshold voltages of n-channel enhancement

and depletion transistors were found to track well over temperature. A simplified schematic

of the entire circuit is presented in figure 7.

5 Tuning Strategy

Equation 3 shows that K1 adjusts the magnitude of the current as well as the temperature

coefficient, so K1 must be adjusted first, then K2 can calibrate the current to the desired

value. Tuning the temperature coefficient of this circuit in a production test environment

without non-volatile memory would be a logistic nightmare. Somehow the result of the

first temperature measurement would have to be stored with a serial number for each die

for use during the second temperature test. No such serial numbers are available for each

die, and moreover, testing at two temperatures is usually done before and after packaging;

one temperature during wafer sort, and the other temperature during final assembly test.

Fortunately, with non-volatile memory the results of the first temperature measurement

can be written to memory then simply read during the second temperature test. After

the temperature coefficient is tuned, the magnitude can be adjusted in one step, since the

magnitude adjust (K2) should have almost no effect on the overall temperature coefficient.

6 Results

The circuit was simulated with various extremes of power supply voltage, processing,

mismatch of threshold voltage temperature coefficients, and temperature. HSpice [10]

simulations show the error to be less than 3%. Error can be attributed to non-zero step

size in tuning, and finite power supply rejection, especially to the substrate power supply.

The chip is presently in layout.
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Figure 7: Simplified Schematic.
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7 Conclusion

Tuning analog circuits with nonvolatile memory provides a very powerful and linear way

to overcome the wide tolerances intrinsic in semiconductor processing. The disadvantage

of using digital memory to tune analog circuits as opposed to using the floating gate

transistors in an analog fashion is the increased number of transistors necessary to do the

tuning. The advantage is that the nonlinear characteristics of programming the floating

gate transistors can be ignored.

References

[1] Bang-Sup Song, "A 10.7-MHz Switched-Capacitor Bandpass Filter," IEEE J. of Solid-

State Circuits, Vol. SC-24, pp. 320-324, April, 1989.

[2] T. Fiez, G. Liang, D. AUstot, "Switched-Current Circuit Design Issues," IEEE J. of

Solid-State Circuits, Vol. SC-26, pp. 192-202, March, 1991.

[3] V. Gopinathan, Y. Tsividls, K. Tan, R. Hester, "Design Considerations for High-

Frequency Continuous-Time Filters and Implementation of an Antialiasing Filter for

Digital Video," IEEE J. o£ Solid-State Circuits, Vol. SC-25, pp. 1368-1378, Dec., 1990.

[4] Jaap van der Plas, "MOSFET-C Filter with Low Excess Noise and Accurate Auto-

matic Tuning," IEEE J. of Solld-State Circuits, Vol. SC-26, pp. 922-929, July, 1991.

[5] L. R. Carley, "Trimming Analog Circuits using Floating-Gate Analog MOS Memory,"

IEEE J. of Solid-State Circuits, Vol. SC-24, pp. 1569-1575, Dec., 1989.

[6] D. Watula, J. Meador, "Auto-Programmable Impulse Neural Circuits," 2nd NASA

SERC Symposium on VLSI Design, Moscow, Idaho, pp. 6.3.1-6.3.12, Nov. 1990.

[7] R. Gregorian, G. Temes, Analog MOS Integrated Circuits for Signal Processing. New

York: Wiley, 1986.

[8] M. Ferro, F. Salerno, R. Castello, "A Floating CMOS Bandgap Voltage Reference for

Differential Applications," IEEE J. of Solid-State Circuits, Vol. SC-24, pp. 690-697,

June, 1989.

[9] R. Blauschild, P. Tucci, R. Muller, R. Meyer, "A New NMOS Temperature-stable

Voltage Reference," IEEE J. of Solid-State Circuits, Vol. SC-13, pp. 767-773, Dec.,

1978.

[10] Meta-Software Inc., 1300 White Oaks Road, Campbell, CA 95008 HSPICE User's

Manual.


