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A Current-Mode Exponential Amplifier

Dimokritos A. Panagiotopoulos, Robert. W. Newcomb, and

Sanjeev K. Singh

Abstract—This brief presents an analog circuit architecture that imple-

ments the function , where and are ex-

pressed by currents. An important property of this circuit is that and
may either be positive or negative. The design of this circuit is based on

the translinear principle, and suits IC implementation. Motivation for the

development of this circuit is the need for as a building block in
a neural network; however, the use of this circuit is not limited to neural

networks.

Index Terms—Current-mode circuits, exponential amplifiers, neural net-

works, signal processing, translinear circuits.

I. INTRODUCTION

An analog-circuit architecture that implements the function

is introduced in this work, where the constant

is positive, and the variables and the output of the function may

receive either positive or negative values being expressed by currents.

The motivation for the development of this circuit came from the need

to implement such an exponential operator for the two-layer functional

neural network (NN) that is described in [1]. There are other NN’s

that also require exponential kernels, like the probabilistic NN [2].

This analog exponential operator circuit is also assumed in [3], where

it combines with logarithmic operators in order to implement analog

division as part of the implementation of a planning algorithm. In this

work we also present an implementation example of the proposed

circuit architecture, which is only meant for testing this architecture

and not to be accepted as an end-product for the above mentioned

applications.

Exponential analog circuits are traditionally based on the volt-am-

pere characteristics of a forward-biased junction. Earlier designs

were mostly tailored to discrete components rather than an IC imple-

mentation. Such circuits can be found in electronics textbooks [4, pp.

265–266], [5, pp. 278–279, pp. 284–285], [6, p. 603], [7, Sec. 18,

pp. 19–20], being termed as “antilogarithmic,” “inverse logarithmic,”

or “exponential” amplifiers. These implement the function

, where and are constants, using a couple of op-amps,

diodes or bipolar junction transistors (BJT’s), and resistors; the input

and the output are expressed by voltage. A much simpler design

in [8, p. 97–98] suits VLSI, implementing with two MOSFET’s

in series that operate in subthreshold, where they exhibit a behavior

similar to that of BJT’s. That implementation assumes and

, while and are expressed by voltage and current respec-

tively. Exponential circuits are also used for “expansion” in the output

of log-domain filters [9]–[11]. In [10], [11] a single BJT is used for

natural exponentiation, by having the exponent expressed by nonnega-

tive voltage input and the output by current. A more general exponen-

tial circuit, called an E-cell, is proposed in [9], which implements the

function , where mV is the
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Fig. 1. Basic structure of the current-mode exponential amplifier circuit.

thermal voltage, is a difference of input voltages, is a unipolar

input current, and is the output current. Two such E-cells, one

with and a second with , must be used in order to im-

plement the intended function . An E-cell requires both NPN

and PNP transistors and therefore cannot be easily implemented in a

commercial BiCMOS process. In our case, we chose to use BiCMOS

since the rest of the circuitry that would integrate with would

be based on CMOS devices.

The circuit that is proposed here, implements by direct re-

placement of the variables and the functional with currents

and respectively.

II. CIRCUIT ANALYSIS AND DESIGN

The basic structure of the proposed circuit for is shown in

Fig. 1. Let inputs be , an output

, and a constant bias current .

Let also the and be divided by a design parameter , such

that and enter the circuit in Fig. 1. The

introduction of helps to improve the linearity of the implemented

function with respect to , when , as it is discussed later in this

Section. Use of the translinear principle (TLP) [12] in the translinear

loop (TL) formed by BJT’s QC1, QA1, QB1 and QE yields

(1)

where are the reverse saturation current parameters for QE and

all the other BJT’s, respectively. By KCL at , we obtain

which combined with (1) yields

(2)

The current flows in the collector of QD and is mirrored to bias the

differential stages of QA1–QB1 and QA2–QB2. Summation of volt-

ages in the loop of QE, , and QD results in

Then, substitution in (2) yields

(3)

Similarly, because of symmetry, the collector current of QA2 is

given by

(4)
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Fig. 2. Detailed schematic of the current-mode exponential amplifier circuit.

Assume

so that

and

Then, using and and subtraction of (4)

from (3) results in

(5)

where and .

If units express an order of magnitude in amperes (e.g., 10 A,

10 A, etc.), and if is chosen to satisfy the relation

(units) , then using (units) (units) and

(units) in (5), the desired function is obtained. Due to

, the exponent is temperature sensitive.

An important issue in (5) is the linearity of with respect to

, which is characterized by the common mode rejection ratio

(CMRR). Let us fix at a certain value and write the expression for

as

(6)

The CMRR is defined as . The

can be found by association of (6) with the exact difference of (3) and

(4). Then, the CMRR is given by

(7)

Good linearity requires high CMRR and (7) suggests an adequately

high . The and can be exclusive, i.e., either

or . This choice of setup also ensures that the common mode

component does not become unnecessarily high. In

this case, the linearity of with respect to is characterized by the

accuracy of approximation in (5), which is expressed by

Accuracy

(8)

High accuracy requires

This condition also ensures large CMRR.

III. AN IMPLEMENTATION EXAMPLE AND MEASUREMENTS

A. Introduction

In order to compare theoretical expectations with real measure-

ments, a prototype circuit was fabricated in analog 2.0- m n-well

CMOS process (SCNA20) through MOSIS. In the design of this

prototype, the maximum intensity of currents and was specified

to be large enough with respect to . The aim of this setup was
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Fig. 3. IC layout (415 367 ) of the current-mode exponential amplifier
of Fig. 2.

to test the circuit under adverse conditions of high input currents,

and also to allow better accuracy in measuring the accuracy of

approximation, given by (8), since its deviation from unity is expected

to be large. In particular, it is specified that mA and

mA, where at least or ;

also, the choice of is made. The detailed schematic of the

circuit is shown in Fig. 2, where the BJT’s correspond to those in

Fig. 1 and the MOSFET’s are used for current mirroring except for

M20–M22, which generate the current . Cascode current mirrors

[13, pp. 348–350] are used for good accuracy, which is critical here.

Because of allowance for relatively large currents and the cascode

configuration, large MOSFET’s are used. The IC layout spans 415

367 m , and is shown in Fig. 3. The resistor was specified to 26

and implemented in polysilicon. Typical values of key BJT parameters

are GHz@ mA, A

for QA–QD, and A for QE.

B. Measurements

The chosen supply voltages are 5 V. The maximum power con-

sumption is 40 mW, when mA(dc) and .

The measured bandwidth is Hz , where MHz,

MHz and MHz. The delay time be-

tween input and the output varies between 20–30 ns. Due to tol-

erable process variations, measures 22 ; thus, the target func-

tion for comparison with measurements is (mA) (mA)

(mA) . Fig. 4 displays both graphs of this theoret-

ical expression and of the measured values, in the full range of ,

and for two cases of with opposite sign. The difference between

theoretical and measured values follows the accuracy specified by (8).

This is further illustrated in Fig. 5, which displays graphs of the ratio

sampled in dark dots, and of (8) in dotted lines.

There is good agreement between the two plots in each case. These

graphs demonstrate that the accuracy of approximation to re-

duces primarily by increasing and secondarily by decreasing .

IV. DISCUSSION

In designing current mode analog circuits, for accuracy and

matching [14] reasons, it is common practice to avoid minimal

sizing of the MOS transistors used in current mirrors. Because of the

relatively large currents involved in the implemented example, we had

to use large width/length (W/L) ratios; then, in order to minimize chip

area, we used minimal size channel length (L). The accuracy of current

mirroring, when mirror devices have equal W/L ratios, may improve

by reducing their bias differences; this is successfully accomplished

in cascode current mirrors [13], resulting in good accuracy regardless

of using minimal size MOSFET’s. When current mirrors are used for

Fig. 4. Comparison of (solid line) versus (dotted line).

Fig. 5. Comparison of (dark dots) versus the
expected accuracy (dotted lines) by (8).

current multiplication, the W/L ratios of mirror devices are different.

Due to secondary effects, narrow and/or short channel MOSFET’s

exhibit different threshold voltages than nonminimal dimension

devices [15, pp. 474–477]. In an earlier implementation, the M3,

M3a, M10, M10a were of the same size and multiplication by 16 was

performed in the current mirror of M11-M11a-M13-M13a, resulting in

an incorrect amplification of while was correct. This has been

corrected in this implementation by making the M11, M11a, M13,
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M13a of the same size and letting the multiplication be implemented

in the current mirror of M3-M3a-M10-M10a, which uses -channel

devices as it is the case with . A more general treatment, in order

to reduce mismatch in current mirrors with integral gain values, is to

replicate the smaller current mirror times, rather than scaling the

width by . This approach is expected to consume more silicon area.

Accuracy of in (5) is no better than the accuracy of . The im-

plementation of in polysilicon allows a tolerance of 20%. In order

to improve accuracy, can be implemented as an active resistor [16].

Such an implementation is practical only for . If a small

is intended, then a constant can be assumed implementing

instead of , and driving the circuit with

instead of . An additional benefit of this alternative is improvement

in the accuracy specified by (8), since it is less sensitive to than it

is to .

The proposed circuit for can also be used with the exponent

expressed by voltage difference, as in the case of E-cells, if and

become external inputs in Fig. 1, specifying the exponent as

. Then, the elements , QE, and M20–M22 will be removed

from the circuit in Fig. 2. On the other hand, although the use of for

expressing the exponent by current seems widely applicable, it may

not apply as efficiently in other implementations. Thus, if we would

like to do the same with a pair of E-cells implementing , then

the subcircuit of QE, , and the current sources must be

repeated twice, i.e., a separate instance for each E-cell; this requires

additional current mirroring of and also results in increased power

consumption since will flow in the circuit.

A weakness of the proposed circuit is that large and large re-

sult in , which implies in Fig. 1. Since

are not signal currents, but only residual products of the translinear

signal processing, this represents a waste of power; however, if ,

then may be of the same order of magnitude as or less,

reducing the wasted power to reasonably low levels. Another issue to

be discussed is whether excess noise is introduced in because of

. We consider the following noise sources that serve as

inputs to QA1 in Fig. 1, and affect .

b) Noise in . Substitution of instead of and in-

stead of in (2), and using and

, results in

Then, under the assumption of ,

we obtain

which is the rms value of noise due to that is added to the

output current . This expression shows that is inde-

pendent of and is reduced by increasing .

c) Noise in . This noise is the contribution of noise in

and in through QE, such that

These noise sources will affect the accuracy given by (8), which

also reflects the terms in parentheses in (3) and (4), and will

also have its contribution in the exponent. The is a dc cur-

rent and is mainly attributed to shot noise in QE; we may

assume ; if is sufficiently high, we may also

assume that and neglect these noise sources in (8).

Even if we accept the contribution of as signifi-

cant, (8) shows that this contribution weakens by increasing .

d) Noise in the base-emitter voltage of QC1. This noise is the

contribution of noise in . Through (3), we observe that

the contribution of this noise to is not affected by , but it

reduces by increasing too.

These concepts of noise apply to too. In the above discussion,

we have assumed that the BJT’s and MOSFET’s are noiseless. A more

complete analysis should take into account the noise sources in these

devices too, but this is beyond the scope of this brief.

In very low-power applications, the proposed circuit can be used

with the BJT’s replaced by MOSFET’s in weak inversion, where

the drain current is exponentially related to the gate-to-source

voltage; however, the drain current also relates exponentially to

the source-to-bulk voltage ; also, the range of currents for

MOSFET’s in weak inversion is about three decades of magnitude

versus six for BJT’s. A generalization of the original TLP that includes

subthreshold MOSFET’s taking into account the , is given in [17].

Use of this generalized TLP still produces (1)–(5), except for the intro-

duction of a technology-depended positive parameter , multiplied to

the exponent. In other implementations of exponential functions, the

transition from a BJT-based design to a subthreshold MOSFET-based

design may not be simply accomplished by a one-to-one replacement

of the BJT’s with the subthreshold MOSFET’s. For example, this

cannot be accomplished in E-cells, because the MOSFET’s replacing

the mirror BJT’s will exhibit different source-to-bulk potentials, also

resulting in different threshold voltages.

V. CONCLUSION

A circuit architecture for the implementation of natural exponentia-

tion with BiCMOS analog current-mode circuitry has been introduced.

This approach allows both positive and negative exponents, and also

allows for a variable amplification of the exponent function. An IC im-

plementation of the proposed circuit and measurements on it have also

been presented for testing this architecture. The measurements show

good agreement with the theoretical expectations. This work will be

useful in implementing natural exponentiation in analog neural net-

works and analog signal processing systems.
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Design of Low-Voltage Bandgap Reference Using

Transimpedance Amplifier

Yueming Jiang and Edward K. F. Lee

Abstract—The minimum supply voltage for implementing a typical

bandgap reference is usually over 1.8 V. This minimum is mainly due
to the limited input common-mode range of the opamp used in the

bandgap reference. In this brief, a low-voltage bandgap reference using
transimpedance amplifier that does not have this limitation is proposed

and some of the design considerations for the proposed technique are

briefly discussed. Based on this technique, a 1.2-V bandgap reference was

implemented in a 1.2- m CMOS process ( 0.53 V and

-0.91 V) with bipolar option. The variations of the output voltage over

temperature (0 C 100 C) were measured to be less than 1%.

Index Terms—Bandgap reference, low voltage, transimpedance ampli-

fier.

I. INTRODUCTION

In recent years, designing analog circuits at low supply voltage has

become increasingly important. This is due to the fact that there is a

great demand in battery-powered portable devices and systems. As a

result, integrated circuits that consist of both analog and digital cir-

cuits are required to be operated at a supply voltage lower than 1.5

V. Furthermore, advances in CMOS processes also demand the reduc-

tion in supply voltage down to the same level due to reliability issues

for sub-micron CMOS processes. However, this trend presents a great
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Fig. 1. Typical CMOS bandgap reference circuit.

challenge in designing analog circuits such as amplifiers, filters, and

data converters, due to the fact that the threshold voltages of the de-

vices in these processes do not scale down at the same rate as the

supply voltages. Another important building block in analog circuits

is the voltage reference, which is usually required in many analog and

mixed signal systems such as communication systems and data acquisi-

tion systems, as well as some digital systems such as dynamic random

access memories (DRAM’s). Recently, different techniques have been

proposed to design precise voltage references at low supply voltages

with a main emphasis on the reduction of the reference output voltage

value, which is designed to be equal to or proportional to the mate-

rial bandgap voltage. These techniques include using a fraction of the

voltage across the diodes by resistive subdivision [1], [2] and the use of

dynamic threshold MOS transistor (DTMOS), which is based on low-

ering the material bandgap by electrostatic field [3]. However, as dis-

cussed in the literature [1] and in this brief, the supply voltages of most

bandgap references are, in fact, limited by the input common mode

range of the opamp, which is required to produce a proportional to the

absolute temperature (PTAT) voltage or current. In this brief, a tech-

nique that does not have this limitation is proposed. Based on this tech-

nique, a 1.2-V bandgap reference with all the MOSFET’s operated in

a saturation region was demonstrated.

II. SUPPLY-VOLTAGE REQUIREMENT FOR BANDGAP REFERENCE

A conventional bandgap reference that can be implemented in a stan-

dard CMOS process is shown in Fig. 1. As reported in the literature,

the output reference voltage of this bandgap circuit can be written

as

(1)

where and are the emitter areas of and , respectively. The

second term in (1) is PTAT, which is used to cancel the negative tem-

perature coefficient of . The output voltage is usually about

1.25 V, and the theoretical minimum supply voltage of this topology

can be observed from the figure and expressed as

(2)

Since is about 0.1–0.3 V, the theoretical is

about 1.4 V. A further reduction on this theoretical limit can be

achieved if is obtained by resistive subdivision techniques [1],

[2]. However, as is reduced, will be limited by the

input common-mode voltage range of the opamp. This is due to the

fact that one of the opamp inputs must be connected to one of the
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