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The Multi-tanh Principle: A Tutorial Overview

Barrie Gilbert, Fellow, IEEE

Abstract—This paper reviews a class of linear transconductance than linearity improvement. Various test cells were fabricated
cells, having proven value in a variety of communications appli- in a series of experimental project chips fabricated by the
cations, characterized by the use of parallel- or series-connected 5 ;thor at Tektronix during the years 1968—1972. The National
sets of differential pairs of bipolar transistors whose inputs and . e .
outputs are connected in parallel. These cells invoke a well- Semiconductor LMl_Zl preampllfler, |r_1tr0duced |_n 1972' usgd
developed concept, known as the “multi-tanh principle.” The the doublet, but again with an emphasis on lowering input drift,
key idea is that the individually nonlinear (hyperbolic tangent, challenging chopper-stabilized amplifiers in this regard [3].
or tanh) transconductance functions may be separated along the  The value of doublets in addressing open-loop distortion and
input-voltage axis to achieve a much more linear overall function. gja\y rate limitations in operational amplifiers was delineated
The simplest of these is the called the “doublet”; the linearity . . .
criterion and noise behavior are discussed in detail. Some novel bY the author in several Analog Devices memorandg in the
forms are presented. Higher order cells, including the “triplet,” Mid-1970’s and also recognized by Schmook [4], with the
are then discussed, together with a novel method for achieving objective presented in terms of “transconductance reduction.

linear-in-dB gain control with an important modification for  During the period 1975 to the present, the multi-tanh concept

extending the dynamic range. has been widely taught in short courses and adopted as a thesis
Index Terms—Active mixers, linearization, transductors, V-I  topic based on material provided by the author (for example,
conversion, variable-gain cells. Andersen in 1978 [5], Mack in 1979 [6], and Gold in 1988

[7]) and discussed in at least one book [8]. Recently, these
vintage ideas have found use in quadrature voltage controlled

) . oscillators (VCO’s) (for example, by Brown [9], in several
DURING the past 25 years, a particular class of bipolglymmercial IC'4), in tunable filters (for example, by Voorman

cells based on the common differential bipolar paifyg) and Tanimoto [11]), and in miscellaneous nonlinear
has undergone a transformation from an academic C“r'osgﬁbplications such as the squaring-function cells described by
used in short courses as an interesting example of how qag,ra [12]. Surprisingly, in view of the very extensive prior

can shape the transconductance behavior of such cellSyip i the public domain, several multi-tanh patents have
address a variety of hypothetical requirements, to a valualgJge, jssued in recent years [13]-[16]. The extension to MOS
contemporary concept which appears to be enjoying somethjghiementations operating in weak inversion is obvious and
of a renaissance. Since these cells depend on combiningyaightforward: the scaling effects resulting from the altered

multiplicity of offset hyperbolic tangent, or tanh, functions [1l¢qefficient of kT/q and errors arising from back-gate bias need
the name “multi-tanh” was coined by the author to describe the,cideration.

topological and mathematical aspects of_ the concept. ThouQ}}Section Il first reviews the importance of providing highly
awkward, the term has nevertheless gained acceptance. Tfiigar transconductance and discusses the basic metrics of high
paper provides a unified description of the principles ar&ﬂ/namic range systems. The term “harmonic signature” is
cell realizations, demonstrates their value in high—performanﬁﬁroduced’ and its value explained. Section Il outlines the
analog-signal processing applications, elucidates some littleshora) case and states the principle in its broadest terms.
known pitfalls, and describes for the first time some usef$y,o notion of an “elastic transconductance” is explained,
variants and extensions. _ _ in reference to a special class of multi-tanh cells whose
The multi-tanh concept is a technique for extending tg e signal transfer characteristic can adapt to varying signal-
voltage capacity of a transconductan@,) cell, or an am- 5npjitude requirements in a wide-dynamic-range application.
plifier, mixer, continuous-time filter, or other active element While of considerable academic interest, generalized high-
based on such a cell, by using at least wo, and in genegalier mylti-tanh cells remain of limited practical value. Ac-
N, differential pairs operating in parallel, each having fqrgingly, Section IV analyzes the elegant and eminently prac-
base offset voltage applied by some means, which splits e, myiti-tanh doublet in depth. This simple cell immediately
individual g, functions along the input-voltage axis. Thisy oyides a dramatic improvement in linearity compared to a
allows the cell to handle larger voltage swings at its inpWingje gifferential pair, having a theoretical noise penalty of
while thg ovgrall trans_conductance is more I|n.ear, prowdwtgﬂy 2 dB, while preserving the useful property of a transcon-
a low-distortion function. The earliest and simplest formy,,ciance which is a linear function of the bias currents. The
having N = 2 and called the doublet, dates to 1968. It wagyplet has been widely used in fixed- and variable-gain mix-
reported by Baldwin and Rigby [2], although the emphasis @{ | amplifiers, tunable filters, and demodulators in Analog
that work was on drift compensation in IC amplifiers rath@feyices communications products. Alternative methods for
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introducing the offsets in the tanh functions are describesimply in decibels. For this example, it would be 107 dB in
including an ultra-linear fixed,, variant. Series-connecteda 200-kHz bandwidth.
variants are also presented. While this is a simple and useful idea, there are many
Section V takes the next natural step to the multi-targituations in which another factor needs to be taken into
triplet. This cell uses three pairs of transistors, the outer two afcount in assessing dynamic range and this is the third-
which are now offset by a larger amount than for the doubldtarmonic distortion, or HD3. This is present at input levels
with an attendant increase in the signal capacity. In its basiell below V145 and is invariably of more interest than any
form, the input noise is greater than for the doublet. A novether order of distortion, since it gives riseitdermodulation
biasing/gain-control method is later presented which providsi&le-toneswhen the cell is excited by two sinusoidal carriers
precise, truly exponential (that is, linear-in-dB) gain-contradf frequencyw; and w, (generally corresponding to two
while simultaneously lowering the noise penalty compareadceived signals), which fall on either side of these carriers
to a fixed-configuration triplet. This so-called “triplus” cellat 2w; — ws and 2ws — w;. These spurious signals are thus
implements the elastic transconductance concept in an elegadtstinguishable from genuine signals in adjacent channels.
and efficient manner. Thus, the emphasis in discussing the distortion of multi-tanh
The emphasis throughout this paper is necessarily focusesls will be largely on HD3.
on fundamental aspects of cell behavior, with only a brief The standard treatment of intermodulation effects in a sys-
mention of certain practical concerns, such as the degradatiem of chained cells assumes that the prevailing nonlinearity
in noise caused by the biasing methods, noise contributiosfseach cell has a simple compressive cubic folpyT =
of ohmic resistances in the transistors, the effect of mi¥yn — VIN?’/VZQ, whereV; determines the magnitude of the
matches, and so on. Many other practical matters affect thenlinearity. Substituting” sin wt for Vi shows that a third-
utility of multi-tanh cells, such as their behavior at very higiharmonic componerity; of magnitude( E3 /4V;?) sin 3wt is
frequencies, which, for reasons of space, have been omittgdnerated, which increases as the cube of the ampliide
The primary purpose of the present work is to bring togeth#rat is, on a graphical slope of three, using decibel axes for
a number of related ideas into a unified treatment of thke input and output amplitudes. This simplification permits the
underlying principles and promote their wider utilization. use of the concept of aimtermodulation interceptthe point
at which the third-harmonic line, extrapolated from a point
corresponding to a low-level test signal, meets the extrapolated
fundamental line, usually measured along the input axis. This
An important objective of analog signal-processing cellsccurs atiiy = 2V. The variablel; 3 is here used to denote
in communications applications, for which the multi-tankhe single-tone third-harmonic intercept voltag€he two-tone
principle is well-suited, is to combinlew distortionwith low intercept occurs at a level which£3 or 4.77 dB below; .
noisein order to achieve &igh dynamic rangeThis can be  This metric is supposed to adequately define the quality
defined as the ratio of the maximum signal-handling capacigy a signal-processing cell in regard to the generation of
to the noise floor. The former may be defined (by arbitrar’purious responses, and spreadsheet analyzes of a complete
convention) as that sinusoidal input amplitude for which thgystem (signal chain) assume this cubic formulation. Unfor-
cell output is 1 dB below the ideal (linear-response) value, thgnately, the more complicated distortion characteristics of
so-called 1-dB compression point. This is often expressedmany contemporary cells, in particular, the multi-tanh cells
a power, using the variabl& g, in decibels above 1 mW, to be described, casts doubt on its value. This is because the
or dBm? However, the majority of integrated-circuit cells areonlinearity doesiot follow a simple cubic law for inputs of
not fundamentally power-responding, but limited bgltage moderate amplitude, as we shall see. It follows that the third-
constraints. Accordingly, we will here express signal capacifarmonic distortion has complex character, and the notion of
as avoltage amplitude V14g, measured in dBV, noting in interceptbecomes less certain.
passing that 0 dBV corresponds 4.0 dBm in 50€2. We will thus fall back on the idea of the harmonic signature
The noise floor for an IC cell is fairly completely defined byg] to explore the distortion behavior of various multi-tanh
the net voltage-noise spectral density, expressed i/t cells. This is the familiar plot of the fundamental, of relative
referred to the cell input when driven from a specified soureg:cibel magnitudeH;, and one or more of the harmonics,
impedance. In the case of multi-tanh cells, the contribution ghrticularly the third harmonic componeifs, in response
the input current noise will usually be relatively small, ango a sinusoidal excitation of increasing amplitude. The third-
thus the short-circuit noise spectral-density provides a goRgrmonic distortion for a given excitation amplitude is simply
measure of noise performance. The dynamic range canthe decibel differencéfz — H; and is denoted by HD3. The
stated for a 1-Hz noise bandwidth, as dBc-Hz. For example,tiérm “signature” provides a useful reminder that every circuit
a system having a 1-dB gain-compression amplittidgs) of  (and bias condition) exhibits a unique form, as the examples
200 mV and a voltage-noise spectral density of 2yiMz, the presented here clearly demonstrate.
dynamic range would be 160 dBc-Hz. In applications where
the noise bandwidth is known, the dynamic range is expressed

Il. DYNAMIC RANGE CONSIDERATIONS

Ill. THE GENERAL CASE

2A power level of 0 dBm is 1 mW. In RF applications a load impedance Thei | d f abipolar i .
of 50 Q2 is assumed. In this case, 0 dBm corresponds to a sinewave voltage! N€ INcremental transcon uctar{gs,) of a bipolar junction

amplitude of 316.2 mV. transistor (BJT) differential pair varies considerably with the
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instantaneous input voltage applied across the bases. The
functional form of its dc transfer function is well known —

IOL'T

Vin
I = Iptanh — 1
ouT Etan Wy (1)

whereloyt is the differential output currenfz is the emitter
bias (“tail”) current, andV has the usual meaning &f’/q
(25.85 mV atT" = 300 K). From this it follows that the
incremental transconductance varies Wiffy

STAGE 1 STAGE STAGE N

dlovr _ Ip Sech2m (2)

gm(VIN) = dVIN == 2VT 2VT.

Fig. 1. A generalized multi-tanh system.
This function limits the maximum signal that can be applieH]eseN stages Is

before unacceptable distortion occurs. Thg is reduced B ol I; 12 Vin+V;
to 50% of its peak valuey,., (at Vi = 0) for Vix = Gm = Zﬁ sec {W}
45.6 mVP, where this notation denotes a voltage (or signal- ) )

voltage capacity) that is proportional to absolute temperature,1here are several ways in which the necessary offsets can
with an implied normalizing temperature of 300 K. The simpl@€ introduced. For low-order cellV(= 2 for the doublet and

differential pair generates an HD3 of about 1% for a sinusoidd = 3 for the triplet) they can be most simply generated using
excitation of only 18 mVP in amplitude, independent of th&Mmitter-area ratios. It should be noted that these automatically

bias current. It should be noted that all cells based on Bgfnerate the proportionality to absolute temperature (PTAT)
differential pairs exhibit this fundamental variation in signaieauired for correct operation of the cell. For large values of
capacity over temperature, and that a worst-case performaftethey can be introduced using PTAT currents operating on
assessment should be made at the lowest operating temp8h& O two chains of resistors. Fig. 2 shows an illustrative
ture. Thus, the input amplitude for an HD3 of 1% is lowered t8cheéme augmented by emitter-followers at the inputs. This
13 mV at—55°C (that is, 18 x 218/300). In many applications part|cular_ topolo_gy ha_s moderate noise performance, since the
of g, cells, for example, mixers and IF amplifiers, much |argé:(entral differential pair is cqnnecteaﬂrectly to the em|tte_r-
signals must be handled, often due to the presence of Strg%ower outputs without resistances; thus, _the total noise of
interferers or blocking signals, and the critical requirement f§piS topology is lower than that of other possible arrangements.
low intermodulation products. The offset voltages are generated across bgse reth@g;

On the other hand, the fundamental noise floor of this badl¥ currentsios, the latter also serving to bias the emitter
cell for a tail current of 1 mA, determined by shot nois€ollowers. Typical values arélos = 1 MAP, Ros1 =
mechanisms, is very acceptable, being roughly 0.93//V 64 Q, Roga = 72 2, and the three inner tail currents are 75%
at T = 300 K, about the same as the Johnson noise 8f the outer tail currentsy (K = 0.75). The g, is 10.85 dB
a 50 resistor. Classical resistive emitter degeneration R¢low that of the differential pair for the same total tail current,
valuable for improving linearity, but its use incurs a significarfind is flat to within0.15 dB for dc inputs up t&-137.5 mVP;
noise penalty. Furthermore, cells using degeneration are ffJi @ Sinewave excitation, theqp is at—13.3 dBVP.
as amenable to accurate gain control through bias currentV/e should expect the spurious-free dynamic range—not
variation as those which depend directly on a linggy — Merely the signal capacity—to improve with the ordf,

I relationship, the fundamental translinear behavior of tHing the following line of reason. Consider again the system

bipolar junction transistor [17]. shown in Fig. l,_havmg progresswely mcreasmg_offsets, with
The fully general case for the multi-tanh principle was orig8ch pair operating at a tail curreljt. For the conditiorViy =

inally shown in a quite different context, that of sine functiof): these offsets have the effect of greatly reducing (in the

synthesis [1], in 1977. Fig. 1 shows the general topology. TI&t€rmost pairs, essentially eliminating) thg contribution

N differential pairs are offset along the voltage axis, and eaff all pairs other than the central pair. The contribution of the

has its own current source. This circuit synthesizes the functiBf{set cells to the total noise, due to their intrinsic shot noise
mechanisms, is thus diminished: for the outermost pairs, it is

N Vix 4 Vi almost zero. (This assumes that the noise of the supporting
Iour = Z I; tanh{b} (3) current sources is very low, a condition which can be attained
2Vr in a well-designed implementation of these principles).

Now, asViy increases, other pairs become active sequen-
where; is the tail current to thgth stage and’; is the base tially, so providing the desired extended linear amplitude
offset voltage associated with that stage. We have completsponse. But each of these pairs has the capacity to contribute
freedom to choosd; and V;, though for very largeV the significant noise to the output only over a fraction of the total
tail currents will usually be equal, and the offsets spacedput voltage range. Thus, high-order multi-tanh cells have the
uniformly; some shaping of these coefficients can improymtential for achieving a noise level that is always comparable
the linearity at the extremities of the range. The tafgl of to that of the basic differential pair at the discrete tail current

(4)

j=1

=1
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Fig. 2. A method for introducing the offset voltages.
I7, but where the input-amplitude capacity of the total circuit 1.0 :
—NO OFFSET

can, in principle, be increased without limit, just by adding
stages.

0.9

0.8

The g,,, of the Fig. 1 system can be altered in two distinctly ,
different ways. In the first method, all the tail currents are .
varied by the same factor. This results in a simple linear g%ﬂo
variation when the multi-tanh cell is used as part gf,a— R <

5

amplifier (or, of the tuning frequency, when the cell is used &

part of ag,,/C filter). Alternatively, the tail biases are fixed,
while the offset voltages, which are spaced at equal integvals

(PTAT voltages), are varied. It will be apparent that in this case *!

the ratio of the highest to lowest numerical gains will simply
be N:1, since whenyy = 0 the cell collapses to basically a
single-differential pair, so it exhibits in aggregate thg of
N stages all operating at a tail currentigf, while when) is
large (say, abow2Vr), essentially only one stage is operating -
at this current for any given region dfyy. Thus, for a 25-

V/N over the gain range. |

This latter technique provides what may be called an “e|ast§('-322:os
transconductance,” in the sense that the signal capacity cars t_fzé“’

varied by, “stretching” theg,, outward along the voltage
axis to accommodate a large signal using a high valug, air

“relaxing” to a smaller signal capacity with a low value. This
particular behavior is useful in many automatic gain control

-21.90
-21.92

-21.96
stage cell, the gain variation range28 log,,(25), or 28 dB. Z;Zi

The noise spectral density will vary by a factor of, at mosg 22
C -22.04 :

-22.14
-22.16

0.3

0.2

| OFFSET = 2Vt \ /1

OFFSET = V1 / /

l
Ll /N

0.0

T i
L1 .

VDB(OUT)

21.94

Iy

22.06

22,12

22.18

22.20

-80

I=

-400 -200 [¢]
VIN (mVP)

200

(AGC) and other gain-control applications, since it is a basic (b)
nece.SSIty t.hat the gain be mversely proportlonal to the SlgnF?gl]. 3. (a)G., on a linear scale versugy for various offset voltages,
amplitude in such systems. N = 25. (b) Showing<0.04 dB peak-tp-peak ripple i6¥,,, for ¢» = 2V,

Fig. 3 shows the relative numerical gain for thé =
25 case as a function oVix using equal offsets of) = ) ) ]
0, Vi /4, Vi /2, Vi, and2Vy. It is apparent that the area unde@XiS) frequency of). Using a result derived from my 1982
the g,,(Vin) Curve is constant; this can be formally proved@Per on trlgonom_etrlc synthe3|s using multl—tan_h cells [18]
from (4). The lower panel shows the periodic ripple in thée peak-to-peak ripple amplitude can be approximated by
transconductance as a functionlgf;, for the case) = 2Vr. 5)

. =, 2
This ripple is essentially sinusoidalith a spatial (voltage- 20 logo{1 +32 exp (-1.857"Vr /) } dB.

3For the ideal case of perfectly matched transistors. Of course, all practicalThe way in which the gain varies withy is complex.

multi-tanh cells will exhibit some random nonlinearities due to emitter-arqagr small values ofy, the numerical gain foIIows’}(z/;) —
offsets, or equivalently, mismatches in the offsets introduced using the emit '

ter- . o
follower method. Mismatches in the tail currents will likewise cause spurioth_ sech{t/Vr) v N}, while for ¢ apove aqut4VT It Is
nonlinearities, discussed later. quickly asymptotic to7o/N, whereGj is the gain fory) = 0.
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a.0

\ I()L'T
-0.1 \ .
o 02
I \ % Q v Q;
=z -03 M e
o \ V”\ Ae e
§ 04 % Q, Q,
E -85
g -0.6 ¢ Ae
[$)
= -07
g -0.8 IT IT
-0.9
0 STAGE 1 STAGE 2
(a) Fig. 5. The basic multi-tanh doublet.
¢ P SRR
;3 — e IV. THE MULTI-TANH DOUBLET
i S B ' LY 7 Fig. 5 shows the doublet. The individual hyperbolic tan-
> == v 7 gent functions of the paralleled differential paid—Q2 and
@8y ™ // ‘ Q3—Q4, which operate at equal tail currenfg, are offset
e i by making the emitters of1 and @4 larger than those
100 of Q2 and 3. In a monolithic embodiment, the common
o - Ha T bases and collectors a1-(23 and (Q2-Q4, respectively,
130 e Yk . allow the option of realizing the cell in a very compact form
e using just two pairs of emitters within common collector-base
.160-‘0 -45 -40 -35 -30 -25 -20 -18 -10 -5 0 diﬂ:USionSfl
pev The emitter area ratio A shifts the peak of eagh by an
(b) equivalent offset voltage
Fig. 4. Harmonic signature of th§ = 25 multi-tanh: (a) gain compression
and (b) showing nonclassical behavior of HD3. Vos = Vr log A (7)

For example, usingd = 4, the Q1-Q2 pair shifts ap-

A semi-empirical expression for the decibel gain for largés  proximately 36 mVP in one direction along the input-voltage
axis while the@3—(4 pair shifts by the same amount in the
other. The addition of the twg,, segments, each having the

Ga(¥) = Go — 20 log,o(N){1 — exp(=79/4Vr)}. (6)  sech?(u) form, results in an overalj,,, which is much flatter
than the simple differential pair, with a resulting improvement

The approximation error is withie:1 dB for all ;. Clearly, in linearity. Fig. 6 ShO.WS th_e individual d|ffe.rer.1t|.a| output
. . : ) S currents from each pair, their sum, and the individgals,
this is not a very attractive gain function, which is one of thé

several reasons why this type of elastic transconductancea?sd their sum, ford = 4,Ir = 1 mA, andT' = 300 K. It is

of limited practical value. Van Lieshout and Van de Plassci{& pa_rent_that there“|s some optimum va”I.u_eloff too low, the
have described a similar concept [19]. gm Will still have a “hump at the middle”; if too high, the,,

curve will become double-humped. Either condition generates

The harmonic signatures for high-order muIt_l-tanh Ce”t?ﬂrd—harmonic distortion. The maximally flat,,, that is, the
are also very complex. The example shown in Fig. 4 IS

for the circuit of Fig. 1 with N = 25 and ¢ = 1.5Vj. case for which 1) they,, is never higher than at the point

Note that the third harmonidi; does not increase in aVIN = 0 and 2) which theoretically results in zero distortion

. : for a small input, will be shown to occur at a unique value
classical fashion, on a slope of three, but rather on an aver%qu

slope of one (dotted line) and is a constant 100 dB below
the fundamental. A mathematical treatment of this behavigr
requires the use of Bessel coefficients in the Fourier ser%s
expansion and provides limited insight. It is more instructive to Before proceeding with an enquiry into the optimization
employ simulation using idealized transistor models to explogé the doublet, it is useful to quantify some basic aspects of
fundamental behavior. 4This method of integrated circuit layout, called “superintegration” by the
The general case is of considerable academic interest, parighor, was more in evidence in earlier product designs, when simulation and

ularly in the way it forces us to discard classical ideas abofifdeling were not so advanced, and when the area consumed by the isolation
distorti b d imole Tavl . . f the ion surrounding the active base-emitter region of a transistor was much
Istortion based on a simple faylor-series expansion o %er than in contemporary processes, particularly since the advent of trench-

nonlinearity in which the cubic term has a signal-independeigblated processes. Under those conditions, the savings in chip area and the
coefficient. However, practical multi-tanh embodiments aréduction in both the total effectiv@ ;- andC' ;s were valuable. Nowadays,

h si | With dditi I ci it fti superintegration is discouraged, mainly because the benefits are slight and
much simpler. Yvith some additional circuit crarting, we catye designer is advised to use model parameters which are generally only

turn these into very serviceable cells. available for standard device geometries.

Distortion Analysis of the Doublet
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20 — V;/2Vr, we have
16 1 N
. , __ I = 7 > I sech?(u+ ;). (10)
| | ] T j=1
m 0.5
R;AO.O et sum_ 1. Thus
: 1 —1 ¢
£0° - Jr— V_T Z I; sech®(u + \;) tanh(u + \;) (11)
10 - == Jj=1
15 ' - and
2.0 ] | | i : i _1 N
@ Im = v > Lifsech*(u+ \y)
T4
11 ]
10 SJM — 2 sech?(u + \;) tanh?(u + M) (12)

0.9

We wish these derivatives to be zero for zero distortion.
RN L The challenge of finding a solution whé¥ is large and for
5 m am completely general values of; is a considerable one. The
go's at.a2 03.04 problem is greatly simplified by limiting the analysis to low
uS,JM values of N and to the use of symmetric values of the offset
T factors A; and tail currentsl;.

Thus, for the doublet, with only a single offset parameter
A, and atViy = u = 0, (11) becomes

2.8

£ 07

0.3

0.2

0.1

00 Lo I — |

A28 B =1y VIN(()mVP) 0 80 720 g;n =0= SeChQ()\) tanh(A) + SeChQ(—)\) tanh(—=A). (13)

(b) Since this is true for all values of, due to the symmetry
Fig. 6. (@) Collector currents and (b) du@l,, components for the doublet, of t_he .tanh fun.ctlo.n, we move our attention to the second
with A = 4. derivative. Settlng It to zero

g =0 =sech*(\) + sech*(= )
this interesting circuit. First, we will find an expression for _ 2{Sech2()\) tanh?(\) + sech?(=\) tanhQ(—)\)}
the effectivesmall-signalg,,, as a function of the parameter,
A. The effective small-signal transconductarigg,) of one (14)
section, say@1 and 2, can be found by considering thenich simplifies to
incremental-.’s of each transistor. Note that while tlgg, of
anindividual transistoris simply 1/, the g, of a differential 0 = sech*(\) — 2 sech?(\) tanh*(\) (15)
pair, or an ensemble of such pairs making up a multi-tanh c1e£H, . L
is more complex. We need to keep these distinctions clear. & solution to which is

currents split in the simple ratio A =sinh™1(1/4/2) = 0.658479. (16)
Ien = Iy 1 and Ico = Iy ] (8) The corresponding offset yoltageﬂsLVT, or 34.043 mVP,
1+A 1+4 which can be generated using = 3.73205, from (7). This
Thus we can write can be sufficiently apprqximated using an emitter-area ratio of
3.75= 15/4, corresponding to an offset voltage of 34.17 mVP.
W W (144 Employing unit emitters that are the minimum size for the
Tel = (1+a) and r. = . . . . .
Ir Iy A technology, this need not result in excessively large transistors,

and in practice, moderately large devices will usually be
needed anyway, in order to lower the Johnson noise of the
Ir A 4A base resistances.
Im = Vi m = gmom 9) .The .dlstortl|on of this cell is most read!Iy explored using
simulation. Fig. 7 shows how the HD3 varies as a function of
where g, is the g,, for the simple BJT differential pair. A for three different amplitudes of sinusoidal excitation. Note
Clearly, the same reduction factor applies to the full doublghat the minima is very deep for small drive levels, and that it
Thus, for A = 4, the g,,, is reduced by a factor of 16/25, orshifts slightly upwards at higher drive levels, suggesting that
0.64. We will now find the value ofi that results in minimum a better practical choice ol may be somewhat higher than
distortion. that given by the theory. In the examples that follow, we will
Starting with the genera,, functions given in (1)-(4), trace the improvement in the linearity of the fundametrfal
and using the simplifying notation = Vin/2Vy and A; = (and the 1-dB gain-compression level) and in the reduction of

The netgy, is just1/(r.; + r.2), which evaluates to
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the third-harmonic magnitud&s using harmonic signatures. 5 -5 ‘ Priane:
Multi-tanh cells are, in principle, free of even-order distortiong = '23‘ -
However, mismatches of various kinds, notably in the taif -e /_J'/ -
currents, will generate even-order terms; these effects will alo_ o R

be investigated. £ 110
Fig. 8 shows the harmonic signature for the doublet, using’
the “practical” minimum-distortion area ratio of 15/4. The third -1
harmonic component is —110 dB below the fundamental 7% r_.,;.;'-\. :
H, for an input of =50 dBVP (3.16 mVP sine amplitude), -7 e == .
and H; experiences a 1-dB gain compressionr-22.5 dBVP. pav
This is a considerable improvement over the simple differentigly. 8. Harmonic signature of the doublet, with= 15/4.

pair, for which the corresponding figures ar&/0 dBc and

—28.6 dBVP, respectively. As expectei does not increase

monotonically at a slope of three (dotted line) redictegjetworks' For the same reason, we consistently state noise-
X “y - P! ) . » P pectral-density in voltage (rather than power) terms. While
by simple “cubic” theories of distortion, on which many

. ) . . 'a, more fundamental variabl represent the input is th
intermodulation studies are based. Thus, the single-tone th'?gr'n;ereatuuredr?orr?]zil?ze dar;%[e /tgv epweessviltl ;eere apsl;tunfet €
i ; ; - N/&VT,
Eirrmt?]glc 'gséz?pﬂg?’ovgggbiv: f:vnlc tg;cglfaftze tL?SStilri\g:éeatﬁxed temperature of 300 K and provide the useful reminder
b purp ’ fhat the input axis scales directly with temperature by using
extrapolating from a test level 6£50 dBVP the unit VP (volts-PTAT) for voltages.
IH; = —-50+ (Hy 50 — H3.50)/2 a7 Finally, it is important to note that the transconductance of
this cell, and thus the numerical gain of an amplifier or mixer
wheref; 5o andHs so are the values aff, andH; measured g6 on it, are directly proportional to the tail currdig
at this test level. Thd Hs occurs at-5 dBVP. Thus, théwo-  \yhich should be PTAT to maintain a temperature-stable gain.
tone intermodulation intercept theoretically occurs at a levelhis allows the development of many types of variable-gain

of about 0 dBVP, that is, the two tones would each havefements: a scheme providing gain control which is “linear in
1-V amplitude at the (extrapolated) intercept. dB” will be described a little later.

For the slightly different casel = 4, the incremental gain
undulates slightly with the instantaneous (dc) input volta%' Noise Analysis of the Doublet
Vin, being up by 0.03 dB at aboudfix = +15 mVP, and _ o ) )
down by —0.03 dB atViy = 425 mVP. (By comparison, 1he noise analysis is straightforward. We can begin by

the incremental gain of a simple differential pair would b&SSUming that base current noise and the noise due to base
down by —1.957 dB at this dc input level). Using — 6, 'esistances are nondominant. The noise voltages appearing

the 1 dB gain compression is found to occur-zt8 dBvp, i the emitter branches o)1 and @2 due to the shot
but the IH3 is reduced te-12.5 dBVP. These various results"0iS€ currents,/2q/c operating on their incremental emitter

provide some indication of how the doublet behaves witleSistanced’r/Ic are

N

-25 -20 -15 -10

regard to distortion, but the most useful insights will be gained Ex.o1 =(T/Ic1)V (2qlc) and
by personal experimental simulation studies of one’s own, -
emphasizing particular operating conditions. En_qr =(Vr/ler)V (2alc2) (18)

The unit dBV is used for the amplitude of the (sinejynere 1, and I-» are given by (8). With that substitution,

excitation, rather than dBm, since these cells are not inherenff¥ find from vector-summation that the left-hand section

matched to a source, and are thus not power-responding. ) i ) .
Following a first-order theory. However, well-designed amplifiers and

Howe\{er! at hlgh frequenC|eS they may beIOften matc_hed r{ﬁ&ers using these principles will introduce other components to the bias
a low-impedance source, such as 80 by simple reactive current, to address such practical issues as finite beta and junction resistances.
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TABLE |
DYNAMIC RANGE IMPROVEMENTS OF DOUBLET

A Vids AVigs (1+A) ANOISE ADR

(dBV) (dB) 24A (dB) (dB)

1 -28.67 0.00 1.000 0.000 0.00

2 -27.13 1.54 1.061 0.512 1.03

3 -24.50 417 1.155 1.252 292

4 -21.87 6.80 1.250 1.938 4.86

5 -19.72 8.95 1.342 2.555 6.40

6 -18.04 10.63 1.429 3.100 7.53

8 -15.54 13.13 1.591 4.033 9.10

10 -13.70 14.97 1.739 4.807 10.16

generates of just the uncorrelateccomponerft of the noise in each of
these current-sources to a differential form, through the factor
1+ 4 ;

Erg =Vr——/(2q/Ir). (19) (A-1)/(A+1). This problem can be addressed by the use of
VA highly correlated current sources, that is, ones using a common

The noise for the right-hand section is identical. RMSJ?ase drive and large amounts of emitter degeneration.

summing the two noise generators and rewriting in evaluatedVe Wwill briefly consider three other practical issues: 1)
form, the noise of the doublet is the effect of random emitter-area mismatches, 2) the effect

of slightly unequal tail currents, and 3) the effect of ohmic
resistance introduced mainly by the indirect access to the
emitter-base junctions. Our chief concern here is the distortion
(20) behavior, since items 1) and 2) will not significantly impact
noise performance, and the noise consequences of ohmic
For example, usingd = 1, corresponding to a simple resistances are very easily calculated using standard methods.
differential pair, withIr = 1 mA, that is atotal tail current |t is found that small mismatches in the emitter area ratio
of 2 mA, the noise spectral density is 0.654 g{Hz, while are benign, inasmuch as they simply alter the effective ratio
for the doublet withA = 4 it is 1.25 times, or 1.94 dB Agrr to the averageof both ratios. Thus, if we choose a
higher, at 0.817 nW/Hz. Using this result, and the valuesnominal value of A = 3.75, but experience a worst-case
for the 1 dB gain compressiofi1qs), We can calculate the increase of+2% in just oneof the sets (corresponding to a
improvement in dynamic rangA DR relative to theDR for  “Vp offset” of ~0.5 mVP), the result would be to increase
the basic differential pair. It must be noted, however, that the.r by +1%. No new distortion components are generated,
return of significant amounts dff; above A = 4 lessens the other than the alteration resulting from the changetifyr.
value of this metric. Table | shows some typical values.  |n the case where both sets vary by some small amount, but in
A more complete assessment of noise must include first, téposing directions, say2% and—2%, the results remains
Johnson noise of the base resistanegs, second, the effect the same Arrr is again the average of the two ratios) but the
of base current noise acting on a finite source impedance, @icome is even more benign, since this average now back to
third, the effect of uncorrelated noise in practical tail-currenhe design value. Very large skews would not be so tolerable,
generators. None of these pose any analysis difficulties, angt these will not occur in a well-controlled process.
a detailed discussion is omitted from this overview solely in The effect of slightly unequal tail currents is a little more
the interest of brevity and the greater value of presentingirteresting. A moment’s reflection will show that the addition

_0327nV/vHz 1+ A (Iz in mA, T = 300 K),

Ern =
o Vir VA

broader variety of interesting topological possibilities. of the two sech?(u) functions results in a linear tilt in the
compositeg,,, near Viy = 0. This translates to a parabolic
C. Robustness Issues component of nonlinearity. Thus, we can predict some second-

There are several factors that need attention in preserviffmonic distortion, HD2, but should not expect any change

the promise of the doublet in a production environment. I8 HD3, since the tilting of they,, function does not add any
layout is one of these factors. Common-centroid technitu'%‘r""bOI'C curvature, which would become cubic in the large-

are routinely used in the layout of,, cells. Since this signal domain. The magnitude of HD2 can be calculated quite
involves doubling the number of transistor sites, it is useful

ggsily. It is small, being-91 dBc for a 1 mV sine excitation,
consider whether the doublet might be used instead of a sim@fB€n the currents mismatch by 1%, and (as might be expected,
differential pair, for example, in op-amps, to minimize input*

or this particular distortion mechanism) increases by 1 dB for
referred distortion, or to achieve slew-rate enhancement ﬁl\jery 1 F’B mcrease In amphtude. These predictions are borne
by lowering theg,,, for zero-signal conditions, while retaining®Ut Py simulation experiments.
a high tail current. The need for dual current-sources may

be trOUbles_ome 'n_ some apphca‘uons, and we should nqtelt is fairly easy to see that the correlated noise components recombine in
that there is a noise component caused by the conversimoutput circuit in a canceling fashion.
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Fig. 9. Multi-tanh doublet with emitter resistances: a hybrid doublet. VIN (mVP)

Fig. 10. G, versusViy for four cases, usindr = 0.5 mAP. Top to bot-
: o : tom: A =8 Ry =138 QA =85 Ry =155 QA =9 Ry =173 Q;
This leaves ohmic (junction) resistances. From a NoiSE— o5 1, — 193 . o v

perspective, the most troublesome will be thg: of the
smaller transistors. Here, we are more interested in the possible

degradation of linearity. Both the base and emitter ohmic loyr
resistances will scale with device size, and for the present '
purpose they can be referred to the emitter branches, as L P&

shown in Fig. 9. Rather than attempting a theoretical analysis, V.. Ae [y

simulations are used to explore this situation, using a simplified ™

set of BJT model parameters. If a more complete set of
model parameters is used, the source of the observed effects
is unclear, and useful insights are obscured.

D. Hybrid Doublets

We find that small amounts of ohmic resistance have = 11, A variation on the hybrid doublet theme.
negligible effect on the linearity. However, this avenue of
inquiry leads us to the natural question: Can we achieve

another set of optima by treating the exploratory circuit 0Jrop VE across the resistors. There is again an optimal value

Fig. 9 as a gift in disguise, andeliberatelyinclude emitter o : . : L
; X X X . . for minimum distortion, for which a useful approximation,
resistors to improve the linearity? We discover that this is

indeed possible. Fig. 10 shows the incremenjgl versus valid for moderate values afl is

Vin for various values ofd and Rx (with a fixed value of _ 4.268 21
. . Ve=Vr{l+ (21)

Ir = 500 pA). Most noteworthy is the fact that there is A= Ap

now a three-humped, rippling,,, function, of the sort we where 4, is the optimal value of 3.732 from (16). For
will later encounter in connection with the triplet. The peakyajyes of 4 above 50,V decreases again. Using a moderate
to-peak ripple magnitude is 0.007 dB, fof = 8, Rp = 4 — 10,7, = 2 mAP, andRp = 44.5 Q, the V45 occurs at
138 2, for which condition the input noise spectral density is 209 9 dBVP, while thel Hs is now at—0.8 dBVP. The noise
1.86 nVA/Hz. As A is increased (to 8.5 and 9) the gain ripplgs 1 46 dB higher than for the doublet with = 4, operating
also increases, through 0.018 and 0.034 dB. It is 0.057 @B the same total tail current.
for A = 9.5, Rp = 193 Q, at which point the noise is  Thjs cell exhibits some amazing properties for large values
the g, can no longer be a linear function of the tail current.gain ripple, and noise versdgy for the cased = 500, R =

A further valuable alternative, another “hybrid doublet,g3 33 1, = 2 mAP. The gain is extremely flat; for ideal,
uses a single current-source which is split by equal resistogsatched transistors it is withis-0.0015 dB over the central
as shown in Fig. 11. The coupling of the emitters will affechog mvP of input range. The harmonic signature (Fig. 13)
the optimal (minimum-distortion) value of the emitter-are@nows that thd/, 45 occurs at-11.2 dBV and theHz remains
ratio, and we can predict that it wilhcreasethis value, since ynger—120 dBc for inputs up to-40 dBVP, corresponding
when Ry is very small the circuit converges back to a simplg, an 7, of +-20 dBVP. The noise atix = 0, which now
differential pair. On the other hand, this topology becomegciudes that of the emitter resistors, is only 1.83 Az
identical to an emitter-degeneratgg cell for extreme values gnqg is very flat.
of A. Other solutions are given in Table Il, in which the noise

and dynamic range improvement are relative to the chse

7As is generally true when translinear circuits are augmented by resistanc‘éé), = 3.732; the Change 'rlym is also noted. In th's CIrCUIt.,
the equations quickly become intractable. any common-mode noise in the current-source will be of little

The behavior of this cell depends on the zero-signal voltage
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TABLE I
PERFORMANCE OF HYBRID DOUBLET

A Vg Vigp Anoise Apr Acm
(mVP) (dBV) (dB) (dB) (dB)

4 439.7 -22.38 0.16 -0.12 -0.09

5 112.3 -22.00 0.62 -0.12 -0.37

6 74.06 -21.69 0.94 -0.13 ~0.61

8 52.02 -21.21 1.37 -0.08 -0.98

10 44.53 -20.84 1.67 -0.01 -1.26

20 36.90 -19.66 249 +0.35 -2.18
50 38.58 -18.03 348 +0.99 -3.47
100 43.62 -16.74 4.20 +1.56 —4.51
200 51.02 -13.51 4.92 +4.07 -5.61
500 64.27 -13.52 5.86 +4.06 -7.15
1000 77.13 -12.07 6.59 +3.84 -8.38
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Fig. 12. (a) Incremental gain, (b) expanded gain (showin@ 0015 dB pev
ripple), and (c) noise spectral density versugy for an optimal hybrid (b)
doublet.

Fig. 13. Optimal hybrid doublet: (a) gain compression and (b) harmonic
signature.

concern in most applications. Consequently, this cell not only

has far better linearity than the equivalent emitter degenerateer%itter-followers as shown in Fig. 14. The emitter-follower

pair (obtained by simply removing the Iarge transs?@S method of creating a multi-tanh cell was proposed by the
and Q4) but also lower noise, particularly in comparison to

the simple doublet using dual current sources without emitt%\"thor and adopted by Gold [5] in 1988, for use in tunable

degeneration (which have a high level of uncorrelated noisg}).ntmu.ous-tlme- f|It§rs. )
It is a rare example of a “win-win” situation. The input noise is somewhat increased, both due to the

Clearly, a value ofA = 500 is impractical, if pursued Shot noise in the emitter-followers and the Johnson noise
directly, using emitter area scaling. It would result in hugef their base resistances, and that due the offset-generating
parasitic capacitances and low current densities with a corfesistorsRos. To address this issue, the required effective
sponding loss of . The solution is to introduce the equivalenvalue of Agpr can be partially provided by a “real” emitter-
offset directly in the voltage domain, noting thigt log 500 area ratioA in the multi-tanh section and partially by the
is a modest 160 mVP. This is most simply implemented usingltagesVos = IosRos, which of course must be PTAT to
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Fig. 16. A practical series-connected doublet.

Fig. 14. A practical ultra-low distortion hybrid doublet.
on the inside, the HF displacement currents in the (large)

Cjc's of Q2 and Q3 cancel, leaving (in the case of a single-
sided drive) only the ac current in the (smallér). of Q1,
having a minimal effect on the HF response. We also have the

choice of discarding the outer collector currents (if the halving
Q Q, Qs Q
4’24
RB

lOUT

o 4 of g,, is tolerable) and thus eliminating the asymmetric HF

5 Y{: Vin- signal coupling via the” ;- of Q1 when driven in a single-

sided manner, which generates a troublesome right-plane zero.
We can generatelgrr, the effective value of4, by in-

I I, troducing the equivalent offset voltages, this time, through a

single current/g applied at node B,” thus generating offsets

of Vs = IgRp/2. Further, we have the choice of either

Fig. 15. A basic series-connected doublet. applying this curreninto the node, in which case the inner

transistors appear to have dprr = exp(Vp/Vr), or extract

maintain low distortion over temperature. For example, fé fromthe node, makingizrr appear in the outer transistors.
Agppp = 478, one might use an emitter-area ratio of ten e can play on this theme in another way, as shown
combined withVps = 100 mVP. Since the effective valuein Fig- 16. Here, the current IB also serves to bias the
of A can now be varied through control dfg, this may emitter followers@5 and @6, which are included to raise the
also be used to dynamically adjust the shape of the trans!@q:remental input resistance, since this was lowered by the

function. The hybrid doublet has successfully been emp|oygu:lusion of the base resistors in forming the series-connected
in an experimental high-performance UHF mixer. multi-tanh cell. The restively loaded emitter followers also

introduce a small amount of odd-order distortion, leading to
. slight gain compression for large inputs. However, this can be
E. The Series-Connected Doublet first-order compensated by using a larger valuedofwhich
Variants of the multi-tanh concept have been devised mormally would cause slight gain expansion at large inputs.
which the offset subcells are connected in series, rather ths an illustrative example of this type of doublet, by setting
parallel. Fig. 15 shows theeries-connected doublett will Iz = 250 AP and R = 360 Q (Agrr = 5.7) the Vigp
be apparent that this circuit has exactly twice the signel found to occur at-16 dBVP, theH3 is —125 dBc at a
capacity as the parallel doublet, since resist&g divide test input of—45 dBVP, and the input-referred noise spectral
Vin into two equal parts, but it is less obvious that therdensity is 4 nV4{/Hz. For an ac beta of 100, the incremental
is no net noise contribution from either the Johnson noiseput resistance would be about 100.k
of these resistors or from the base shot-noise currents from
Q2 and Q3 which sum into the center base noffeprovided
that the source impedances at both input nodes are eq
This is because angommon-mod@oise at this node causes The small error in the effective value of due to the base
equal but opposite-phase noise currents in the inner transistorgrents of2 and@3 in the last example can be eliminated by
A moderate mismatch in the source impedances does nesing two series-connected doublets operating in full parallel,
seriously impair this noise cancellation. Consequently, thit having opposite polarities ofg. A yet further simple
dynamic range (SNR) performance of this cell is similar to thadpology is shown in Fig. 17. This is not strictly a doublet,
of the parallel doublet. This is a significant result, since thgince it uses only three transistors; however, this interesting
noise penalty using these same resistors as a voltage dividet| can be derived experimentally from the circuit of Fig. 15,
driving a parallel doublet, would be much more severe. by first connecting together the two common-emitter nodes
There are various other appealing aspects of this cell. Omed adjusting the area-ratio for minimum distortion. This is
is that it retains the benefit of precise tail-controlled gainn fact the simplest of a family of common-emitter cells; see
Another is that, if we choose to place the large-emitter devicakso [18].

vIN+

llfaLFurther Forms
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Fig. 17. A three-transistor hybrid form. I; Kl

It will be apparent that the currents in the two inner tran- STAGE 1 STAGE 2 STAGE 3

sistors are now always equal, and therefore do not contribute

to the differential output; accordingly, their outputs can b'(:a'g' 18. The multitanh triplet.

discarded to the positive supply. As in the series-connected
doublet, the base resistances do not contribute to the ingirtuit can optionally be integrated using common base and
noise (provided the source impedances are either low amllector regions, although as noted, this style of layout is
left—right balanced). On the other hand, as in the hybrgenerally discouraged in a modern context.
doublet, it uses a single tail current and thus does not sufferThe small-signal incrementay,,, for the triplet can be
from the bias-induced noise of the simple doublet. maintained at a nearly constant value over of wider range of
Analysis of this cell shows that the minimum-distortiorinput voltage than for the doublet. Its value fd# = 0 can be
condition now calls for the area ratid to be exactly four. determined using a simple extension of the theory developed
Using this value, the voltage range of this cell is the same s the doublet case, and is
that for the series-connected doublet; the incremegptalis
down by 2 dB atVix = £100 mVP. Its noise for a total tail I = o 1 { 84 n K} (22)
current of 1 mA is 1.6 n\W/Hz, which is not twice that for 2+ K [ (1+A4)?
the doublet (1.15 n\W/Hz with A = 3.75). Thus, it has higher _ _
dynamic range. Finally, unlike the hybrid doublet, the of Where, as beforg,, is theg,, that would result withd =1, -
this cell remains proportional to the tail current. It is a usefdiat is, using the total tail current in a single differential
alternative in many applications. Higher order versions of thR&ir- To minimize distortion, we now have to optimize two
style of g, cell have also been devised. parametersd andK . An analytic a_ppr_oach shqws an optimum
This section has shown that very considerable benefits3hA = 7.846, but the mathematics is complicated and does
linearity can be achieved using cell structures which are ri§tle to help us visualize the effect dip, /3, and dynamic
much more complex than a simple differential pair. This imf2nge. Here, we adopt a pragmatic approach, using simulation
provement comes without a serious elevation of input-referr&€xamine all aspects of behavior. In choosing the parameters,
noise, when low-noise current-sources are employed. ThusVg Use only integer or low-order rational fractlons_ to ensure
affords much higher dynamic ranges than simple differentigfPustness in manufacture. These can be chosen in pairs such
pairs, even when such are aided by emitter degeneration. A9, {0 result in an equiripple error in the differential-gain
the valuable property of a transconductance that is proportioffdiction. Fig. 19 shows this for the case= 13, K' = 3/4,
to the tail bias current is preserved, in most forms, allowing i@'d is marked to show the definitions used in Table Il with
use in analog multipliers and variable gain cells. In the ne¥grious parameters; the noise values are fmtal tail current
section, further developments are described, including a cgil1 MA. Fig. 20 shows the harmonic signature for this case.

that provides dinear-in-dB gain-control interface. It will be apparent that one can again use emitter followers
to generate the offset voltages, as in Fig. 2, and construct

series-connected versions.

The performance benefits of higher order céis> 3) are

Fig. 18 shows the simplest realization of the multi-tanklight for considerable increase in complexity. Theadlet
triplet, which has been widely employed in variable-gaiflvV = 4) has two area ratiosdinner and Aourer, and an
mixers and IF stages in dual-conversion receivers for GSM aimher/outer current ratid(. Using Ainner = 4, AOUTER =
other communications IC’'s developed at Analog Devices. T6, and K = 9/11, the g,,,-versus¥y exhibits an equiripple
comprises three differential pairs with their inputs and outpugsror of +0.2 dB for inputs up tot115 mVP; thelHs is
in parallel; the outer pairs have opposing emitter-area ratios-e14 dBVP and the noise is 1.65 myHz for a total tail
A, larger than for the doublet, and operate at equal tail currentsirrent of 1 mA. A version of thguinlet(/V = 5) was shown
The inner pair has equal emitter areas (usually not minimuim- Fig. 2; the large outer area ratigsl = 190) are more
geometry transistors) so itg, is centered aly = 0; the readily implemented using offset voltages. The performance of
emitter bias current to this center pair is sethotimes the various series-connected high-order cells have been explored,
outer bias currents, wher& < 1. As for the doublet, this including developments of the topology shown in Fig. 17.

V. THE MULTI-TANH TRIPLET



14 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 33, NO. 1, JANUARY 1998

TABLE I
PERFORMANCE OF SOME OPTIMUM TRIPLETS

A K GrippLE VRANGE VNoISE Vids

(dB) (mVP) (nV/VHz) (dBV)
9 2/3 0.08 325 1.286 -19.38
11 7/10 0.06 50.0 1.331 -18.54
13 3/4 0.09 57.5 1.359 -18.11
15 7/9 0.17 65.0 1.384 -17.73
17 4/5 0.26 72.5 1.405 -17.44
19 9/11 0.37 78.0 1.422 -17.22
21 5/6 0.48 84.0 1434 -17.05

05 VDB(OUT) FUN(5 * (51 + DBV)) - DBV

0.0 J_ _:) N

05 GAIN , H; COMPRESSION

-1.0

H1 (dB)

-15
-2.0 /
2.5

-3.0 /
-3.5 /
-4.0

/ o OE
45 -

-5.0

wrmm=omo

™~
1
Lt

FUNDAMENTAL,

@ o Fgiyts " 51+ DBVY —-—-— R 5 OBVD
20 ---"-___-_—
5o ———— VOB(OUT) -30 “H 1—
-40 .
40 /\ ] /\ -50 _
30 / \ / \ / \ jg Ha
GAIN DEVIATION \ 4

20

-100

and Hj (dBc)
g

|
RN
I AR

Y
|
|
|
1,

mdB
o

T

-20

-30

-25 -20 -15 -10

-3¢
DBV

-40

-50
-100 -80 -6

750 Fig. 20. Harmonic signature for thé = 13, K’ = 3/4 triplet.

10 [ 20
VIN {mVP)

b . . . . . .
o 10, | . |'( )h - A — 15, K — 3/4 This causes the triplet to operate as a simple differential pair at
1g. . ncremented,,, for multi-tanh triplet, usin =13, 1 = . H H it H H H
Gain, and expanded gain, showing definitions used in Table III. high gains (thgs eXthlt!ng t,he |0WE§I noise for a dlﬁeren,tlal
structure), while operating in the triplet mode at low gains,
exhibiting the extended linear range only when needed.
A. Variable-Configuration Cell Fig. 21 shows the basic “linear-in-dB” cell [20]-[22]. The
In a moment we will describe a novel combination of therimary currerit IP (PTAT) sets the linear range of the bias
multi-tanh triplet with a special biasing means which has a dugirrent developed at the collector @f1. It is absorbed at
function. Its first function is to convert a linear gain-controfhe collector ofQ2, which, together with23, forms a current
current into an exponential one, so as to achieve a linear-in-BBTOr- (In a BICMOS implementation()3 is desirably an
gain law. This general concept may be applied to any of thtMOS devices, to eliminate the error i due to base
“fully translinear” multi-tanh cells (that is, those not includingfurrent). The emitter area 6f1 may be raised, so as to linearly
resistors in the emitter branches), and is in fact found in seve?§RI€ its current; let its area relative @2 be V. A second
communications p_rOd_UCtS’ n mlxe_r_s’ and IF _Stages' 8In speaking of currents being PTAT, we are assuming for simplicity that
Its second function is more specific to the triplet case, whes the resistors used in a complete circuit are temperature-stable, as is the
a simple modification is introduced that shapes the three bR&§e for thin-film SiCr resistors. While the effect of resistor variations over
h . That is. teéati itud temperature is to impose a further “shape” on the currents, these effects cancel
Curren_ts over the gain range. at !S’ tive magm_tu €s in determining the overall gain, and the gain-scaling, of a practical circuit,
of the inner to outer currents alter with the absolute bias leveince they invariably occur in ratioed pairs.
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Fig. 21. A basic bias cell generating an exponential current for linear-in-dB
gain control applications Fig. 22. The “triplus”G., cell.

PTAT current,l¢, is applied to the base @}2. It flows firstin  although this method of low-noise tail biasing for doublet
Rg, generating a voltage; = I K¢, and is then absorbed inand triplet has been successfully employed in mixers and IF
Rp, incidentally lowering the current i@3 to Vsr/Rp—Ic.  amplifier cells in communications IC’s that operate at 2.7 V
It follows that Rz must be chosen to support the maximurgver the full temperature range.
I at the highest temperatur€ reduces the current iyl A better solution is afforded by the scheme shown in
in a simple exponential manner Fig. 22. Here, a triplet is biased Wy A, QB, andQC, whose
emitter-area ratios establish the value 6f only when the
ler = Nlp exp(=Va/Vr). (23) bias currents are at their lowest value, in oré/er to meet the
Accordingly, the gain will decrease by 1 dB for eachminimum-distortion criteria discussed earlier. This results in
2.976 mVP of Vi; since this changed.; by a factor of an optimum triplet configuration for coping with high-level
exp(2.976/25.85), or 1.122. Note in passing that a reductigignals. However, this ratio no longer applies at high bias
in bias current, hence gain, caused by an increasgings currents, due to the inclusion of the emitter resist&s.
consistent with the general requirements of AGC systertrs the high-gain condition, the “back-EMF” generated across
and will result in; being directly proportional to a decibelthese resistors greatly diminishes the bias currents) it
received signal strength indication (RSSI) vatue. practical and QC, compared to that if)B, and thus in the outeg,,
embodiments of this concept, a further refinement is thmirs of the triplet. For this condition, the system collapses
inclusion of a simple translinear analog multiplier cell tdo essentially a simple differential pair, having minimal noise.
generate atl which is both proportional to temperature andFor intermediate cases, we have a triplet in which the effective
to a temperature-stable gain-control voltage. value of K will generally be somewhat too high, leading
Multiple outputs are generated simply by adding trarte different values for noise and distortion than either of
sistors sharing thé/gr of Q1. But it is here that some the limit cases, but still providing a low-distortion transfer
pitfalls can arise, since the noise currents in these deviadwracteristic. This synergistic combination has been called
comprise both a correlated component—due to everythitlge “triplus” (a triplet plus optimal biasing). This unique cell
except the current-sourcing transistors, and in particular, timplements an “elastic transconductance,” characterized by a
noise generated acrods;, which is typically 1 k{2—and constant area under thg, — Vix curves, in an eminently
an uncorrelated component due to their independent shptactical realization.
noise and the Johnson noise of their individugl. As noted  The optimization space for the triplus is rather large. We
previously in connection with the doublet, these uncorrelatedll present some results for a useful case, in which the sizes
noise components will appear at the cell output multiplied hyf the current-source transistors depart slightly from the “
the factor(A — 1)/(A + 1). The consequences for the tripletriterion.” Accordingly, we use4 = 15, ten-emitter devices
are similar, though exacerbated by the higher valued tfat for QA and QC, a seven-emitter device fo@B, R =
are generally used in the outer pairs. 145 Q, R =490 @, andip = 200 pAP. In choosingR¢;, we
One solution to this problem is to replicate a single outpgtn usefully set it to a value that first-order cancels the effect
from a bias cell like that in Fig. 21, using highly degeneratesf base-current losses through the main transconductance cell
current mirrors, which contribute much lower uncorrelatednd typically a mixer core on top of it. We have yet to discover
noise. A small practical problem here may be that the available modified value of ; needed to cause a 1-dB gain change,
degeneration voltage—at least 1@ is desirable—may use or even whether the gain function remains linear-in-dB over
up precious supply headroom. This is especially troublesorseme restricted range. It clearly cannot be so over a very wide
in an active mixer, when using low<@ V) supply voltages, range, since the control law will become asymptotic to the

9The received signal strength indication voltage is desirably exactly prz}-dealﬁ case defined by (23) for very Iarge valueslef where

portional to the decibel power of the signal, accurately scaled (typicalthe back-EMF in the emitter resistors is too small to affect the
25 mV/dB), and temperature stable. The RSSI function is widely needeflas current ratio.

in cellular phone systems and other mobile transceivers, where it provides_. . .

a valuable metric for the control of the transmitted power returned to a Fig. 23 shows a set of incremental gain curves for spot val-

base-station and allows this power to be held to the lowest possible valueues ofl¢ from zero to 24QuAP. The gain varies over a 36-dB
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TABLE IV
PERFORMANCE OF THE TRIPLUS AT VARIOUS [

I Ipas GAIN VnNoiIse Vias IH;
(LAP) (mAP) (dB) (nV/VHz) (dB) (dBV)
0 2.054 30.00 0.811 -27.15 -13.63
40 1.143 23.91 1.215 -26.16 -12.90
80 0.649 17.95 1.833 -24.51 -11.85
120 0.366 12.04 2.761 -21.88 -1043
160 0.201 6.08 4.127 -19.56 -8.67
200 0.106 -0.01 6.102 -18.35 -6.72
240 0.053 —-6.28 8.953 -17.73 —-4.83
3 ; : noise was low. Unfortunately, this would require that even
j i the smaller transistors in the outer pair would need to be
%0 | 1‘ relatively large, resulting in the larger transistors in these
/ \ Ig=0 pairs having needlessly low,., which is of no benefit and
. ‘ introduces excessively high values 6% g,C;¢, and Cjyg,
//”\\ which seriously impair performance at high frequencies. This
} | ~ o = 40uA particular problem might be addressed using emitter-followers
/ | ] to generate the offset voltages, but only with unacceptable
L] la = 80uA noise penalties in a mixer or low-noise IF amplifier appli-
15 = 1 ‘ cation. However, in the variable-configuration cell, the outer
2 | 1 =1200A diff tial pai Imost fully debiased at high gai d
E I —le = 120 ifferential pairs are almost fully debiased at high gains, an
L1 \ their noise contribution from all sources, including,, is
E o s 1604A negligible. This allows the use of very small transistors in
Ss / — i these pairs. The central devices, of course, still need to have
i | low base resistance in critical applications.
o e = 200pA Fig. 24 shows the absolute gain and the gain linearity
which remains within=0.1 dB in spite of the liberties taken
i . . . .
5 | with translinear design practice. It further shows the short-
| : I = 2400A circuit input-referred noise versu;, which under full gain
0 i : conditions is reduced to almost the level of a basic differential
‘ : 1 pair at the same tail current. It is also important to understand
. ‘ w | ~ that the frequency-dependent base current noise, affecting
B wimvpy @ 7% noise figure in a fully matched mixer, is essentially identical

_ _ _ _ ~ to that of the differential pair, since the outer pairs are
Fig. 23. The incremental,,, versusVin for an optimal triplus, at various strongly debiased at high gains. The modified gain scaling is
values of the gain-control curredt;. . .

0.15 dB{:AP, which internally corresponds to 1&g, of about
_ . o ~ 3.27 mVP/dB. Table IV summarizes the cell performance at
range, which may be all that is required in some applicationgarious values ofl; the total bias current in the triplet
However, it is important to note that in a complete systemection is/zss. The variable-configuration triplet represents

say, a high-dynamic range receiver, the triplus might be usgtherformance high-point in the family of multi-tanh cells.
not only in a mixer but also in other variable-gain cells in one

or more IF amplifier stages. Consequently, the overall gain VI]. CONCLUSION
variation in the complete receiver may be 80 dB or m@re.

It follows that, for the cell under consideration, the Iinearit%rI lti-tanh cells are now enioving an increasing number

requirements at the highest gain would be those for a sig ? i t}qn% nd have pr any rg tical val ingn mer

which is some 80 dB smaller than those at the lowest gal?r appiications, a ave proven practical value Umerous
mmunications products. A few of the novel extensions of

conversely, the factor of 7.5 increase in noise at a gain 30 ghe basic concept, and beneficial biasing arrangements, were
lower will be negligible in the context of a signal some 80 d P 9 9 ’
. presented. Many more have been developed, and these cells
(10000 times) larger. . . . ;
hgve numerous other uses in nonlinear function synthesis. As a

One further advantage of the triplus deserves mention. In ¢ h mbine imorovements in linearity with wideband
fixed-configuration triplet, one would need to use transistofgCuP: ey €0 € Improvements canty eba
Igranon, in most cases preserving of the useful property

of low base resistance throughout, to ensure that the John8$ . i :
of a linear dependence gf,, with bias current, hence, the
10see for example, the data-sheets for the Analog Devices AD607vAD54ﬁossibility of precise gain control.

AD6459 single-chip receivers, and the AD6432 transceiver, all of whic Th . It h b d Ith h
provide this AGC range and are based on the principles discussed in this e noise penalties are shown to be moderate, althoug

paper. the figures given here are not completely practical, since they

After a long period of relative under-utilization, bipolar
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Fig. 24. (a) Absolute gain, (b) gain error and (c) noise spectral density versus

I for the optimal triplus. [19]

refer only to fundamental shot noise; the Johnson noise [g6)
ohmic resistances, in particulat,, will often be significant.
We have also not fully discussed here the effects of random
variations in device sizes (mismatches), which are likely1)
to be more troublesome in elaborate very-high-order cells
. - [22]
presumably chosen because they offer very high Imeant[y.
Many aspects of dynamic behavior also need attention in
practical designs; these have been omitted in the interests of
brevity. These and other issues deserving the close attention of
the product designer lie beyond the essentially didactic air
of this overview.

Finally, it will be apparent that these ideas can be translat
into MOS form when the devices are used in weak inversio
Since this region of operation extends to useful current leve
(microamps) in modern submicrometer devices, there will t
practical applications of the multi-tanh principle using pure
CMOS technologies.
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