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Abstract—We report on the use of a simple design optimization
criterion for obtaining maximum static transfer function linearity.
It is based on an analytic function that corresponds to the integral
nonlinearity of the circuit. The criterion may be useful, either as
an analytic tool to gain insight into the circuit’'s behavior, or as an
efficient computational alternative to calculating total harmonic
distortion (THD). It is utilized here to optimize the design parame-
ters of a recently proposed bipolar transconductor capable of high
linearity, which is composed of two parallel-connected nonlinear
blocks: a hyperbolic tangenttype transconductor and hyperbolic
sinetype transconductor. Examination of this tanh /sinh-type
transconductor concept, using the analytic version of the present
criterion, indicates that this new circuit configuration is theoreti-
cally capable of achieving values of THD lower than possible with
conventional bipolar hyperbolic tangenttype transconductors. A
particular design example is presented to demonstrate, through
simulations, the performance of the new transconductor, and in
order to ascertain the ability of the proposed design optimization
criterion for obtaining maximum static transfer function linearity.
In this particular example, THD values of less than 0.3% are
obtained with a 1004S transconductance up to a maximum input
voltage swing of 50-mV peak.

Index Terms—Pesign optimization, integral nonlinearity,
tanh /sinh-type bipolar transconductor, total harmonic distor-
tion.

|I. INTRODUCTION

T

also commonly used in active filter design [1], [2]. The us

tangenttype conventional differential amplifiers, each with a
certain base offset voltage, are simply connected in parallel. The
second is the “externally linear internally nonlinear” concept
(ELIN) [5], [6], based on some sort of configuration consisting
of nonlinear networks internally connected to produce an ex-
ternally linear result. Following the general motivation of this
second concept, Finol and Lovelace recently proposed [7] to use
a circuit composed of the parallel combination otgperbolic
sinetype differential amplifier” [5], [8], [9] and a conventional
hyperbolic tangentype differential amplifier [10]. The ratio-
nale is that, since the second derivatives ofdiuh andtanh
functions present opposite sigrinh andtanh have expansive
and compressive behaviors, respectively), a circuit based on the
addition of these two functions could conceivable be designed
to be linear for a larger input voltage swing than either one of
thetanh-type orsinh-type differential amplifiers.

In what follows, we describe a procedure to be used
for designing the circuit that implements this new bipolar
tanh/sinh-type transconductor concept. The goal of the
design criterion is to obtain sanh/sinh-type transconductor
which exhibits the maximum static transfer function linearity
possible, for given maximum input voltage swing and desired
transconductance. Therefore, the essence of the optimization
criterion must be to minimize the amount of static nonlinearity

RANSCONDUCTOR circuits are the basic componenﬂé‘tmduced by the circuit. To this end, instead of relying on the
of operational transconductance amplifiers (OTA) and apéjmbersome conventional “brute-force” calculation of the cir-

guit’s total harmonic distortion (THD) by iteratively sweeping

of bipolar-type transconductor circuits [3] allows a wide tunthe relevant design parameters and performing a fast Fourier

ability range because of the exponential dependence of the dfgnsformation for each step in order to determine the parameter
rent on the base—emitter voltage of bipolar junction transistof@!ues which minimize it, we propose to use an alternative new

(BJTs). However, one of the major limitations of the conversMPI€ optimization approach that can be applied either in one
tional bipolar *hyperbolic tangentype” transconductor is that 2nalytical step, or numerically by iteration. The new approach

in order to maintain linearity the maximum differential inpufS Pased on the use of the “difference integral functién[11]
voltage swing that is allowed is very small, of the order of thel12] which has already been successfully used for other types

thermal voltage. Basically, two ideas have been traditionafff @Pplications, such as procedures to suppress linear parasitic
used to circumvent this limitation: The first and most common §'MSs in device parameter extraction [13],[14]. Functibn

the multi+anh [4] configuration, where two or motteyperbolic defines the area between the circuit’s actual static transfer
function and an ideal straight line drawn through its end points.

As such, it represents a measure of the circuit’s static integral
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smaller than a certain practical limiting value, sa¥y'1dictated
mainly by fabrication technology and area limitation considera-
tions. Accordingly, we shall use valuesioindd equal to what-
ever minimum is allowed by practical limitations, that is,

]<

b=d= ik (2)

We need now to determine the optimum values of parameters
a andc. Let us denote by,,, the maximum input voltage swing
to be expected according to the specifications, and lets design
for a certain average transconsductarégdesired within this
given maximum input voltage rangeV,,, < V; < V,,,. Taking
the derivative off, with respect td/;, the average transconsduc-
tance can be expressed as
Fig. 1. Proposedanh/sinh-type transconductor’'s block diagram showing

the parallel combination of aanh-type transconductor and ginh-type 1 Vin dlo 1
transconductor. G = AV, = — 1oV, =V,,,) — Io(V, = 0)].
using this procedure and its results compared to conventiofla, substituting (1) and (2) into (3) we get
direct numerical optimization methods based on minimizing
THD. The industry standard statistical language S-plus [17] is I, _
used for this purpose. G = 3 latanh(vny) + csinh(van)] 4
II. ANALYTICAL CRITERION IN THE IDEAL CASE where
Fig. 1 presents the proposed transconductor’s block diagram, Vin
which shows the parallel combination ofanh-type transcon- Ynm = F2Viy, ®)

ductor block (represented h¥,,;) and asinh-type transcon-
ductor block (represented l,,,2). The combined total output is defined for convenience as the normalized maximum input
current of the new bipolatanh /sinh-type transconductor is voltage swing. Solving (4) for(cl,)/G as a function of
ideally given by (al,)/G, we get an expression that defines the relationship
that must exist betweanandc to obtain the average transcon-

Io=1Ip+1oy =1 [atanh(l) Vi ) +csinh<d Vi )} ductanceG, for a given maximum input voltage swind,,,

" 2Vin 2Vin using the maximum input attenuatioh, allowed by practical

1) fabrication considerations

whereV; is the input voltageV;y, is the thermal voltage, param- cln _ Vo = L tanh(vym) ©)

etersa andc are arbitrary positive real numbers that schle G sinh(vym) '

which is a normalized common bias current, and paraméters

andd are input voltage attenuation coefficients, that could be We now need to find a second relationship betweamdc.

implemented by a variety of passive or active networks. To do that, we must apply a maximum linearity design crite-
The task at hand is to find, for a given maximum Voltagéon, but instead of trying to minimize the THD through numer-

swing and desired transconductance, the values of the four {§&l optimization ofa andc, we will seek, as proposed in the

rametersd, b, ¢, andd) in the previous equation, such that the reintroduction, an analytical solution by evaluating the circuit's

sulting static transfer characteristics will exhibit maximum linstatic transfer function integral nonlinearity using functibn

earity. As stated above, the condition for maximum linearit 1], [12] which for this purpose is defined as

may be found using the conventional approach of repeatedly E . .

performing fast Fourier transformations to determine the param- (7 : :

eter values which minimize THD. Simple observation, backegé - /0 Vidlo _/0 Todvi = Vilo = 2/0 fodvi- (7)

by numerical optimization results using S-plus programming,

indicate that the lowest THD values are obtained in the pres@#cause the operatd?, as defined above, has the property of

circuit configuration when the smallest practical valuedafd canceling any linear terms presentin the function on which it op-

d are used to attenuate the input signal. This logical resultésates ] is ideally suited to measure integral nonlinearity which

independent of the values afandc and can be easily under-is directly related to THD. For example, if, were a perfectly

stood by realizing that decreasibh@ndd implies reducing the linear function ofV;, D, and similarly THD, would be exactly

arguments of both hyperbolic functions in (1). However, prae@qual to zero. Therefore, in order to maximize the static linearity

tical considerations, fabrication and otherwise, usually imposéthe present circuit, the functioR of its static transfer char-

that neither one of the attenuation coefficieht@ndd may be acteristics should be as close to zero as possible. Proceeding to
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whole input voltage range. This criterion will be applied numer-
ically in the last Section of this paper for comparison purposes.
However, its use for deducing analytic expressions of the op-
timum parameter values would entail unnecessary complexity.
4k Instead, we will use an alternative criterion consisting of making
D become zero at the maximum specified input voltage swing
Vi = V,,. Applying such a condition is almost identical, for
the application at hand, to minimizing the cumulative absolute
value of D within the whole input voltage range, as can be in-
0 : ' ' ' ferred by simple inspection of Fig. 2(b), and will be later con-
firmed by rigorous simulations. For this particular example of

c=3 (a)
v, =25.9 mV

Normalized current
—

or ® thetanh/sinh transconductor, it is easy to conclude that either
2 1 criterion would produce an optimum valueicfomewhat higher
G - than two.
8 The fact that the two above-mentioned criteria yield optimum
E 3 values ofe which are insignificantly different from each other,
A 50t 1 allows us to use here the second criterion and requirethat
¢=6 should become zero at the maximum specified input voltage
swing. Thus, equating (8) to zero Bt = V,,, and substituting
00 T T e 0 a0 o0 equation (4) into it yields
Peak input voltage (mV)
0=V, <GV’"> —2F2Vy,
Fig. 2. (a) Normalized currenf(I.,), calculated from (1) f. (b) Functiof, I,

evaluated with (8), versus peak input voltdge for a fixed value ot: = 3 and dal h h — 11N, (9
four possible values of. {aln[cosh(vnm)] + clcosh(vnn) — 1]} (9)

o _ _ ~ This equation is the second relationship betweandc that we
that end, substituting (1) and performing the integration in thgere |0oking for. We now solve (9) together with the previously

last term of (7) yields the expression bffor this ideal circuit  found relationship betweenandc, equation (6), to get the fol-
lowing solutions for the required values of parameteandc:

Vi Vi
D =1,V; |atanh inh "
[a an <F2Vth> +esin <F2Vthﬂ GV, coth(vnm) — csch(vpm) — 2=
Vi L1 sech(vy,p,, ) — In[cosh(v,,, )] (10)
[ n - VUpm) — 111 VUnm
—2F1,2Viy, {aln [cosh <F2‘/th>:| and
Vi . GV,
+e [COSh <m> - 1} } - @ T sinh(vem)
coth(Vpm ) — esch(vpm) — 5= _—
To visualize the effect on the static transfer characteristics T 1= sech(Vpym) — In[cosh(v,,,,, )] anh(vnm) -
of this tanh/sinh-type transconductor of changing its design (11)

parameters, Fig. 2 presents plots of normalized curf¢fy,

calculated from (1), and the resultig, calculated using (8), The above two equations represent the analytic criteria to ex-
versus peak input voltag; up to 50 mV, for a hypothetical actly determine the required coefficientsand ¢ that would
case of a maximum attenuation facfor= 1 (i.e.:b = d = 1), ideally produce maximum linearity at given specified require-
a fixed arbitrary value of = 3 and four possible values of ments of: 1) desired average transconducta#c2) maximum

= 1,2,3, and6. We notice that, although the output currentexpected input voltage randg, ; and 3) maximum input atten-
appear approximately linear for the four cases, as expdeied uation factor" allowed by practical considerations. It is useful
initially very close to zero nedr; = 0, laterincreasing tofinally to point out that, although the optimum valuesaofind ¢ do
end up rising exponentially for large valuesigf In two of the depend on the average transconducta@ckesired in each par-
casesq = 3 and6), which correspond to compressive behaviaicular design, the ratio/« is independent of it. In fact, as evi-
of the output current, the exponential rise (not visible in thgenced by dividing (10) by (11)

figure) occurs after havingp become negative and gone through

a maximum negative value. On the contrary, for the two other _ 1 — sech(vpm) — In[cosh(vym)] _ cosh(vym)
cases ¢ = 1 and2), which correspond to expansive behavior — sinh(vym)[coth(vym,) — csch(vny,) — Lu=] ”m
of the output currentD remains always positive. The evolu- (12)

tion of D with varying a, as revealed by the changing shape

of the plots in Fig. 2(b), suggests possible design criteria fdre ratioc/a results to be only a function of the normalized max-
choosing the parameters’ values that would produce maximumum inputw,,,,, which, according to (5), includes the thermal
linearity. The strict and universally applicable criterion wouldoltage, the maximum input voltage ranyg,, and the max-
be to minimize the cumulative absolute valuel®dfwithin the imum input attenuation facta¥” allowed.
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Fig. 3. (a) Optimum values of parameteas functions of specified maximum .
Peak input voltage (mV)

input voltage swing¥...), calculated from (10) and (12), respectively, for four
possible values of average transconductance. (b) Correspordingtio. Fig. 4. (a) Total normalized output currenf(/I.) and of its two
components, calculated as functions of the peak input volfégaising
. . ideal device models and the parameters optimizedifgr = 50 mV. (b)
Fig. 3 presents plots of the optimum values of parameterthe corresponding transconductance of the total circuit and those of its two

and the corresponding rati¢/a, that would ideally produce components. (c) The corresponding THD of the total circuit and of its two
] ; . p e ] ; omponent blocks acting separately.
maximum linearity, as functions of specified maximum mpu%
voltage swingV,,,. They were calculated using (10) and (12),
respectively, for a hypothetical attenuation facto#d&= 1 and uptoV; = 100 mV. The three plots illustrate how the nonlinear-
four possible desired values 6f. Fig. 3(a) shows that at eachities of the two components compensate each other to produce a
given G the optimum values of increase with increasing,,. normalized output currentwhich is highly linear, as expected, up
Fig. 3(b) indicates that the ratiga decreases ds,, increases, to the designed-for maximum voltage swiig. The plot of the
but, as expected from (12), it does so independently.dBoth transconductancel(l»/1,,)/dV;, shown in Fig. 4(b) confirms
trends may be explained by noting that, as the specijgdn- that, within the desired input voltage range< V; < 50 mV,
creases, the expansive effect of byperbolic sindrepresented the resulting transconductance is indeed in agreement with our
by parametet) becomes more dominant than the compressigesign target of an averagé= 100 u:S. Fig. 4(c) presents the
effect of thehyperbolic tangenfrepresented by parametgy. THD resulting from the total current, and from its two compo-
Therefore, in order to maintain the maximum linearity of theents if they were independently considered. We notice first that
combination, the ratie/a must decrease. the THD corresponding to the newinh/sinh-type transcon-
ductor increases until it reaches a local maximum of about 0.3%,
later decreasing slightly to a minimum value of about 0.2%
which occurs, as expected, at the designed-for maximum input
voltage swing of 50 mV. In contrast to this behavior, we observe

The above procedure will be illustrated by an example ofthat the corresponding THDs of the independent components
possible design. Let us assume, for simplicity, an input voltapeth increase steadily, reaching values of 6.3% and 3.7% at the
attenuation factor of” = 1 (i.e.,b = d = 1), an expected specified maximum input voltage swing of 50 mV. This com-
maximum input voltage swing df,, = 50 mV, and a target av- parison demonstrates the mutual compensation of the expansive
erage transconductance@f= 100 ;S. It should be noted that and compressive nonlinearities of thiah andtanh compo-
the value off” does not affect the optimization procedure, sinceent blocks, giving rise to a significant reduction of the new
input attenuation is external to thanh /sinh-type transcon- tanh/sinh-type transconductor's THD, with respect to what
ductor and therefore the optimum valuessadind e do not de- would be achievable by either of the two component blocks op-
pend on the choice of'. Then, using (10) and (11), we get:erating alone. In the case of this particular example the THD
a = 235 andc = 2.89 (c/a = 1.23), in agreement with reduction is of at least one order of magnitude.

(12). Fig. 4(a) presents the resulting normalized total output cur-A question may arise at this point as to whether, instead of
rent (Io/1,.), and its two components, as functions of the peake here proposed optimization method, it might not be simpler
input voltageV;, from zero, going through the value of the deto use another approach to static linearity optimization such as
signed-for maximum voltage swirlg,, = 50 mV, all the way conventional minimization of the squares of the terms above

I1l. APPLYING THE IDEALIZED ANALYTICAL APPROACH
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————"
T /

Series expansion /

/

I /
/

Present method
T v,=70mv

Present method
V,=50mV

0 20 40 60 80
Peak input voltage (mV)

Fig. 5. THD as a function of peak input voltage produced by the circuit

designed using the/a ratios resulting from conventional series expansion

optimization and from the present minimal integral nonlinearity optimization

method. Two designs are shown for the present method corresponding to

optimizations for two values of maximum peak input voltage.

Fig. 6. Circuit architecture of the netanh /sinh-type transconductor with
the first order of a power series expansion of the static trans fwo parallel connepted constituents enclosed in broken linesailietype
.. . . . . _transconductor block in the upper part, andshéh-type transconductor block
characteristics. To answer this question we will comparativelyine lower part.

discuss both approaches. The use of a Taylor series expansion
about the origin entails calculating increasing order derivatives | ) )
might add that the overall THD is also smaller with the

rather than just the one integration required by the meth o X
proposed here. This is the first comparative strength of tREESENt method, as can be verified by calculating the average
D from zero input voltage t&/,.

new method. Integration is always preferable to differentiatio X ,
in any practical situation since it inherently reduces the effect!t Should be emphasized that the difference between the two

of measurement error and noise, whereas differentiation (iocedures becomes progressively irrelevant as the maximum
avoidably increases this effect. A second and crucial di1°fereni(E‘lJP_Ut_VoItage requiremept of the particular desfign tendg to zero.
between using conventional series expansion optimizatibRIS IS 10 be expected since, as already mentioned, minimal in-
and the present procedure is that series expansion necessiifij2! nonlinearity optimization for values b, close to zerois
implies that the design is being optimized at just one point §fuivalentto minimizing t_he squared terms _above the first order
the transfer characteristics, the point about which it is beilffj @ POWer series expansion about zero. This can be further cor-
expanded, which for the case at hand would correspond"@POrated by noting that the/ ratio value shown in Fig. 3(b)
zero input voltage. On the contrary, the proposed integi@ Vm = 0 in fact corresponds to the value that would be ob-
nonlinearity minimization criterion is an overall process in2ined by power series optimization. More importantly however,
that it optimizes the design globally over the whole operatir@g' 5 indicates that for designs requiring large values of max-

range, from zero up to the maximum expected input voltagdUm input voltage, the difference between the present proce-

Minimization of the squared terms of the Mac Laurin serigdure and conventional series expansion optimization becomes

expansion of thetanh/sinh-type transconductor's static 8V€N greater. Suppose, for instance, that we wish to design a

transfer characteristics produces an optimgfa ratio value tanh/sinh-type transconductor with average = 100 uS,

equal to that which would be obtained when optimizing witf@ximum input amplitude up to 70 mV, maintaining the output

the proposed minimal nonlinearity method for a maximunhHD below 1%. Fig. 5 clearly reveals that conventional opti-

peak input voltagd’,,, = 0. ml_zatlon using series expansion wo.uld not fulfill the given re-
To clearly visualize the differences between both procedurddlirements, because it would resultin THD of up to 2.83%. On

we have applied conventional series expansion optimizationtfts contrary, if the present optimization method were used, THD

the example presented above. Fig. 5 shows the THD as a fuffuld be kept below 0.64% at any input amplitude up to the re-

tion of peak input voltage produced by the circuit designed usif§ired 70 mV. The decision about what maximum peak input

the ¢/a = 2 ratio that results from series expansion optimiza/0ltage to use for optimizing a particular design obviously de-

tion. We have included in the figure for comparison of the THDRENAS on the application for which it is intended.

obtained when using two minimal integral nonlinearity opti-

mized designs corresponding to two values of maximum peak

input voltageV,,, of 50 mV (¢/a = 1.23) and 70 mV ¢/a = IV. CIRCUIT SIMULATIONS

0.84). We observe that, as should be expected, series expansion

optimization produces lower THD only close to the series ex- We shall use now the optimum parameter values obtained

pansion point, that is, at input voltages values close to zero. Brdm the above design criteria, based on the idealized analyt-

as the input voltage increases toward the maximum designedifial equations of the two transconductor blocks, to perform ac-

value, the present method produces significantly smaller TH@ial circuit simulations using more realistic and rigorous device
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Normalized current

Transconductance ( S )

100

——r
G=100 48
a=235
c=2.89

sinh-tanh

-

input voltageV;, resulting from rigorous model simulation.
These results should be compared to those presented in Fig. 4.
Notice that in addition to exhibiting higher overall THD, its
minimum has shifted to an input voltage value higher than
expected. We may also observe, by comparing Figs. 4(a) and
7(a), that thesinh block part of the total transconductor current
has become noticeably straighter than would be expected from
a purelysinh behavior. This particular effect can be understood
considering the behavior of theinh-type transconductor
block’s finite 3 model presented in the Appendix. Notice also
in Fig. 7(b) that the resulting average transconductance has
failed to completely achieve the design target of 1@

V. ANALYSIS AND DISCUSSION

In order to further investigate the effect of the models used,
we performed extensive direct numeric calculations, using
the S-plus environment, to the three types of models already
mentioned. Simple Ebbers—Moll device models, which do not
include the effects of Early voltage, were used to produce both
the “ideal models” (very larges) and the “finite 3 models.”

The “rigorous model” was Gummel-Poon’s with the values
indicated previously. We applied three optimization procedures
based on three types of criteria for quantifying the resulting
Fig. 7. (a) Tlotal| n%rma][ized_ Outpfuthcurreﬂio(/fn) |‘temd of its two nonlinearity. All three procedures include simulating the
D multed e clons of e peakinoul YOl20=I10 100012 ¢l siul- type transconductor with varying values of the
(b) The corresponding transconductance of the total circuit and those of i@rameters, using each of the three types of device model
two components. (c) The corresponding THD of the total circuit and of its twalready discussed. In the first procedure the THD is calculated
component blocks acting separately. and used as the criterion for quantifying and minimizing the re-
sulting nonlinearity. Since this procedure is usually considered
models. To this end we will consider the basic circuit archtonventional, it will be used as reference.
tecture shown in Fig. 6, which contains@nh-type transcon-  The other two procedures, are proposed as alternative criteria
ductor, in its upper part, connected in parallel teigh-type for quantifying the circuit's nonlinearity, and are both based on

transconductor, in its lower part. Notice that we have omittagle analytic definition of functionD, as given by (7). One is
in the schematic circuit diagram the input attenuation netwogkmply a normalized version db defined as

(b = d = 1) and have shown the differential input voltage as

THD (%)

/ rigorous models
L

0 20 40 60 80 100
Peak input voltage (mV )

+V; /2. The bias currents shown in the diagram Bsg¢ = al,,, 9 fovm IodV;
andIp, = cl,,/2 when expressed in terms of the normalized Dy =\1-——0— (13)
current/,,. e

To explore the e_ffect on optimization of using realistiqwhere_,m = Io(V; = V,,). When using this criterion to achieve
models for the devices, theanh/sinh-type transconductor inimum integral nonlinearity the optimum is said to be

circuit was simulated using a new analytic “finjfemodel” of o4 ched whey = 0. The absolute value bars in (13) are not

thesinh-type transconductor, whose description is presentedit, |y necessary and they are included here only for illustrative

the Appendix, and also using AIM-SPICE [18] assigning rigsqnsistency. Without thery would just cross from positive
orous Gummel-Poon model_s to all the del\glces. Typical Valuﬁ)snegative values at the minimum nonlinearity condition [recall
used were for the npn transistors: = 10~ A, fp = 100, Fig. 2(b)]. The last is the rigorous and universally applicable
Pr =10, Vap = 50V, andVyr = 2V, and for the pnp qijerion that evaluates the cumulative absolute valueDof

: . _ —17 _ _ _
transistorss = 3 x 107" A, fr =70, r = 10, Var = 109 within the interval of interest, in this case froMj = 0 up to
V, andV4g = 2 V. The values of parametersandc used in V. Itis defined as

the simulations are those obtained from the idealized analytical”
optimization resultsd = 2.35, ¢ = 2.89, with b = d = 1) for
the same design target 6Gf= 100 uS with V,,, = 50 mV.

When the transconductor circuit, designed with the values of
a andc obtained from the idealized analytical optimization criand the optimum (minimum integral nonlinearity) is achieved
teria, is simulated using either finittmodels for thesinh-type when Dy reaches its minimum value.
transconductor block or rigorous Gummel-Poon models, The calculation simplicity relative advantage of the proposed
higher than expected THD’s are obtained. Fig. 7 presents tléernativeD-based criteria, over the more conventional THD
normalized total current with its two components, and thainimization, is specially valuable and attractive when nonlin-
corresponding transconductances and THD, as functions of geity optimization is to be included together with circuit simu-

Vm
DT:/ \D(V;)| dV; (14)
0
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Fig. 9 Output current of theinh-type transconductor block, calculated from
(A1) (continuous lines) and obtained from SPICE simulations (circles), for three
combinations of3,, and3,,.

Normalized D (%)

sign specifications, a THD below 0.1% for input voltage swings
of up to at least 50-mV peak. Notice that this THD value is
only slightly smaller than what was predicted by the analyt-
ical design criteria based on ideal device models, which was
around 0.2% at the designed-for maximum peak input voltage
of V,,, = 50 mV and average transconductance of 13 Ap-
parently, the main reason for the improved linearity observed
stems from the fact that thénh-type transconductor block is in
reality “more linear” than expected from its ideal behavior, as

Fig. 8. (a) THD. (b) Normalized. (c) Total D as functions of parameter ~ explained in the Appendix.
calculated from simulations using the same design specifications and three types
of device models.

Total D (nAV?)

VI. CONCLUSIONS

lation within an iterative loop to produce the optimum values of _V\_/e have_presente(_j a design optimization criterion for ob-
the parameters. tammg maximum static transfer function I|r_1ear|ty, base_d on an
Fig. 8 shows the results of calculating the three versions of tﬁgalytm_ fun_ctlon that corr_espond_s o the mtegral n0|_1l|ne_a_r|ty
criteria from simulations of the present design, using the sar?lethe gircuit. Because of 'FS relative gor_nputatlo_nal s_|mpI|C|ty
design specifications as already indicated, and three types ofWg—haV? proposed to use_lt for quantifying nonlinearity, as an
vice models. Although the optimum value ef corresponding alternative to the conven'tlonal'and more complex calcylaﬂon
to the minima shown, is calculated by numerical optimizatior?,f THD. We have apphgd this cntgnon, both analytically
the THD, normalizedD, and totalD resulting from simulations apd numerlcallly, to optimize the design p"".ram.etefs of anew
are presented as functions of parameterillustrate their sensi- 2iPolar tanh/sinh-type transconductor. - Circuit simulation
tivity to this parameter. The figure clearly confirms that, regard-esu“s’ using rigorous device models, demonstrate that actual
less of the criteria used to describe nonlinearity, numerical op i_plem'entatlon of the new transconductor can achieve the
mization using ideal device models, does indeed produce the e_qreﬂcal expectations, . and even surpass. them by proper
timum value of parameter = 2.35 which was previously pre- choice of theds of the devices that make up thi@ah-type part
dicted by the proposed single-step idealized analytical desi?;fnthe transconductor.
criteria, represented by (10) and (11). Additionally, Fig. 8 indi-
cates that either of the three criteria used to describe nonlinearity
produce the same optimum value of parametewhich turns  Analysis of extensive simulations of the circuit architecture
out to be smaller than the value predicted by the idealized ahown in Fig. 6 indicates that when nonidealized device models
alytical approach when more real device models are used. Tais used, theinh-type transconductor part, and not the con-
offers further evidence that minimizing, either normalized or ventionaltanh-type transconductor part, is chiefly responsible
total, is equivalent to minimizing THD. for the linearity behavior of the newanh /sinh-type transcon-
Finally, it is interesting to note in Fig. 8 that when the valuductor. To try to understand the origin of the observed linearity
for parameter. = 1.7, obtained by numerical optimization with behavior we have developed a less idealized analytic model
rigorous device models, is used this circuit configuration is cér thesinh-type transconductor. Using a device model that in-
pable of realistically producing, under the previously stated deludes the effect of finitg, the resulting differential output cur-

APPENDIX

(1 + 8,) {lexp(Vi/2va)l? = 1} (B, + D Ipaf

I =
T L+ exp(Vi/2Via) + By exp(Vi/2Va) |1 + B, + exp(Vi/2Va)l (1 + Bn)

(A1)
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