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Abstract—For translinear filters, or log-domain filters, calcu- Calculation of the SNR, defined here as the ratio of the
lation of the maximal signal-to-noise-ratio, an important filter  signal power and the noise powatrthe same instants much

specification, is not trivial, due to the inherent companding 50 gifficult for TL filters, and, in fact, for all companding
behavior and the nonstationary nature of the transistor noise

sources. To address this issue, a nonlinear noise analysis method®! nonlinear systems. Slnqe TL circuits are explicitly baS(_ad
is proposed. Based on large-signal calculations, expressions foron the exponential behavior of the transistor, they are in-

the first-order noise and signal-noise intermodulation terms are herently instantaneous companding. Therefore, although the
computed. The procedure is generally applicable both to static ar_g)| ransfer function is linear, even for large signals
and dynamic translinear circuits, as illustrated by a number of h L . I i ’ hi Its in i ’
generic examples. these CI.I’CUItS are mFerna y nonlinear. This resu ts in inter-
modulation of the signals being processed with noise and
interference [16]-[21].
The situation is even complicated by the fact that the
|. INTRODUCTION internal noise sources are generally nonstationary. The tran-

PROMISING approach to meet the challenges the aréigtor currents in a TL filter are signal-dependent. Thus, the
A of analog integrated continuous-time filters is facing, dugansistor shot noise sources are modulated by the signals being
to ever more restrictive low-voltage and low-power demandgfocessed [16], [22], [23].
is formed by the recently introduced class of translinear (TL) A humber of noise analysis methods for static and dynamic
filters [1]-[7]. translinear filters are based on the “dynamitL circuit have been proposed previously [20], [24], [25].
translinear principle” [8], a generalization of the conventiondfiowever, since the approach used in these publications is
translinear principle [9], which we will here refer to agjuasilinear and quasistationary, these methods cannot ade-
the “static translinear principle.” Whereas conventional TQuately account for the nonlinear and nonstationary properties
circuits can be used to implement various linear and nonlineairnoise in TL circuits. Note that also most circuit simulators
static transfer functions, dynamic TL circuits implement alo not facilitate nonlinear noise analysis.
wide variety ofdynamicfunctions, described by differential In this paper, a generally applicable nonlinear analysis
equations (DE). Both linear DE's, i.e., filters [1]-[7], andnethod for noise bin TL circuits is proposed. The presented
nonlinear DE’s, e.g., oscillators [10], [11], adaptive filters [12}kechnique enables calculation of the first-order noise and
PLL’s [13], [14], and RMS-DC converters [8], [15] can besignal-noise intermodulation, both in static and dynamic TL
realized. circuits. A current-mode approach is followed, since TL cir-

The dynamic range (DR) and the maximal signal-to-noisgjits can be described most elegantly in terms of currents
ratio (SNR) are important specifications for analog filtergg], [25], [26]. Another advantage of this approach is that
Determination of the DR of a TL filter is quite easy, if itthe existing theory on static TL circuits, see, e.g., [25] and
is defined as the ratio of the maximal signal level the filtgb7] girectly becomes available to the analysis and synthesis
can h_andle anql the absolute noise floor_. The _maX|_maI S'QQﬁldynamic TL circuits [26], [28], [29]. The noise behavior
level is determined by a specified maximal distortion leveks the related class of/-domain filters [30], [31], based on

for harmonic or intermodulation distortion. The absolute noiqﬁe MOS transistor in the strong inversion region, is beyond
floor is defined as the amount of noise generated within ;r '
i

Index Terms—Companding, log-domain, noise, translinear.

. . . , ) . e scope of this article. The interested reader is referred to
filter in the absence of any input signals. Without any sign

present, the equivalent input or output noise can be calculate
using a small-signal equivalent model of the TL filter. Hence
only linear noise equations have to be solved to calculate
DR.

].
gn Section Il the underlying principles of both static and
{ namic TL circuits are reviewed. Section Il considers the
relevant noise sources of the bipolar transistor and the MOS
transistor in the subthreshold region. Section IV describes
the principles of the nonlinear noise analysis method. Its
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cap
Fig. 1. Four-transistor translinear loop. - I - J

Fig. 2. Principle of dynamic translinear circuits.

IIl. TRANSLINEAR PRINCIPLES

. N . . ) terms of the collector currenf, the capacitanc€’, and the
Translinear circuits can be divided into two major groups

. : oo : S¥hermal voltagel/s as
static and dynamic TL circuits. The first group can be applied .
to realize a wide variety of linear and nonlinear static transfer Lap = CUp Ie (3)
functions. All kinds of frequency-dependent functions can be c
implemented by circuits of the second group. The underlyinghere the dot represents differentiation with respect to time.
principles of static and dynamic TL circuits are reviewed ifPbviously, the DC voltage sourde..s: does not affec.ay,.
this section. More insight is gained by slightly rewriting (3) as

CUrle = Iap - I (4)

This equation directly states the “dynamic translinear prin-
Translinear circuits are based on the exponential relatigiple”. A time derivative of a current can be mapped onto
between voltage and current, characteristic for the bipolarproduct of currents At this point, the conventional TL
transistor and the MOS transistor in the weak inversion regigsrinciple comes into play, for, the product of currents on the
The collector currenf of a bipolar transistor in the active right-hand side (RHS) of (4) can be realized very elegantly by

A. Static Translinear Principle

region is given by means of this principle. Thus, the implementation of (part of)
o = I,cVer/UT (1) a DE becomes equivalent to the implementation of a product

' of currents.
where all symbols have their usual meaning. The dynamic TL principle can be used to implement a

The TL principle applies to loops of semiconductor juncwide variety of DE’s, describing frequency-dependent signal
tions. A TL loop is characterized by an even number dirocessing functions. For example, linear filters are described
junctions [9], [25], [32]. The number of devices with &by linear DE’s. Examples of nonlinear DE’s are harmonic [10],
clockwise orientation equals the number of counter-clockwi$gl] and chaotic oscillators, PLL’s [13], [14] and RMS-DC
oriented devices. An example of a four-transistor TL loogonverters [8], [15].
is shown in Fig. 1. It is assumed that the transistors are
somehow biased at the collector currefitsthrough I, and IIl. TRANSISTOR NOISE SOURCES
have equal emitter areas. When all devices operate at the samBvo types of transistors are applicable to the design of TL
temperature, this yields the familiar representation of TL looircuits. These are the bipolar transistor and the MOS transistor
in terms of products of currents operated in the subthreshold region. In this section, the noise

sources of these transistors are shortly reviewed and, their
Nls = Iply. (@) relative influence in TL circuits is discussed.

This generic TL equation is the basis for a wide variety of The convention used throughout the paper is to preserve

static electronic functions, which are theoretically temperatuf@e lower case letter:” for noise currents and the upper case

and process independent. letter “I” for signal currents. Indices are used to distinguish
between different noise or signal currents.

B. Dynamic Translinear Principle
The static TL principle is limited to frequency-independend. Bipolar Transistor

transfer functions. By admitting capacitors in the TL 100ps, The nojse behavior of the bipolar transistor is characterized
the TL principle can be generalized to include frequ_en%,ainly by four statistically independent noise sources: collec-
dependent transfer functions. The term “dynamic translinegg), shot noise, base shot noise, flicker noise, and thermal base
was coined in [8] to describe the resulting class of circuits. Wgistance noise.

contrast to other names proposed in literature, such as “l0grhe collector shot noise is represented by a noise current

domain” [1], “companding current-mode” [2], “exponentials, ice; . connected between the collector and emitter termi-

state-space” [33], this term emphasizes the TL nature of thes8< The double-sided power spectral density funcéignof

circuits. _ o _ _ ic is white, and equals
The dynamic TL principle can be explained with reference
to the subcircuit shown in Fig. 2. Using a current-mode Sic(w, 1) = ¢le(?) ®)

approach, the capacitance currdipf,, can be expressed inwheregq is the unity charge.
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some TL circuits, signak noise intermodulation may cause
the flicker noise to be copied from low frequencies to other
frequency bands, due to a time-dependent base current.

In noise analyzes, the collector and base currents are usually
approximated as being dc currents. All corresponding shot
noise sources are thus stationary. For TL circuits, however, this
approximation is not accurate. There, the transistor currents
are often strongly signal-dependent, causing principally non-
stationary shot noise sources. This explains the time variable

@) () ¢ in (5) and (6).
Fig. 3. Biasing of a transistor in a translinear circuit using (a) a diode The thermal noiser,,, generated by the base resistahte
connection or (b) an amplifier. of the bipolar transistor, has a white power spectral density

Sr, given by
The base shot noise is represented by a noise current
sourceig connected between the base and emitter terminals. Srp(w) = 2kTRp 8)
The double-sided power spectral density functin of this
source is also white, and equals wherek is Boltzman’s constant andi is the absolute temper-
ature. Due to the preference for a current-mode approach, the
Sip(w, t) = alp(H). (6) noise voltagevg, has to be transformed to a noise current
. . T e
In TL circuits, the influence of the base shot noise i%?; r((:SeanR;”_Z(i)gnnn;;: tii;ggﬁgﬂi::;@f ' :Slr}ze/quf;lg c<2nUT)'e

often negligible in comparison to the collector shot noisgise for this transformation. The signal-dependenck-afan
This follows by evaluation of the limited number of schemegenerally not be neglected in TL circuits. Therefore, the power

available to force the collector currents. Usually, the Coned%ectral densitys;  of the transformed current sourég
currents are forced through the transistors using either dio‘i’?'found to be ‘e 7

like connections or (simple) amplifier implementations, as

illustrated in Fig. 3. In the diode connected transistor, shown in 2Rplc(t)

Fig. 3(a),: g andi. are connected in parallel. The noise power Sing (w, ) = qle(?) T Ur (©)

of i g is Ar times smaller than the noise powerief, and thus

negligible for sufficiently large values ¢fx. In Fig. 3(b), the Comparing (5) and (9) shows that, is negligible when

amplifier further reduces the influenceigf: when transformed the transistor is operated at low current levels, where<

to the collector terminalis is divided by the current gair  3Ur/Rp, while it is the dominant noise source at high current

of the amplifier. This amplifier is often implemented by’& levels, wherel > $Ur/Rp. At moderate current levels,

stage, which possibly is another transistor in the TL loop, ®0thic andig, have to be included in the analysis.

a differential pair. An indication of the maximal SNR of a TL circuit can be
In fact, 73 can become important only when large magnitudéerived from the SNR of a single bipolar transistor. The signal

differences, of at least a factg}-, exist between the collector power processed by a single transistor is proportional to the

currents. In such cases, however, the base currents are likelgqoare oflc. For simplicity, here, we regard the DC value

introduce large errors that have to be eliminated. If amplifiee§ /c as being the processed signal, in which case all noise

are used to this end, the influenceigfis likewise eliminated. sources become stationary. Dividing this by the noise power

Only when feed-forward error compensation methods, insteidan equivalent noise bandwidi (in hertz) yields the SNR

of negative feedback, are uség can be come important, of a single bipolar transistor

since it is multiplied by3r when transformed to the collector SNR I

terminal. = .
The 1/f noise, or flicker noise, which is the product of a 2aB(1+2Rple/Ur)

process-dependent noise mechanism, is also represented bjga4 plots (10) forRp = 600 Q and B = 1 MHz. At low

noise current source between the base and emitter termin@grent levels, the SNR increases linearly proportional o

For dc base currents, the power spectral density of this noigge toic, while at high current levels, it saturates to 78 dB,

(10)

given by due toig,. This saturation level follows from the asymptote
) Ur
27 | SNR= . 11
SiBf(w) = qIB wfl (7) T(yu—r)loo 4qRBB ( )

. . o A TL circuit consists of one or several TL loops [25]. Each
is characterized by a frequengy, at which it equals the base ¢ these 10ops can more or less be regarded as being a cascade

shot noise spectral density (6). The relative importance of tQe .- cistors. According to (10), the SNR of such a loop is
1/f noise decreases with a decreasing dc curfgnisince f;

decreases witlfi [34]. Since in common bipolar IC processes In principle, this transformation ofr,, vields besides a noise current
. ite | icall f h . . I dource between the collector and emitter terminals also a noise voltage source
fi is quite low, typically a few hertzl/f noise is usually i, series with the collector terminal. However, the influence of the latter on

negligible compared to the base and collector shot noise. Iiais negligible, due to the high transistor output impedance.
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A. TL Equations in the Presence of Noise

The first step is the determination of the TL equations in
the presence of noise. To this end, the main noise sources
of each transistor are added to the circuit. For example, Fig. 5
depicts the inclusion of collector shot noise current sources and
thermal base resistance voltage noise sources in the second-
order TL loop of Fig. 1. All transistors are assumed to be
biased at the currentg through Z,.

Since a TL analysis is elaborated in the current-domain, the

| | | . thermal noise voltage sources—vg have to be transformed
le-10 le-8 le-6 lo-d le2  INto noise current sources through application of (9). In gen-

Ic [A] eral, this transformation introduces signal—noise intermodula-
Fig. 4. Signal-to-noise-ratio of a bipolar transistor, B = 600 © and 10N, sincev;—vs are multiplied by a time-dependent collector
B = 1 MHz. current I~(¢t). Only when the TL loop contains a transistor
that is biased at a constant current, this intermodulation can
thus limited by the transistor that has the lowest ratio of tHge circumvented. Since the junctions in a TL loop are series
collector current and the equivalent noise bandwidth. The SNRnnectedy;—vg can be combined into a single noise source
of a single-loop TL circuit is proportional to (and in the order,. This resulting noise source can move freely through the TL

SNR [dB]

of) (11), as discussed in subsequent sections. loop and transformed into a current souigdy application of
(9) to an arbitrary transistor in the loop. Obviously, a transistor
B. MOS Transistor biased at a constant current, having a consggntyields the

0ﬂ'mplest result.
d '"Therefore, the noise currentg—i, that accompany the

by one noise current source, connected between the so&%l%ecmr currenFsI1—14, may, be5|des_ the (nonstationary)
and drain terminals. The power spectral density of its shot collector shot noise, also be thought to include the transformed

noise component equals [35] thermal voltage noise and possibly other noise gontr|but|ons.
The total collector current that flows through transistor number
Siy(w, t) = qlIp(t) + Ir(t)] (12) 5 in the circuit thus consists of a signal componéntand a
where the forward and reverse components of the drain currBQ{S€ component,. The TL equation of the circuit in Fig. 5
Ips = Ir — Iy in weak inversion equal [36]-[38] is then_ obtained by replaceme_nt of the collector cgrré_,mtm
A L the noise-free TL (2) by the noisy curredts+,. This yields
Ip =IcYo/mUr =Vs/Ur (13)

Ip = I,eVe/nUr o~V /Ur (14) (It +i1) (I3 +i3) — (J2 +d2)(I4 +44) = 0. (15)

and all symbols have their usual meaning. In the saturatih'ch @ TL decomposition, containing both signals and noise,

region, the most prevalent region for TL circuitg, 3> Uy 1S the basis for the nonlinear noise analysis. An important
and S;, simplifies toS;, = qIps(t) [39] advantage is that it allows (an approximate) evaluation of the
td [ .

In addition to this white shot noise, the MOS transistor ald¥fise behavior in an early phase of the synthesis path, long
exhibits 1/ f noise. However, it can be shown thigtf noise Pefore the circuit design is completed.
is negligible at low current levels [39], the region used in

The noise of an MOS transistor in the subthreshold regi
where theV—I relation is exponential, is basically modele

MOS-TL circuits. B. Input—Output Equation Including First-Order Noise
The second step is the determination of the circuit’s in-
IV. NOISE ANALYSIS METHOD put—output relation, including first-order noise and sigral

Due to fact that TL circuits use the exponential nature of tH¥ise intermodulation terms. Elaboration of the decomposition
transistor in a very specific way, their nonlinear properties cdh(15) yields a second-order polynomialip-/; andi;—4. In
be made more explicit. Basically, three different appearanc@@neral, amth-order polynomial is obtained for asth-order
of the exponential device characteristics can be distinguishdd. 100p. Each separate term of the expanded decomposition
First, the multiplication of collector currents, see (2), an8omprises products of signal and/or noise currents. As long
the transformation of noise voltage sources into noise curréit the noise is much smaller than the signals, products of
sources, see (9), introduce signal noise intermodulation. noise currents are negligible. Hence, only those product terms
Second, due to the time-dependent collector currents, GRntaining at most one noise component, i.e., first-order noise
noise current sources are generally nonstationary. Finalff, Signal-noise intermodulation, are relevant. For (15) this
the inclusion of capacitances in DTL circuits may result ipields
dynamica_lly r_10n|inear trans_fers [40]_. _ _ Il — oy + Tyis + Iziy — Inig — Liis = 0. (16)

The objective of the nonlinear noise analysis method is to
determine the equivalent output noise of a TL circuit due to The input—output relation follows by solving the expanded
internal noise production. This is achieved by application afecomposition for the output curreh,;, which is one of the
the following general sequence of steps. currents/,,, as a function of the input curreti{, and the noise
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Fig. 5. Translinear loop in the presence of noise.

currentsi,,. The resulting expression is a polynomial, a rationaver s

function or an expression containimgh-order root functions. . . .

Since only first-order noise components are of interest 7 (%) :E{E['L"(t+T)'L"(t)|3(t)]inG"(t+T)G"(t)};(t)

signals that are much larger than the noise, this expression =E{R;, [1, t{SO]Gn(t + 7)Gn(t)} 1) (18)

can be approximated by a first-order;dimensional Taylor o

series with respect to all noise sourcgs This yields I, WhereR; [r, ¢, 5(t)] denotes the autocorrelation of, con-

expressed as a function df, and all first-order noise and ditioned on the input signals. Alternatively, in case of a

signal-noise components. deterministic “signal,” the expectation ov&rcan be replaced
Note that this approach eliminates all interactions betwe8} @ time-average. _

the noise sources,, while the signal-dependence of the noise For a nonstationary shot-noise process follows that

is preserved. The circuit response to all independent noise R, 3] = o (5§ 19
sources can therefore be calculated individually and added i [, #15()] = aln(2)5(7). (19)
afterwards. Then, the power spectral density Bf(¢) becomes

St (w, t) = ¢ [L. ()G (1)) (20)

C. Autocorrelation and Power Spectral Density s(t)”
The third step is the determination of the autocorrelatigy Output SNR

and power spectral density @f,,.. These are easily obtained he final is the d o f the circuit’

when I, is divided into three mutually uncorrelated compo- T i ina .step.|s t e et(Iermlna'uon 0 .t ?c fl'rCUItS output

nents. Lets(¢) symbolize the vector of all independent inpuP R for @ given input signal. For a meaningful interpretation,

signals applied to the circuit amd(t) the vector of all noise 2°th the signal power and the noise power in the SNR ex-
currentsi,,. Note that is statisticallydependenbn  when pression should preferably be independent of time. However,

it includes nonstationary shot noise. Thep,: comprises a when the input signal§(t) are dgtermini_stic or nonstatioqary,
deterministic componert(¢), a signal componen§(¢), and the noise power obtained by integration of (20) oweris

a noise componerif (¢) that are mutually uncorrelated [41] t'm:'ggﬁigﬂzgi' way to arrive at time-independent SNR s

C(t) = e[lom (D)5 7 (17a) then _to average the power, or equivalently the power spectral
~ density, over time.

S(t) = ellows(1)[5(t)]7 — C(2) (17b)

T(t) = Low(t) = S(t) - C(t) (17c) V. NOISE IN STATIC TRANSLINEAR CIRCUITS

This section applies the proposed noise analysis method to
e generic static TL circuits. The most simple example, a
current mirror, is analyzed first. Subsequently, two examples
h%f circuits containing a second-order TL loop, a square circuit
and a square root circuit, are considered. Finally, a geometric
mean current splitter is analyzed. Its noise behavior is very
ﬁ_}gresting, since the current splitter is used in many TL filters
to increase the DR through class AB operation.

where E[.] denotes a statistical expectation. In princifléz)
can be separated into a signal-independent noise compo
N (t) and a signal-dependent noise compongft) [41]. In
TL circuits, however, this is generally inconvenient due to t
dependence ofi on s.

As a result, the autocorrelation df.;, Ry, (7, t) also
consists of the autocorrelations of these three components.
same holds for the power density spectréin ,(w, t), the
Fourier transform ofR;, (7, t) to 7. .

Calculation of the autocorrelation and spectral density &f Current Mirror
7(t) requires some special attention. Each separate ternThe current mirror is the simplest TL circuit. Whereas, in
in 7(¢), denoted byZ,(¢), equals the product of a noisegeneral, TL circuits are described by products of currents, the
currenti,, (t) and a (noise-free) function of the signal currentgurrent mirror is described by a first-order polynomial, which
G, (t). Ofteni,(t) is a shot-noise process corresponding to @ntains no multiplications. Therefore, one of the two previ-
collector current/,,(¢) that is included in@,,(¢). In that case, ously identified mechanisms of signal-noise intermodulation
i, (t) is statistically dependent off,,(t). The autocorrelation does not occur in this circuit. The only source of signal—-noise
Rz (7, t) of the termi,, (t)G,.(¢) should then be calculated asintermodulation is thus the transformation of the noise voltage

a conditional expectation ovéy,, followed by an expectation v, into a noise curreniy,,.
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Fig. 6. Relevant noise sources in a current mirror.

Fig. 6 shows a two-transistor current mirror, biased in class
A by a dc current/y.. The zero-mean input curredf, and Fig. 7. Translinear square circuit with internal noise sources.
output currentl,,; are superposed oh,.. The three relevant
noise sources of the circuit are the shot noise soutcasdi., L . .
and the noise voltage soures, representing the total thermalsat'Sf'eS (19). The corresponding collector signal currents
noise of Q; and Q. follow from the (noise-free) TL equation

Fi_rst, the vqltage source; has to be t_ransformed _int_o an L =I5 = Iy + L.
equivalent noise current source. To this end, multiplication
of v3 by thetime-dependentransconductance,,, = (1qc + The power spectral density df(¢), conditioned onlj,,
I.,)/Ur of @ yields an equivalent noise current souigen follows by Fourier transformation of (24)
parallel withi;, given by AT RAIL : 2

Bllac + Lin(t
v 57, 1) = 2qlluc + Lo(t)] + 2L Lte L)

2 U2
Uy (21) g (25)

Clearly, the product,,vs in (21) represents the signal—noisé("here the shot-noise autocorrelation (19) is substituted;for
intermodulation present i 12. A time-independent spectral density, which is preferable

When all transistor nonidealities are neglected, the ilflgr the OUtp_Ut SNR_’ can be obtaine_d by taking the expe_ctation
put—output relation is easily obtained by rewriting the TVer a stationary mpuI%n(t). To this end, letl;, be a sine
loop equation of the circuit, i.e(ly + iy + 13) = (I +ip). Wave at frequency,, given by
Rearranging the terms yields Iin = mlye sin (wot + ¢) (26)

i3 = (lac + Iin)

. . (%
Towt = LIin + i1 — 42 + (dac + Lin) U_?; (22) where m is the modulation index with respect to the dc

o _ bias current/,., and ¢ is a uniformly distributed stochastic
The output current,,,, can be divided into three compo-variable, representing the arbitrary choice of the origin of the

nents by a application of (17a)—(17c). This yields time axis. Then, the expectation of (25) overields
S =2q|lg. + —=—>=2 27
S(t) = I (23b) Tlw)=2q|la Ur &7)
T(t) =iy — g + vg 20 T i, (23c) P PR Ly R ED | P
Ur Ur 2

Obviously, since multiplications of collector currents are abFhe term including the input powe?;, in (27) would not have
sent,i; andiy do not introduce any signal-noise intermodulaseen obtained from a standard small-signal noise analysis of
tion. Alternatively, this is intuitively clear sincg andi, are the circuit in its quiescent point. From (28) it follows that at
situated at the input and output, respectively, and the overaijh current levels, wher&z dominates the noise, the total
transfer function of the circuit is linear. output noise can increase up to 1.8 dB (a factor 1.5pfot 1

For this circuit, calculation of the autocorrelation and powsn case of a sinusoidal input signal. At low current levels, only
spectral density of the total output noigg(¢) is relatively “linear noise” can be observed.
simple. All terms are mutually independent, and also the

factorsvz andlqc + Iin in the last term are independent. Thes, Square Circuit

]?ouJ(rn]gogSelatlon of7(), conditioned ons(t) = I is then The square circuit depicted in Fig. 7, which can be applied,
e.g., as a frequency doubler, contains a second-order TL loop.
Ry (7, t|Iy) = R; (7, t|Iin) + Ry, (7, t|[in) The four transistors each contribute a noise sourcé,.
[Lae + Ln()]? The collector currents of), and @, equals the input signal,
+ Ry, (1) 2 (24)  superposed on a DC bias current.
T

The four noise voltage sources are combined into one source
whereR;, (7, t|1in), R, (7, t|1n), andR,, (1) are the autocor- vs. Because transistof)s; is biased at a constant current
relation functions ofi;, i2, andws, respectively. Sincé; and I,, v5 can be elegantly transformed to an equivalent noise
12 are shot noise currents, their (conditional) autocorrelati@urrent source in parallel witks, without introducing (extra)
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signal-noise intermodulation terms. To simplify the equations,
and without loss of generality;; will be assumed negligible.
Including ¢,—i4, the TL loop equation reads

(Idc + Iin + il)(Idc + Iin + [52) = (Io + i3)(Iout + 14) (29)

The input—output relation, including first-order noise, fol-
lows by solving (29) forl,.;, and application of a Taylor
approximation toi;—i,

i1+t Ic+-[in . Ic+Iin2
it he) g T

— f4.

(30)

Iout =
Fig. 8. Translinear square-root circuit in the presence of noise.

Obviously, due to the nonlinear circuit transfer, all sourcegshich, according to (10) foRRg = 0, is always smaller than
exceptiy, which is already at the output, cause signal-noisee SNR ofQ3. The latter conclusion shouldn’t be a surprise.
intermodulation. If again the sinusoidal input signal of (26)s I, increases, the power contents of the collector currents
is adopted,l.; can, using (17a)—(17c), be divided into thehrough all transistors, in the loop, excefls, increases.

following components Consequently, also their SNR increases. Since a TL loop is
2 1 basically a cascade of transisto@z will finally limit the
C(t)= ;C <1 + 5m?> (31a) SNR in the entire loop.

) A major advantage of symbolic expressions for the SNR the
S(t) = mlg, [45in (wot + ¢) — mcos (2w,t + 2¢)]  (31b) possibility to perform optimizations. As an example, consider
21, the relation betweeil, and ., which can be optimized for a
R P R TR T given input signal. lfm = 1/2, it follows from the derivative
T(t) = (i +12) @ —ig. (B10) (34) with respect tdl, that I, = I4.v/227/12 maximizes

13
. the SNR.
Equation (31c) reveals that andi» are modulated only by the

fundamental frequency, whereésis also modulated by the
second harmonic frequency component. Further, (31a) shog(fs
that the DC level of the output transistor is a function of the Another example of a second-order TL loop is found in the
modulation indexm. square-root circuit of Fig. 8.

The power spectral density of(t) and S(t) follows The input—-output relation for this circuit, including first-
straightforward from (31a) and (31b). For the spectral densityder noise, equals
of 7(t), conditioned ons = [;,,, we obtain

Iout = (Idc + Iin)-[o
Ic+Iin2 2 I(‘,+Iin3
S’T(w’ t|IlIl) = Q( d T ) + Q( dIQ ) 1 . Io . Idc + Iin . .
o o + =1 21 + 29 — %3 — 4 (36)
q(Idc + Iin)4 2 Idc + Iin Io
75 (32)
0 In this case, it is not possible, or at least very cumbersome,

By taking the expectation ovep, the stochastic variable into find an analytical expression f6i. However, it is directly
Iy, the following time-independent power spectral density glear from (36) that the first term on the RHS equals- S

Square-Root Circuit

obtained and the second term represents the total n@is&Jsing the
72 1 I proposed analysis method, the spectrun¥ofonditioned on
Sr(w) = quc [(1 + §m2> + %(2 +3m?) L, is found to be
Vi -4 . .
+ 8_-([1(‘% (8 + 247’712 + 3m4):| . (33) ST(CU, t|IIIl) 4 |:Io + Id(‘, + IIII + 2 (Id(‘, + Iln)-[():| . (37)

Suppose that an equivalent noise bandwizith around2w, Again, a time-independent spectrum is obtained by taking the

is of interest. The SNR in this band, obtained from (31b) arftkPectation overy,. For the sinusoidal input signal from (26),
integration of (33), equals (34), shown at the bottom of tHBe expectation of the square-root in (37) equals approximately

T T 1 2
page. For large values dfy., this SNR approaches Iolac(1 - 16" ) Thus, S7(w) becomes
. 1, m* q 1 5
= = \I,+1gc + 21 14| 1 — — .
W SNR= gt rs O ST 4[ et ¢ < T ﬂ %)
I IQ 4
SNR= ¢ de (34)

2Bq I3 (3m* + 24m? + 8) + 8141, (3m? + 2) + 4I2(m? + 2)
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Iinl F Iout[
L +
n current
" i Loy
splitter B ou
L F
Iin2 Ioutz

Fig. 9. Principle of class AB operation.

D. Class AB Current Splitters

The current flowing through a transistor is always restricted @Udc
to positive values. To facilitate the processing of signals of

bOth_ negative and _pos't've _pOI"’_mtyv some kind _Of biasing Fg. 10. Geometric mean current splitter in the presence of noise.
required. One possible solution is class A operation, where the

actual signal is superposed on a dc bias current. The maximal

negative current signal swing is now limited to the dc valu§ connected, it is clear that the output current equals
of the bias current. irrespective of the noise sources. This means that the splitter

Another option is class B or class AB operation. A wellitSelf does not add any noise. The noise sources present in the

known example is the push—pull output stage used in mah 100p equation of the geometric mean circuit only result in

opamps. In class (A)B, an input sign&, is split up into common-m_od_e noise iy, andIinZ,_ yvh|ch is |rrelevz_;\nt. In

two strictly positive signaldi,, and I,,,. The difference of Many circuit implementations, additional current mirrors are

these signals equals the original signal. Although I, ~Used in order to supplyi,, and I, to the subsequent signal

and I;,, are strictly positive, the differencé,, — I,,, can Paths. The noise contribution of these current mirrors can be
o ’ np myg . . . .

take on negative values, thus facilitating processing of bipoldgcreased using emitter degeneration resistors.

signals. The two signal,, andl;,, are processed by separate

paths, as iIIusfcrated in Fig. 9. Thgse signal pgths can cons_ist of VI, NOISE IN DYNAMIC TRANSLINEAR CIRCUITS

complete TL filters, as proposed in [42]. But, it is also possible

to apply class AB operation within a TL filter. As an example, In this _section, the nonlinear noise prop_erties Of. i filters_
we mention the class ofuh filters [16], [33], [43]. Class AB are examined. Although the proposed nonlinear noise analysis

operation is not restricted to dynamic TL circuits. It can alsgethOd is, in principle, applicable both to linear and nonlinear
be applied, e.g., in four-quadrant multipliers ynamic TL circuits, the analyzes presented in this section

The input current has to be split into two separate sign{%‘e I'T"ted Aflg I]l_rlltear_flitezjs. A(';'Ed %f exc_:epiilo_n "Z forrr;}t_adhb_y
paths. In the equatioh,, = fi,,, — fin,, two new variables are € class iiter introduced by Seevinck in [2], which is

introduced. Consequently, an additional expression is requir%%lf.cr':)edfpyta Zystelm Of:?.ﬂ“neard?ﬁ S di |
to fix the relation betweerd;,, and I,,. In class B, I, Irst, a first-order class A hiter and the corresponding class

equalsl,, when I, > 0 and zero otherwise. Whef, is AB filter are examined. Subsequently, Seevinck's class AB

negative, I;,, = —I,, and zero otherwise. An importantfIIter circuit is treated.

disadvantage of class B operation is cross-over distortion.

Class AB operation eliminates this disadvantage. In a class AB Class-A Translinear Filter

circuit, the transistors are never completely turned off. Here, Fig. 11 shows a well-known first-order DTL low-pass filter,
another equation is chosen to establish the relation betwegjerated in class A. It consists of a second-order TL loop, com-

Iin, and I,,. Often, the geometric mean function is usedyrising Q;—Q,, and a capacitanc€. The cut-off frequency
which can be implemented by the circuit shown in Fig. 1&an be tuned by the curred.

Thus, Iy, and Iy, are described by The first, the noise voltages; and v, representing the
1 thermal noise of?;—Q> and Q3—Q4, respectively, have to be
Iin, , = > <\/4I§c + 12 + Im>. (39) transformed into an equivalent noise current. Due to the pres-

ence ofC in the TL loop,v5 andwvg cannot be combined into

Another possibility is the harmonic mean. This function hag single equivalent noise voltage, but have to be transformed
the advantage thdt,, and/;,, always remain larger thafy.. into separate noise currents andig in parallel with4; and
Thus, the transit frequencies of the transistors of the splittar This yields the TL equation [26]
maintain a certain minimum value [44].

As class AB operation can increase the DR of a TL filter, (Lac + Lin + i1 +i5)(L, + 13)
the noise behavior of the current splitter shown in Fig. 10 is = (I + Tcap + 2)(ac + Toue + 14 +i6)- (40)
very relevant.

The output current of the splitter equals the differencé,gf The capacitance currefit,;, can be eliminated using (3). After
andf;,,. Looking at the node at which the input current sourc@aylor approximation, this yields for the input—output relation,
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Fig. 11. Noise in a translinear first-order low-pass filter.

including first-order noise Equation (43) shows that intermodulation of the noise

CUy [ d . . . . ~ sources W_ith both the i_nput and the ogtput signal occurs, even

7 Tou + ﬁ(_z?” eq Fia+i6)| +Iowt — i3, + 44 +49 when the input signal is located outside the pass-band of the
‘ filter. Consequently, a large out-of-band-signal will deteriorate
=TIy, 411 + 5 — io Lac + Lou (41) the SNR of a small in-band-signal at the output of the filter.

Lo Though, the intermodulation noise is higher for in-band signals

whereis ., = i3 - (lac + Iout)/L,. This equation shows thatas for out-of-band signals.

i1, 12, andiz are situated at the input, wheregs.,, 4, andig Sincem < 1 for a class-A filter, the influence of signal

are located at the filter output. Hence, two (conditional) noigwise intermodulation is very small. The difference between

spectraSt, (w, t|I;,) and St . (w, t|I;,) can be distinguished the nonlinear calculation and the linear approximation for this

filter equals only 1.51 dB fom = 1 (maximum signal current

57, (w, tlfin) equal to bias current). Hence, for class-A TL filters, the noise
floor in the absence of any signals can be used as a good
N P (Lo + Leap) (Lac + Low)? estimate of the noise. This is not the case in class-AB filters,
e Tin 12 as is shown next.
22 B. Class-AB Translinear Filter
4Rp(1ye + Iin)? Class-AB operation can be used to benefit from the DR
+ Uy (422) improvement provided by companding. A first-order class-AB
—_— filter can, according to Fig. 9, be constructed from two filters
v of the type depicted in Fig. 11. Since the input currehis
57 (W, tfin) and I;,, of both filters in such a configuration are strictly
) ) positive, the DC bias currenf,. becomes obsolete and is
=q 7(1“‘3 + Lour) 4 Ty + Toue + 4Rp(lac + Tout) ) omitted. The output currents are denoted py;, and Iy, .
I, ‘ . Ur The SNR of the resulting class-AB filter is calculated for the
i “ o sine wave inputly, of (26).

(42Db) As shown in Section V, the current splitter does not con-

. o . . tribute any noise. Assuming the current mirrors between the

The horizontal braces indicate the origin of the different term§p|itter and two class-A filters do not have a significant noise
Subsequently, the spectrusi;, (w, ¢) has to be transformed ;onyipytion, the equivalent output noise power equals two
to the output. In principle, transformation of a time-dependefiies the equivalent output noise power of one class-A filter.

spectrum  requires  two-dimensional = Fourier transforMeglecting the influence ofis, the output noise spectrum
However, since the overall filter transfeﬁi(yw) is linear St.7,, (w) of one class-A filter equals

time-invariant, the order of transformation of;, and

the expectation over;, can be exchanged. In this way,  (Pr., [ — [ . 2}
the Wiener—Kintchine theorem can be used to transform 5T T, (@) = 4 1, +low ) |1+ [H(Gw)] (44)
Sz, (w) to the output. Substitution of (3) and using that

Ellow(d/dt)Iow] = 0 [45], the time-independent output®’ ave _
noise spectrum becomes is the power ofl,,;, and H(jw) is the transfer function of

here Iu, (=11, ) is the DC average value df,u,, Pr

outy

the filter.
Sr(w) = 49Rp |:P’0 t +p,i“|H(jw)|2} The noise floor in class-AB filters increases due to two
T effects. Signalx noise intermodulation saturates the SNR,
vol1.+ 3.+ P, n 4Rpl3, while an increase ofl,,;,, having a much weaker effect,
4\ fde I, Ur increases the noise without causing saturation.
) The output SNR for an input signal located in the pass
1+ EG 2] 43 : )
[ +IHGW) (43) band can be determined as follows. For such a signal, the
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Fig. 12. DC output level of a geometric mean splitter.
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Fig. 13. Signal-to-noise-ratio of a class-AB translinear filtg.[a]: filter based on Fig. 111,.[b]: filter of Fig. 14.

filter transfer amounts to unity, such th ~ Pr, . increases linearly, by 20 dB per decade. Eventually, it saturates

outy

Application of a geometric current splitter then yields to a value of 62.1 dB.
—_ As illustrated by Fig. 13, a higher value df. = I4.[a]
_72 _ 712 1,2
Pro, =1l = IdC(l T am ) (45) yields a higher noise floor and a lower SNR. A lower value of

1,. decreases the output noise, but also increases the distortion
at a certain input power level. These two effects will have to
be mutually weighed during design.

As follows from (47) the maximal SNR equals

An exact expression for the average vallyg for th_e sine
wave input, see (26), cannot be computed. HoweXigr,can
be approximated by

Iy, if m<l1

T =1 mi (46) | e
MAe it s 1, o SNR=— = (48)

The exact value of,, and the approximations, (46), areThis results leads to the interesting conclusion that the max-
illustrated in Fig. 12. imal SNR not only increases linearly with the capacitance
The total output noise power of the class-AB filte€’, but also with the absolute temperatute This effect
equals twice the value found by integration of (44) ovetan be explained as follows. On one hand, the shot noise is
w. The (double-sided) noise bandwidth of the filter, equal #9dependent of the temperature. On the other hand, according

I1,/(2CUy), also applied tas andi,, shown in Fig. 11. For to (3), the capacitance voltage (and current) swings increase
large values ofn, the SNR is then given by proportional taZ’, which is beneficial with respect to the SNR.

L Except for a constant factor, (48) complies with (10), when
SNR = 2 ) 47) EBs =0, Ic = I, (the lowest collector current in the class-
2q14. [m-’o Ll <1 n }mQH AB filter), and B = I,/2CUy. For high current levels, where
CUr de the base resistance noise dominates, the same conclusion is

272
m-I;,

reached. In this region, the maximal SNR equals

Fig. 13 displays the SNR as a function of, using the
exact value ofl;,,. For the parametet = I,./I, the values . CUr Uy
a = [0.1, 1, 10] are used. Furthed,, = 1 A, C = 10 pF, and lim SNR= ~, ARuL (49)

Ur = 26 mV. The corresponding cut-off frequency is 612
kHz. Thus, thex-axis variablem - a, represents the amplitudeThe first fraction on the RHS corresponds with (48). The
of I, normalized tol,. For low values ofm - ¢, the SNR second fraction is temperature independent, sihcdas to
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Fig. 14. Noise in Seevinck’'s class-AB translinear filter [2].

be a PTAT current to prevent a temperature dependent cut-afsuming a symmetrical input signal, we finally arrive at

frequency [1], [2]. _ 2q _ Ik
Considerm = 15 as an estimate for the practical up-ST(w) =24E o, Ir, + 1, (PI“‘I 2PI°“‘1)|H(‘M)|

per limit of the signal swing. For this modulation index, 9 3Lin, Iouty
anda = [0.1, 1, 10], the filter DR equalg79.2, 86.6, 89.2] 20" B 3Ly = 2ow + ==/ |
dB, respectively. The differences d¢17.1, 24.5, 27.1] dB, (5’5)

respectively, between the DR and the SNR demonstrates UGG o its dependence af,, evaluation of (52) requires

the solution of the nonlinear DE’s (50). Unfortunately, since
C. Seevinck’s Class-AB Integrator there is no general way of doing so, one has to resort to
numerical approximation, using a circuit simulator, to find

Although exhibiting an externally-linear transfer functlonpoutl' Ellows,] and Elin, Lous, ]

Fhe .class-AB'integrator proppsed by Sgevipck i'n [2], shown The output SNR for this filter is depicted in Fig. 13 as a
in Fig. 14, Isina \{vay a nonlinear DTL circuit. It |mplementsﬁmCtion of Ly = Iqc[B], using the same parameter values that
two nonlinear DE's were used to generate the curves fqg[a]. For low ratios
] a = 1y./1,, the SNR of the filter of Fig. 14 is slightly lower
CUrlout, o + Lodouty » + douti douts = Lodin, - (50) than the SNR of the other class-AB filter, while for high ratios
it is higher better.

Two current source, are added in parallel to the capacitances VII. CONCLUSIONS
to give the circuit the same transfer frod,, — iy, tO
Tout, — Lout, @s the filter shown in Fig. 11.

beneficial influence of companding.

Due to their explicit dependence on the exponential charac-

The most important change with respect to the class-Agristic of the transistor, static and dynamic translinear circuits
filter treated previously is the addition of the output currenf%xr"b'ltI a strongly ;onllnea;r n_()lsl_e behavior, even when the
Lout, and I, to the collector currents of).;3 and Qs, overall current-mode transter Is finear.

respectively. This assures all collector currents to be strictfleI/Tg fuIIyt a}pp reuatte T Lechnologya n0|tse tr? nalysis is of f
positive when the circuit is used as an integrator. ndamental importance. However, due 1o the presence o

The circuit basically comprises o TL loops, the inpu,[gignal—noise intermodulation and nonstationary noise, such
I.. andZ. of which are obtained from a (geom’etric mean?nalySiS cannot be accomplished through standard small-signal
mq mo .
current splitter. The difference df..., and I, is the actual echniques. Instead, a more advanced approach, based on the

. ST .~ .. large-signal equations, has to be developed. This is not a
output currentl,,;. The input—output relation, including first- . < RS .
P out P P 9 trivial task. Most circuit simulators also do not provide such

order noise : ; .
a nonlinear noise analysis.

CUy /. din  dips This paper preser_lts a method to d_eterr_nine the firs_t-order
— <Imlt + — - —) + Tout + %4 — %14 nonlinear output noise and signal-noise intermodulation of
Lo dt dt static and dynamic TL circuits, using the existing current-
=TI, +i — i1y +,L~2Ln1 _imli 2 4 (iys _ig)ﬂ mode analy_sis m.ethods for these circuits..(_)n the hand of
I, I, I, some generic static and dynamic examples, it is shown how to

¥ (i — 15)10‘“2. (51) calculatel the maximal SNR, an important filter specification.

I Further, it is shown that the maximal SNR of each TL loop

in a TL circuit is fundamentally limited to the SNR of the
Calculation of Sz is complicated byi, andi;4, since these transistor biased at the lowest current. As shown, this finally
sources contribute to both the filter input and output. In thtsauses saturation of the output SNR in class-AB filters for
case, the easiest solution is obtained by moving all terms witfcreasing input power.
i4, 114 t0 the RHS, i.e., to the filter input. Sinag and ;4
are white, it can be shown that they are uncorrelated with
their time derivatives for all time-differences. Using this [1] R. W. Adams, “Filtering in the log domain,” i63rd Conv. AESMay

observation, it follows that the contribution 6f to S+ equals 2 é9789, pr_epq(int“(l:970- i mode intearator: A eu
2 - 2 2 . eevInck, ompanaing current-moade Integrator: new Circul
qEout, ] + (a/ I HGO) B[Sy, Lout, + 2Lodout, Lout, |1, - principle for continuous-time monolithic filters,Electron. Lett.,vol.

Using (50) to substitute fof.,,:, I,u:, in the expectations and 26, no. 24, pp. 20462047, Nov. 1990.
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