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Distortion in Elementary Transistor Circuits

Willy Sansen,Fellow, IEEE

Abstract—In this paper the distortion components are defined
for elementary transistor stages such as a single-transistor ampli-

fier and a differential pair using bipolar transistors or MOST's. Vin Vout
Moreover, the influence of feedback is examined. Numerical — £

examples are given for sake of illustration. } . ‘ l\l I\ N

Index Terms—Amplifiers, distortion, feedback, intercept point. ' ‘

Vout / Vin

I. INTRODUCTION
. . . Fig. 1. Application of a high-pass filter causes linear distortion because of
ISTORTION analysis has gained renewed interest b@e reduction of the low frequencies.

cause it is responsible for the generation of spurious
frequency bands in telecommunication circuits. Therefore, it

. . . . . . Yout/Vin
is reviewed starting with the most elementary circuit blocks

current waveform as it is displayed versus time, i.e., as seen o t
a oscilloscope. Any difference between the shape of the output
waveform versus time and the input waveform, except for a

scaling factor, is called distortion. For example, the flattening

of a sinusoidal waveform is distortion. The injection of a spikeig. 2. Application of a low-pass filter causes linear distortion because of
on a sinusoidal waveform is called distortion as well. Severp reduction of the high frequencies.

kinds of distortion occur. They are defined first.

[2]1 [4]_[6] Vin \ Vout
Distortion actually refers to the distortion of a voltage or rl — £ l h I\
t

b icE

A. Linear and Nonlinear Distortion N
Linear distortion is caused by the application of a linear ot
of: :

circuit, with a nonconstant amplitude or phase characteristic.
As an example, the application of a high-pass filter (of first 40008
order) to a square waveform causes distortion, as shown in
Fig. 1. In a similar way, the application of a low-pass filter
reduces the high-frequency content in the output waveform,
as shown in Fig. 2.

Nonlinear distortion is caused by a nonlinear transfer char- —
acteristic. For example, the application of a sinusoidal wave- 0 j VBEQ VEE
form to the exponential characteristic of a bipolar transistor : > v,
causes a sharpening of one top and flattening of the other one < ‘

(see Fig. 3). This corresponds to the generation of a number of !
harmonic frequencies of the input sinusoidal waveform. These PN
are the nonlinear distortion components.

B. Weak and Hard Distortion Fig. 3. Generation of nonlinear distortion caused by the nonlihears
. Lo characteristic.
When the nonlinear transfer characteristic has a gradual

change of slope (as shown in Fig. 3), then the quasi-sinusoidal
waveform at the output is still continuous. This is not the cadethen simply cut off, leaving two sharp corners. These corners
when the transfer characteristic has a sharp edge, as showigRerate a large number of high-frequency harmonics. They
Fig. 4 for a class B amplifier. Part of the sinusoidal wavefor@re sources of hard distortion.
In the case of weak distortion, the harmonics gradually
Manuscript received July 31, 1997; revised June 15, 1998. This paper wiisappear when the signal amplitude becomes smaller. They
T e e it AT MICAS L L e . Belgum.  @re never zero, however. They can easily be calculated from

Publisher Item Identifier S 1057-7130(99)01766-8. a Taylor series expansion around the quiescent or operating

1057-7130/99$10.001 1999 IEEE



316 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 46, NO. 3, MARCH 1999

$icp HD
10% =
slope 1
toe HD3
1% -
ICEQ t slope 2
i [ low distortion region
0 S VBEe % VBE
: : cut off
> Ve 1% 1 I

< 0.01 0.1 1 U

> Fig. 5. Distortion components versus normalized input voltage.

v it

and
Fig. 4. Generation of hard nonlinear distortion.

cos® © =1/2(1 + cos 2z)

3 —
point, as will be carried out in next paragraph. cos” & =1/4(3 cos x + cos 3x)

Hard distortion harmonics, on the other hand, sudden
disappear when the amplitude of the sinusoidal waveform fagé) thus becomes
below the threshold, i.e., the edge of the transfer characteristic.
Also they are much more difficult to calculate. Since they car’
be avoided altogether by limiting the output signal amplitudes
to sufficiently low levels, they will not be discussed any

further. . . . -
In this paper, the nonlinear distortion will be calculated for. Odd-order distortion, and especially, thus modifies the

2
elementary bipolar and MOST amplifier and buffer stage%l.gnal component at the funda_mental frequency._Tegs,riH
. : : : : can be neglected, however, with respectato provided the
Also the influence of negative feedback is derived. First, how: . . -
ignal amplitudel/ is sufficiently small.

ever, the several definitions have to be reviewed to descr% armonic distortionis then defined as follows. Theth

the weak nonlinear distortion components. harmonic distortion (HR) is defined as the ratio of the
component of frequencyw to the one at the fundamental
w. Application to (4) yields
Let us consider an amplifier with a weak nonlinearity as in

a2 ;.2 3 2 a2 ;.2
(ao—i- 5 U)+<a1+4a3U>Ucos(wt)+ 5 U

- cos(2wt) + % U? cos(3wt) +---. (4)

Il. WEAK-DISTORTION COMPONENTS

1@2

Fig. 3. Both input and output signals vary with time. They are HD, == = (5a)
denoted byu(t) and y(¢) or, in shorthandz andy. At low q 2 m
frequencies, the output of this amplifier can be expressed in" 1a
terms of its inputu by a power series HD;z; = 1 a—?’ U2, (5b)
1
Y= ag+aiu+ au® + azu® + - - -. Q)

It is important to note that HPis proportional tolU and
Coefficientag represents the dc component of output sign&lDs3 to /2. Increasing the input signal level by 1 dB thus
y. Coefficienta; represents the linear gain of the amplifierincreases the Hpby 1 dB and the HR by 2 dB. These

whereas coefficients,, ag, - - -, represent its distortion. relationships hold true for all values of, which are not too
Coefficientsa;, a2, andag can be obtained from the analyticlarge. This is the region where the so-called low-distortion
expression of the functiop(w) as given by conditions are valid. For even larger valuesiof the values
1 dny of HD, and HD; flatten off with increasing/ as shown in
AU lu=o In this paper, the analyzes are limited to the region of low

Application of a cosine waveform of frequenay and distortion, i.e., wherd/ is sufficiently small, i.e., where HD
amplitude /' at the input of that amplifier yields outputis proportional toU/ and HD; to UZ.
components at all multiples af. It is obtained by trigono-  Also the total harmonic distortion THD is given by
metric manipulation. Under low-distortion conditions, only
second- and third-order distortion components are considered. THD = \/HDy +HDg + . (5¢)
By use of the expressions

It is not very useful as it does not give a clear dependence
u=U cos(wt) (3) on the input signal level.
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Application of the sum of two cosine waveforms of frequen-wiz o
ciesw; andws and both of amplitudé’ at the input gives rise

to output signal components at all combinations.of w» and ’ ’ “2“2 be
their multiples. Under low-distortion conditions, the number of ! 2”01 a2l M,
terms can be reduced to the ones caused by coeffigigrasd
asz only. They are mapped versus frequency in Fig. 6(a) for ¢  2w,-w, %53U3 M,
w1 = 27 (10 MHz) andw, = 2= (11 MHz). A real frequency . cvslau® F
spectrum for frequencies 10.695 and 10.705 MHz is shown ! e
in Fig. 6(b). 1o a,U+>a3U% F
Second-ordeintermodulation distortion(IM») is then de- 12 2w,-w, 3,08 IM
fined by the ratio of the component at frequengy+ w» to 4 3
the one atv; or w,. Under low-distortion conditions 2 3 2% or 6 aB
M, = 21, 6a) 3 oa? HD2
ay 21 Wat @y : a, U2 IM,
Third-order intermodulation distortion (IM) can be de- 22 2wy : 2 a,0? HD,

tected at the frequenci@sn +w» and2ws+w; [see Fig. 6(a)].

It is given by the ratio of the component at frequency w  J3xor 95 dB
2w, — w1 (or one of the other three frequencies), which is 3o 3w, ? %33U3 HD,
2a3U?, to the fundamental, which is, U, as given by

3
31 2w+ Wy Zt-x3U3 IH,
3 as 32 2wyt Wy 3,03
Mz == =2 U2, (6b) g3
4 a; 3B 30, : 1

I,

Comparison of the four equations above shows that @

IMy = 2HD, (7a) 0 } : ' " :
IM3 = 3HD;. (7b)

Under low-distortion conditions, there is thus a one-to-
one correspondence between harmonic and intermodulation
distortion. It is thus sufficient to specify only one of them.

Note that two of the four equal IMcomponents, i.e., the
ones at the frequenci€s,; — w» and 2w, — wy, occur closely
to the two fundamentals. This is one reason why they are _SO_WM 1
more important than the Hbcomponents. In music signals for W
instance, it is quite conceivable that two peaks which are close -60 + t i t f -
together in frequency, generate intermodulation products in the 1068 10'6; uenm'(;: iob ;0'71 1072
same frequency range. At high frequencies, these products may q(b)cy
already be reduced by the amplitude-frequency characteristic. _ _ _ _
I Fig. 6(b). the IM, peaks are clearly visile at frequencie§, . (% Seccrc st hrecier harmeni and iermodiaton comoo-
10.685 and 10.715 MHz. The IMs thus about-40 dB. The
other two IMz components around 30 MHz are already heavily
attenuated (not in the picture). IM3 = 1. This point is easy to calculate from (6b) and is

A second reason why the measurement of sl preferred given by
above the one of Hpis that the value of IM is three times 1a
larger than the one of HPpand hence easier to measure. Py =,/= — (8)

For these reasons, the value ofJN& always preferred. 3 a3

Another important characteristic and often used point is ti§§

IM 3 intercept, orlPs. It is the value of the input signal where 1
the extrapolated curves of the components of; Ikhd the IPs :VTNM
fundamental coincide. This is shown in Fig. 7.

The output components at the fundamental frequencies ald
at the IM; frequencies are plotted versus the input voltige
They are given by, respectively; Vi, and 2a3V;2 (note that
ay is again dimensionless but tha hasV —2 as dimension).  Obviously, the smallets, the larger the value of P
IM3 is the ratio of both components. The point where both Another related measure for the distortion is theermod-
components coincide is 4P It is thus also the point where ulation free dynamic rangélMFDR3). The dynamic range is

204 4

30+ N

404 1

spectrum of the filter (dB)

1
IP3gp = ViNna — 5IM34B-
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b Vout (V) or

Vin1as. =Vv0.122 |Pg

and
Vin1dBeaB =IP3as — 9.64 dB.

: The difference between both is thus almost 10 dB. The

in measurement of the 1l dB compression point is thus an easy
way to obtain the value of P
s Vivout There are several other ways to describe the distortion
— caused by coefficients such as cross-modulation distortion,
1P, Vin (V) triple beat, etc. There is nevertheless always a constant re-

lationship of the type (7) between them. Therefore, only one

Fig. 7. Fundamental and IMcomponents versus input voltage. . . . . . .
9 P P 9 more distortion is shortly discussed. It is the cross-modulation

distortion.
the ratio of the maximum output signal V;, to the output  For the determination afross-modulation distortigragain,
noise Viyout, as shown in Fig. 7. It is thus given by two carrier frequencies; andw. are required. The first one,
a1 Vin Vin however, is modulated by a modulating signal at low frequency
DR = Voos — Vvl (9)  w,. The modulation index, which is ratio of the amplitude of

the modulating signal to the one of the carrier, is denoted by
m.. A nonlinear transfer characteristic causes the modulation

or to be transferred from the first carrier to the other one. As a
DRus = Vinas — Vivinan re_sglt, the second carrier is modulated as WeII_. This causes
mixing of the channels in cable TV, etc., and is thus to be
in which Vi, = Vyout/a1 IS the input noise (igus). avoided.

The IMFDR is the largest possible DR without i\dlistor- The modulation index of the other channel is a measure of
tion. It is thus obtained at the input voltage where the outptie distortion, and is called the cross-modulation distortion. It
noise equals the IMcomponent (see Fig. 7), or where is given by

_ 3 3 a
V]\rout — Za3‘/in CM3 = %mca—j l[2 (12a)
which vyields or

41
Vintvr = ¢/ ga—ngout~ (10a) CM3 =m.IMs. (12b)

I . . . . Note that CM is only generated by the third-order terms
Substitution of this value in (9) finally gives of the power series, which describe the nonlinearity. Since it

IMEDR« — artVinnr L f4as 1 fdap 1 is closely related to IN, it will not be discussed any further.
5 VNout B 3 ag VNout2 B 3asz VVNin2

or [ll. DISTORTION IN A BIPOLAR TRANSISTOR AMPLIFIER

P, \ 2/ In a bipolar transistor, the collector curregt is controlled
IMFDR3 = < ) (10b) by the base—emitter voltages ¢ as given by

Nin

and ic = Ics exp<ﬂ> (13)

Vi

_2 Ve _ . . -
IMFDR3 a5 = 5(IPsas — Vivinas). in which I is the collector saturation current (see [1, Ch.

An alternative, albeit less accurate, way to characteriZd) andV; = £T/q = 26 mV at 29C (or 302 K). _
distortion is the-1 dB compression poir(see Fig. 7). Itis the ~ The transistor is biased at a specific dc value gk, i.e.,
value of Vi, where the fundamental component is compresséd e in quiescent point) of the characteristic (see Fig. 3). A
by 1 dB, and is denoted by, as.. This value can be small variation of this voltage causes a variation in collector
approximately calculated from (4). Indeed, the Compressi@ﬁrrent. These variations or ac components of the collector
is caused by the second term (i3) of the coefficient of currentand the base—emitter voltage can be expressed as given
cos(wt). A reduction of 1 dB is a reduction to 0.122. Thedy
resultant value o, 1 g, is thus about given by i =Io+1i, (14)

4

and
VvinldBc it 01223

a1

as

(11)

veE = VBE + Upe.
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Expression (13) thus results in

Vee + Ube)

v, (15)

Ic +i.=Ics eXP<

After division of both terms by the value of the quiescent

current I, we obtain

1+ <Ube>
1= exp
Vi

(16)

319

Finally, the value of the

IP; =8 =28 (22)
on the scale of the current swing
IP; = V8V, = 2.8V,

or on the input voltage scale.
This corresponds with an input voltage of 73 mV.
This is quite small. A bipolar transistor with 1 mA has a

with ¢« = i./I, which is called the relative current swing.g,, = 38.4 mS. With a base resistor ofg = 100 €2, its
It is the current variation in the transistor, normalized to thequivalent input noise is the noise o + 1/2¢,, = 152 Q
quiescent or dc current. It is a measure of the fraction of tiggee [1]). This corresponds with 1.56 aMs/v/Hz. For a
dc current in the transistor, which is used to generate ac outpandwidth of 200 kHz, the noise levély;, = 0.70 uVrus.
signal. It will be used throughout this section to compar@s a result IMFDR = 2215 or 67 dB.

distortion performance.

It is important to note that distortion components can

For small peak base—emitter voltages < V;, the expo- always be described by means of the input voltage drive
nential of (16) can be expanded in a Taylor series. Indeed, find by the current swing. The latter way has a number of

z < 1, we know that
2 373

c“’:l—i—x—i—%—i—g—l—--- a7)
and application of this expansion to (16) yields
Ly Vi (Vi) 1 (Vi \®
g, = L %P 4 Z ... (18
YT T 2< v, ) telw ) T @8

in which, is the peak value of the relative current swing, anFI
Viep is the peak value of the ac base—emitter input signal.
For small input signals, only the first term in (18) has to be

retained, which leads to

Icp =9m - ‘/bep (19)

advantages. The current swing already includes the effects
of the transconductance and of the feedback such that the
expressions become simpler and very much comparable. They
will be used throughout this paper.

From these numbers, it is clear that only small input
signal amplitudes can be applied to a bipolar transistor. Also,
a current swing of 0.5 already corresponds with a high
distortion region, as shown in Fig. 5. For small values of
Viep and iy, relations (21) and (22) hold. On a double
ogarithmic scale, straight lines result with slopes of 1 and 2,
respectively. Doublind’;e, andi, thus quadruples the third-
order distortion. At higher values dof,., andi,, however,
the values of the distortion are quite high but do not increase
(see Fig. 5) any further. These values have been calculated
by means of transient analyzes in SPICE, followed by Fourier

which is well expected. Moreover, in first order, the peak valumnalyses.
of the relative current swing is derived from the peak input

voltage as given by

i _ ‘/bep

= (20)

Finally, identification of (18) with (1) shows that foy = y
andVi., = u, the coefficients areq =0, a1 =1, ax = 1/2,
andas = 1/6. Use of the (5)—(10) and substitution ¥kg,
by ¢, as given by (20) yields

1Viep ip
=2 =_ =4 =2
IMz =2HD; = 5 v, 5 (21a)
and
1/ Ve 242
IM3 =3HD3 = — Ly =2, 21b
3 3 8< Vi ) 8 (21b)

For example, a peak ac current of 10@ in a bipolar

IV. DISTORTION IN A MOSFET AVPLIFIER

For a MOST, the analysis is very similar as for a bipo-
lar transistor. Only the transfer characteristigs—Vgs is
guadratic and not exponential. Less distortion is thus expected.

The drain currentipg and gate—source voltaga;s of a
MOST are in first-order related by

ips = g (ves — Vr)?
in which g is the transconductance factor, which includes the
size W/L, and Vi is the threshold voltage.

The transistor is biased at a specific dc valuevg§, i.e.,
Vas in a quiescent or operating poid}. A small variation
of this voltage causes a small variation in drain current. They
are related by

(23)

transistor, carrying 1 mA, causes a peak relative current swigﬂ d

of ¢, = 0.1, and IMy = 5% (or HD, = 2.5%), and also
IM3 = 0.125% (or HD3; = 0.04%). For this ac current, a peak

input voltage is required of only 2.6 mV or to 1.84 mMs.
A larger peak current swing of 0.5 leads to M 3.1%, for
which an input signal amplitude of 9.2 maYs is sufficient.
For Ry, = 5.2 k€1, the voltage gain then equals200.

tps =Ips + tys (24)
vas = Vas + vgs-
Expression (23) thus becomes
P 2
Ipg + 145 = 5 (Vas — Vo +vg,)°. (25)
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Subtraction ofIps from both sides, and division by the Yod
value of the quiescent curreiths, yields R I

¢ v 2 {\ ~ und ed

. tds gs ro e

i = =1+ -1 26 ‘ I

Ips < Vas — VT) (26) 0 t V14

or 5 \) rounded
o daw o Wop L[ Vs 27) -
P Ips Vas—Vr 4\ Vas—Vr

-RpIg
in which i, andV,,, are the peak values of the relative current [
—
t

swing and the gate—source input voltage, respectively. |
For small signals, only the first term in (27) has to be
retained, which vyields

2Ips Fig. 8. Generation of nonlinear distortion (compression), caused by a sym-
lysyp = —7V, (28) metrical differential stage.

Vas —Vp %
or
= gmVasp For a given amount of di;tortionpo and dc cu_rrentl(Ds),
the maximum value oV, is inversely proportional to the
as expected. square root of3 and hence /L.
Also, the peak relative current swing is related to the input Finally note that no third-order distortion is generated as
drive by long as the first-order model of a MOST is guaranteed. As
) 2Vyop soon as the complete expression is taken of MOST, including
tp = m (29)  the terms with 3/2 exponents, then third-order distortion does

occur, but nevertheless in very limited amounts.
Finally, identification of (27) with (1) shows that foy = y y
and 2V,,,/(Vas — Vo) = wu, the coefficients arerg = 0,
a; =1, ap = 1/4, andaz = 0. V. DISTORTION IN A BIPOLAR TRANSISTOR
Use of definitions (5)—(7) thus yields DIFFERENTIAL AMPLIFIER

Phase inversion of the input signal changes the sign of the
fundamental and third-order components but not of the second-
order component. This is exploited in a balanced or differential
circuit, to which two input signals of equal amplitude but

IM5 =0. (31) opposite phase are applied. The difference of the output signals
does not contain even-order distortion at least if no unbalance

Note that no third-order distortion occurs. Indeed, the trang- caused by mismatch. This is the case for a differential
fer characteristic [expression (23)] is only quadratic, and hengﬁhp“ﬁer as discussed next.
no third-order terms can be generated. Hence, idkero and  As shown by the transfer characteristic (see Fig. 8), the
IP3 infinite. operating point occurs now at zero output and input voltage.

Comparison of (30) with (21) shows that a MOST onlyrhe transfer characteristic is indeed perfectly symmetrical with
generates half as much (second-order) distortion as a bipggpect to the crosspoint of the axis. Application of a sinusoidal
transistor. The main advantage of a MOST, however, is thghveform inv;, causes a flattening of both tops of the quasi
the input voltage is scaled t&¢s — Vr), which can be made sjnysoidal waveform inog. Compression thus occurs.
quite large, whereas for a bipolar transistor, the input voltageThe transfer characteristic has been derived in [1, Ch. 4].
is fixed and scaled td; = 26 mV. The differential output currenty, is twice the ac current in

For example, if again a peak relative current swing is takeich transistor. The relative current swing thus given by
of 0.1 (for Ips = 1 mA and 100uA peak ac current), then

Vo _ (30)

1
IMy =2HDy = =92 _
2 2T 2Ves— Vo 4

and

IM, = 2.5%. Even more important, however, is that a peak i = tod _ ] (33)
input voltage is allowed oft,,, = 50 mV (35 MVrus) Ip 2V,

for Vaqs — Vr = 1V, or of 10 mV (7 m\Vgus) only, for L , i

Vas — Vip = 0.2 V. in which o4 is the ac current circulating through both tran-

The smaller the aspect ratid’/L is made, the larger the sistorsT; an(_JI T, and vy, is the differential input voltage. If
value Vs — Vi and the larger the peak input voltage can piwo load resistors were added, then the output voltage would

allowed for the same distortion. The input voltage is inde FUOUT :" __RLZO‘II' e h functi
related to the distortion (or the relative current swinQ as or smafl input vo tagesw(rd_< r), the tanh function can
given by be expanded in a power series. Indeed,fox. 1, we know

that
e — vy = o [IDs 3
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Application to (33) yields VI. DISTORTION IN A MOST DIFFERENTIAL AMPLIFIER
I v LV 3 The transfer characteristic of a differential pair with MOST
iy =9 — 2| e _< IdP) +.. (35) is very similar to the one with bipolar transistors; it is
Is 21V 12\ v symmetrical around the origin. No second-order distortion

) o _ can thus occur. Since a single MOST amplifier does not
in which ¢, and V74, represent peak values of the relativgenerate third-order distortion, it will be interesting to examine

current swing and the input voltage, respectively. ~ what distortion performance can be obtained with a MOST
Truncation of this power series after its first term is sufficienfitrerential amplifier.

an approximation for small signals. It leads to the well-known The transfer characteristic has been derived in [1, Ch. 4].

result that The differential output current, is again twice the ac current
in each transistor. The relative current swing thus given b
IOdp = 0ml - VIdp (36) g g y
: . . . g 1 2
in which g,,,1 is the transconductance of both transistGrand 1= L—;)—d = VULV\/I 1 <VU$V> (40)
T, both carrying currenfz /2. In a first-order approximation, B Gs =T Gs =T

a simple relation is also obtained between the input voltage which v;, is the differential input voltage. Note that

and the relative current swing, as given by Vas — Vi can always be substituted by Tz /5.
v, For small values of;,(< Vgs—Vr), the square root can be
ip = 2@”, (37) expanded as a power series. Indeed afec 1, we know that
! X .’172 .’173
Finally, identification of (35) with (1) shows that faj = y Vi-z=l-g-———qz—"" (41)

andVzg,/Vi = u, the coefficients areq =0, a; =1, a2 =0,

and as = —1/12. which allows us to work out (40) into

Use of (5)—(10) and of relation (37) yields . Ioap — Vigp 1 Viap 3 C @2)
Poolg Vas—Vr 8\ Vas—Vr
IMy; =2HD, =0 (38a) i
Again, i, todp, and Vg, all represent peak values.
as expected and For a pure small signal analysis, the power series has to be
limited to the first term only, which leads to
1 (Vigp\® i I
Ma=5HDs = o (Fh) =2 @on) P R 23
16\ V, 1 O Vas —Vr “3)
Also, or
loa, =P(Vasy — V) -V,
P, — 4V, (39) odp =P Vas1 — Vi) - Vi
or
Coefficient a3 is negative, hence, the distortion causes I = v A4
compression of the waveform. Odp = Ym1 * Vidp (44)

For example, a tota_l dc currerii;; =1mAis _used again. in which Vag; is the gate—source voltage, ang,; is the
Now, however, each bipolar transistor only carries a dc curregénsconductance of either T1 or T2, which both carry currents
of 0.5 mA. The peak ac current in each transistor is algg Ip/2.
reduced to 5QuA. For Ry, = 10.4 kS2, the voltage gain also  Expression (42) also provides a first-order relation between

equals —200. the input voltage and the relative current swing
The peak relative current swing is agaip = 0.1. As

a result, IM; = 0.062%. For this, a peak input voltage is ip = = .
obtained of 5.2 mV or 3.7 m¥us. The distortion is thus 2 Vas=Vr 1/

times lower than in the case of a single transistor carrying ain order to obtain the distortion components, (42) has
dc current/; and providing the same gain. This factor of 20 be identified with (1). It shows that foi, = y and
is also found by comparison of (38) with (21). Viap/ (Vas1 — Vir) = u, the coefficients areg = 0, a; = 1,

This conclusion is especially true because no second-orggr = ¢, and a3 = —1/8. No second-order distortion thus
distortion is present. In practice, mismatch will generate SOrgecurs, as expected indeed, since no quadratic component
second-order distortion as well. It is usually much smaller thaizcurs in (42). Also, coefficients is negative, which shows
the third-order distortion. that compression distortion occurs, as expected as well, from

For a peak relative current swing of 0.5, M= 1.56% for g differential stage.
which a signal amplitude of 8.4 mMys is required. Again,  Use of the definitions (5)—(10) and of relation (45) yields
a factor of 2 difference is found. It can be concluded that @&ro for IM, and
differential stage can tak¢’2 or 1.4 times more input voltage 2

e . . . . 3 Vid 3 .
to generate the same third-order distortion as a single transistor IM3 =3HD; = — [ —2 __} = 22 (46a)
amplifier with the same total dc current. 32\ Vas1 — Vr 327

Vv[dp _ Vv[dp

(45)
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u(t) in which f represents the transfer function of the unilateral
v(t) a; ap as -— y(t) feedback network. The coefficients of the new power series

= can be found by application of (2) on (1) and use of (48),
which yields the following relations

£ ai
b = 49
T4 (49)
a2
bo = —= 50
2T (A+1)3 (50)
v(t) —————1 b, b, by |——— y(t) 14+ 7)—2fa?
t e by = WD) —2fay (51)
(14+1T)
Zgin?(.) bﬁppllcatlon of negative feedbagkconverts power series coeffl(:lentsin which the loop gainT” is given by

T = fay. (52)

and All expressions (5)—(10) are used to obtain the distortion

9 components are still valid, provided the coefficiemts are
IP3 :4\/;(VGSI —Vr) =3.26(Vas: — Vr). (46b) replaced byb;.
The amplitude of the output signal itself is given by (49). It
For example, both transistors carry a dc current of 0.5 M4 reduced by a factor of + 7" as expected. For this reason,
and a peak ac component of p@ or Ip4, = 100 pA, which  the input voltagel” (see Fig. 9) is reduced by+ 7" as well.
yields ¢, = 0.1. As a result IM ~ 0.1%. This value is 1.6  The second-order distortion is given by

times larger than the one for a bipolar differential stage with
. . b2 a9 14 a9 1 Vv
the same current swing. However, the input voltage allowed,IM;; = b V= AT L AT AT (53)
again depends on the value @fas given by (45), which can L ar (L+1)* oy (14+T) (1+T)
be rewritten as Also, after replacement of by T/a;
3 bs
. oI Mz == =2 V32
Viap = ip(Vas — V) =1y /—;3 (47) 740,
_3las 1 a\® 2T & "
in which Vs applies to either transistor T1 or T2. The smaller T4laA+T) \a) Q+DT2|Q+1)2 (54)

2 (or W/ L), the larger the input voltage allowed. For example,
if Vas — Vi = 0.2V, then Vg, = 20 mV or 14 mVius. The first term represents third-order distortion relatedsto

Finally, IP; = 0.65 V. which is present as well without feedback. It is positive and

It can thus be concluded that a MOST differential stage dod#!S represents expansion distortion. A sinusoidal waveform
generate third-order distortion, because of the limiting actidtfecomes more triangular.
of its transfer characteristic. It even generates a somewhatl he second term represents second-order interaction around
more third-order distortion than a bipolar differential stagdhe feedback loop, generating third-order distortion. It is
The input voltage allowed is, however, much larger and c&¢gative and thus corresponds with compression.

be designed to, in principle, any value, depending on the valuel he third-order distortion can cancel completely for specific
of Vas — V. values ofe; andZ’. This causes a null in the IpMcharacteristic,

which is quite sharp and difficult to maintain over a wide range

of transistor variables. Therefore, it is never a parameter to

design for. Moreover, it occurs at very small values of loop
Series base and emitter resistances in the bipolar transigjgin 7.

linearize the exponentidl- — Vi relationship and thus reduce  For high values off’, the second term usually dominates

the distortion. This corresponds, however, with a reductigihd compression distortion results. For small value§’ afr

in gain. Also, series source resistance in the MOST reducg#ss,, expansion distortion is dominant. These effects are now

the distortion and the gain as well. In this section, it iflustrated with several examples.

examined how the application of negative feedback reduces

the distortion. B. Emitter Resistance in Single Bipolar Transistor Amplifier

VII. THE EFFECT OF FEEDBACK ON DISTORTION

Insertion of an emitter resistandeg, in a single transistor
A. Theory amplifier provides local feedback. The loop gdiris given by
The application of negative feedback around the nonlinear T— o R 55
amplifier, which is characterized by coefficients(see Fig. 9) = 9miE- (55)
gives rise to a new power series of the same form, but withThe second-order distortion component is then obtained
coefficientss;. from (53) and given byd./a; = 1/2 for a bipolar transistor)
The feedback action is described by 1 Vip Vip 1

1
u(t) = v(t) — fy(t) (48) Mo =35 1+T)(1+T)V, 2V, (1+T)?

(56)
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which shows that the input voltage is to be compared with
the voltage drop across the feedback resistance, in order to
obtaini,. For instance, for a voltage drop acra8g of 1 V
(Rg = 1 k2 with I = 1 mA), thenV;, = 0.1 V or 0.07
VRMS giVES ipt = 0.1.

For such high values of feedback (>~ 10), the distortion
components can be simplified to

ligr Vi W
IMoyp ~o 2L = 2t Tip 61
HT T 2 T 2 (IcRp)? (61)
2 7 Vi Vi
Rg IM ~_ 2T Yt Tip 62
T 3T T 8 4 (IcRp)? (62)

Fig. 10. Distortion components with feedback in a bipolar transistor with 1 Comparison with (21) shows that for Mt is sufficient to

mA collector current.

divide by T, whereas IM has to be divided by'/2. It can
thus be concluded that feedback reduces distortion components

in which V,,, is the peak input voltage with respect to groundndeed. All of them are reduced, however, by about the same

Also since
. Vip
by, = ———————
P+,
the result is
1 7
My = 2
T+ 2

The third-order distortion is derived from (54) and given b§:

(ag/al = 1/2; ag/al = 1/6)

amount.
Finally, note that emitter resistances can never fully be
(57) excluded in a bipolar transistor since the base resistance
linearizes the exponential as well. The equivalent emitter
resistance is thelRg. = rp/(1 + ), which is usually of
the order of a few ohms.

(58

. Source Resistance in Single MOST Amplifier
The insertion of a source resistor provides local feedback.

The value of the loop gain is again given by (55) with an

Mas = 11-27 < Vi )2 _11-27 (59) emitter resistor instead of a source resistor. From (27), we find
S1+T)R2\(1+TW 8(1+T)2 P az/a; = 1/4 andas = 0. As a result, (53) and (54) become
For example, a bipolar transistor carries a dc current of 1 1 2V 1
mA and an ac peak current of 1Q0A. The peak relative My f 10 TR(Vas — V) 1 +TZP (63)
current swing is thus 0.1. Without feedback 4M= 5%, @ T )
IM5 = 0.125%, andV,. = 1.84 MVgys. My = — 3 T < 2V; )
Addition of a resistance of 26Q causes a dc voltage across 320+T2\1+T)(Vas — V1)
Rpg of Vg = 260 mV which results irl” = Vg /V, = g, Rg = _ 3 T 2 (64)
10. Note that the value of” is easily found by taking the dc 32014172
voltage acrosdig, divided by V;.
The value of IM; = IM»/(1+T) = 0.45%. Moreover, the since now
input voltage allowed increases to 20.2 g\ys. The value
of IMs; is then0.16 x IM3, or 0.02%. In order to increase iy = 2V; (65)

IM3; to the same value as without feedback, the valug,of (1+T)(Vas — Vr)'

has to be increased by6.25 or 2.5, yieldings, = 0.25 and

V; = 126 mVgus. For the same current swing, the second-order distortion
The distortion components with feedback are plotted versigsreduced byl + 7". Now, however, third-order distortion

T (and Rg) in Fig. 10 for constant values of the collectoemerges as well. It is caused by the presence.oin (54),

current &1 mA) and relative current swing,(=0.1). For low Which represents the increase in order of the second-order

feedback T < 0.1), the values are the same as on Fig. 5 fd#istortion component which is fed back to the input. It is still

i, = 0.1. For large feedbacki{ > 10), the values decreasesmaller than for a bipolar transistor.

with a slope of unity. Note that the null in Ij indeed occurs ~ For large feedbacl” > 10, the current swing becomes

at7T = 0.5 or Rg = 1/2g,, = 13 ©, which corresponds with

a very small amount of feedback indeed. o Yip
. tpT = (66)
For high values of feedbackl’(> 10 and1 + 7 =~ T), Rslps
expression (57) of the relative current swing can be modifiénd 51
into Mapr = — =i (67)

L Vo_ Vi

grn,RFJ va N ICRFJ

(60)

'l: T ~
which leads to the same conclusion as for a bipolar transistor.
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D. Emitter Resistances in a Bipolar Differential Stage +Vpp
In a differential pair, second-order distortion is absent£
0). Addition of equal emitter resistances in both transistors = 3—“ ll =0
. . . . . E R
does not degrade this symmetry. The third-order distortion is D I:
derived from (54) and is given by (farz/a; = —1/12) I
V. V. >—
2 in in v
M3 = I Viap = 11 i2. (68) Vv G Y © Dig .
61+T\(1+1)V; 61+7 7

The same conclusions can thus be drawn; A4 negative,
which corresponds with compression distortion. as before Fl-‘dg. 11. The current swing in an ideal source follower is zero, and so is
' . " the distortion.
large feedbackX > 10), the value of IM; decreases linearly
with 7" and is then given by the distortion without feedback,

divided by @ + 7). G. Source Follower

Very much the same conclusions apply to the source fol-
lower as to the emitter follower. The relative current swing is
Again, symmetry is maintained, and hence no second-ordain given by
distortion occurs. From (42) we find thag/a; = —1/8. The
third-order distortion is again derived from (54) and is given

by

E. Source Resistances in a MOST Differential Stage

1 2V _ Vip
gmts Vas —Vr Vg

(71)

ZpT =

|M3f = — i 1 < Vfdp )2
321+ D\ +1)(Vas = Vi) and has to be used in (63) and (67).
- _ 3 1 2. (69) As an example, a source follower is taken/gt = 1 mA
32(1+1) " with a current source with output resistance ¥6 @z = 16

The same conclusion can be drawn as for a differential staj AN input voltage of 4 V (or 2.8 ¥s) now gives
with bipolar transistors. 17 = 0.25. Now the aspect ratio is such thbgs — Vpr =1

V.and T = GmTo — 2VE/(VGS — VT) = 32 V. Thus,
IM 2T = 0.19% and HVlng = 0.053%.

Obviously for an ideal current source, the relative current
For distortion analysis, the emitter follower can be regardegying is zero and so is the distortion (see Fig. 11). In this
as a single transistor amplifier with large feedba€kX 10). consideration, the bulk is assumed to be connected to the
The output is taken at the emitter instead of at the collect@jgurce. If this is not the case, the parasitic JFET or the body
but since the relative current swing is taken as a fundamengffect has to be considered as well. In this case, the distortion

parameter, the analysis is the same. For an emitter followgrmainly caused by this effect.

with an emitter resistance, the distortion components are thusrg find the sources of distortion in any arbitrary circuit, the

already given by (61) and (62). values of the relative current swing have to be found together
However, if a transistor is used instead of a resistance, thgfih the feedback factofl”. All distortion components are

its output resistance, has to be used in the expression instea@adily calculated.

of Rg. Sincer, = Ic/Vg, in which Vg is the early voltage, |n addition, the amplitude of the transfer characteristic

the relative current swing,; can be derived from (60) andyersus frequency has to be calculated of each transistor output

F. Emitter Follower

is given by to the output of the total circuit. Higher harmonics are usually
1 Viy Vi attenuated by the low-pass filter action of the capacitances
iy = i e 70
e il T (70)  present.

In order to obtaini,r, the input voltage thus simply has to
be compared with the early voltage. For instance Vfpr= 50
V (I = 1 mA), an input voltage of¥;. = 0.1 V (or 0.07
Vrus) only providesi,; = 2- 1072,
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