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Origin of 1/fPM and AM Noise in Bipolar

Junction Transistor Amplifiers

Fred L. Walls, Senior Member, IEEE, Eva 8. Ferre-Pikal, and Steven R. Jefferts

Abstract—In this paper we report the results of extensive

research on phase modulation (PM) and amplitude modula-

tion (AM) noise in linear bipolar junction transistor (BJT)

amplifiers. BJT amplifiers exhibit 1/f PM and AM noise

about a carrier signal that is much larger than the ampli-

fiers thermal noise at those frequencies in the absence of the

carrier signal. Our work shows that the 1/f PM noise of a

BJT based amplifier is accompanied by 1/f AM noise which

can be higher, lower, or nearly equal, depending on the cir-

cuit implementation. The 1/f AM and PM noise in BJTs

is primarily the result of 1/f fluctuations in transistor cur-

rent, transistor capacitance, circuit supply voltages, circuit

impedances, and circuit configuration. We discuss the the-

ory and present experimental data in reference to common

emitter amplifiers, but the analysis can be applied to other

configurations as well. This study provides the functional

dependence of 1/f AM and PM noise on transistor parame-

ters, circuit parameters, and signal frequency, thereby lay-

ing the groundwork for a comprehensive theory of 1/f AM

and PM noise in BJT amplifiers. We show that in many

cases the 1/f PM and AM noise can be reduced below the

thermal noise of the amplifier.

I. INTRODUCTION

HE FOCUS of this paper is to present a theory which

"TD explains the up-conversion of the baseband (near dc)
noise of amplifier circuits to produce phase modulation

(PM) and amplitude modulation (AM) noise about a co-

herent high frequency signal in linear amplifiers which use

silicon bipolar junction transistors (BJTs) as the active

gain element. This theory is based on a large number of

experimental measurements and theoretical modeling of

BJTs. The theory provides a starting point for design-

ing amplifiers with low PM and AM noise and for esti-

mating how the noise scales with operating point and sig-

nal frequency. Several other papers have studied the up-

conversion of baseband noise to PM noise in microwave

oscillators from a phenomenological point of view [1]-|4].

In this paper, we seek to provide a physical basis for the

up-conversion process for both AM and PM noise in linear

Si BJTs amplifiers. We have chosen to make this study

in amplifiers instead of oscillators because the results are
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Fig. 1. Current noise of a CE amplifier as a function of frequency.

easier to understand and they can be extended to many

different oscillator configurations.

Equation (1) shows the model of a perfect signal of fre-

quency Vv, and amplitude V, with amplitude fluctuations

characterized by e(¢) and phase fluctuations characterized

by 9(¢).

V(é) = [Vo + e(£)] cos (Qrvot + O{t)). (1)

PM noise is characterized by:

SN = ONPG O<f<o, 2)

where BW is the bandwidth of the measurement, and f

is the Fourier frequency offset from v,. The AM noise is

characterized by

A 21
sii) = Oe, 0< f<oo, (3)

where BW is the bandwidth of the measurement. These

definitions show that one cannot define the added phase

noise or amplitude noise of an amplifier except in the pres-

ence of a carrier signal. In much of the literature 1/25, (f)

and 1/2Sy(f) = L(f) are used to characterize AM and

PM noise in devices and we will also use this notation for

the remainder of the paper.

The solid line in Fig. 1 shows the output noise current

per Hz bandwidth of a common emitter (CE) amplifier

as a function of frequency. Near zero frequency the noise

current typically varies as approximately 1/f where f is

frequency. At higher frequencies (approximately 300 Hz for

silicon BJTs), the noise power/Hz delivered to a matched

load is independent of frequency and given by

Py =kTFG, (4)

where k is Boltzmann’s constant, T is temperature in

kelvin, F is the noise figure, and G is the power gain.
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At 300 K this thermal noise is equal to —177 dBm/Hz

for F = G = 1. When a coherent signal is introduced,

this thermal noise is divided equally between AM and PM

noise and scales as 1/P,, where P, is the output signal

power:

1/2Sa(f) = L(f) = KI FG/2P,. (5)

If the noise on the input signal is low enough, it is possi-

ble to show that the amplifier adds a small amount of noise

power, in addition to the thermal noise given in (4), to the

output signal. This excess noise, which is proportional to

the input signal power, is illustrated by the dashed line in

Fig. 1. When referenced to the center of the signal, this

excess noise has the same 1/f characteristics as that ob-

served near dc and is therefore commonly referred to up-

converted dc or baseband noise. In contrast to the thermal

noise, circuit parameters determine whether the 1/f por-

tion of the AM noise is higher, equal to, or lower than the

1/f portion of the PM noise.

In the following we present a theory and experimental

data to explain the creation of excess 1/f PM and AM

noise in amplifiers which use silicon BJTs as the active

gain element. We find that the 1/f PM and AM noise is pri-

marily the result of 1/f fluctuations in transistor current,

transistor capacitance, circuit supply voltages, and circuit

impedances. This theory shows the first order dependence

of 1/f PM and AM noise in linear amplifiers on circuit pa-

rameters, transistor parameters, and signal frequency and

therefore can be used to select transistors and choose the

circuit parameters that minimize added 1/f noise in am-

plifiers. Although the theory is discussed relative to a CE

configuration, it can also be used to analyze other configu-

rations. In many cases the 1/f noise can be reduced to such

an extent that it is much lower than the thermal noise for

frequency offsets from the signal larger than a few hertz

[5].

II. EARLY WorK ON 1/F NOISE IN AMPLIFIERS AND

FREQUENCY MULTIPLIERS

Halford et al. [6] and Andressen and Nesheim [7] were

the first to show that the 1/f PM noise of CE amplifiers

and frequency multipliers can be reduced by adding an

unbypassed resistance Rg in the emitter leg of the tran-

sistor|6], [7]. See Fig. 2. The mechanisms by which the

up-conversion occurred and the reason that only feedback

to stabilize the rf gain provided significant reduction of the

flicker PM noise were not understood. At the time of this

early work, the excess AM noise was ignored by virtually

everyone except Healy [8]. Because no theory existed to

explain the reduction of the PM noise with unbypassed

emitter resistor or the effect on the AM noise, it was not

possible to design amplifiers with low 1/f noise except by

trial and error.

Our work in this area started several years ago with

the publication of [9], [10]. This work showed that the AM
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Fig. 2. CE amplifier with unbypassed emitter resistor.
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and PM noise in amplifiers is often very similar and raised

the possibility that the noise might be due to the same

mechanisms.

III. 1/F Noise IN LINEAR AMPLIFIERS

We first derive the complete general expression for

added AM and PM noise in an amplifier. The first or-

der approximations to these expressions are then used to

derive the added AM and PM noise for a CE amplifier

with a single dominant pole. We then show in a simpli-

fied example how fluctuations in the emitter current cause

fluctuations in the magnitude of the gain, thereby inducing

AM noise. We then include the current and voltage depen-

dence of various transistor and circuit elements to develop

a more complete theory of both AM and PM noise in CE

amplifiers.

IV. A GENERAL EXPRESSION OF ADDED AM AND PM

NOISE IN AMPLIFIERS

The general transfer function for an amplifier, Gy(s),

can be written as:

Gy(s) = GoF 1 (s)FH(s), (6)
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where s = jw (w = 2nvo = angular frequency), Gp is

the mid-band voltage gain, Fy is the low frequency depen-

dence of the transfer function, and Fy describes the high

frequency dependence of the voltage gain on frequency. For

the purposes of the present discussion, we can concentrate

on the behavior of Fy, as we are assuming that the ampli-

fier is operating at a frequency well above its low frequency

cut-off. fy can be written as:

(1+ s/w) + s/w)... (1+ 8/wenn)

Fails) = (1+ 8/wp1)(1 + 8/wp2)... (1+ 8/wpnn)’ (7)

where Wp1,Wp2,--. ;Wpna are positive numbers represent-

ing the angular frequencies of the nm real poles and

We1,W22,-+.;Wenh are real numbers representing the fre-

quencies of the n zeros. (Note that these can be positive,

negative, or infinite.) In many real-world cases the zeros

are at such high frequencies that they are of little signifi-

cance in determining the upper cutoff frequency of Gy (s).

In this case the function F'y(s) can be approximated by:

1

PHS) ~ TY STapi VF 8fupa) E+ o]edpnn)
An alternative representation which will prove useful in

the following discussion is to analyze Gy(s) in terms of the

gain and phase. That representation leads to Gy(s) being

described by:

1 Im(Fu(s))= 8 e® .Gy (s) — Go Fal ) | ’ Re(Fiz(s)) (9)o = tan

The two representations are equivalent.

Finally in the case which we will analyze in detail, the

CE amplifier, one pole is dominant, at which point we can

further approximate F'y(s) as:

1
FF. = ———_..(8) 1+ 8/wy1 (1)

(9) can now be written as:

l 1/2 wo

= G, | — jo) § =tan71 6,6 = | — }.Gy(s)=G (; =) e”, an 6, wel

(11)

If we consider the input signal to be perfect, that is:

Vin = Vo cos wt, (12)

then the output signal is given by:

1 1/2

Vout = VinGy = VoGo (se) e” cos(wt)
1 1/2

=VoG, (<=) cos(wt + #). (13)

The AM noise added by an amplifier can be written as:

1 ~1fAGy\? 1 | kT FG

son = 5 (Ge) BW! oP” (14)

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 44, NO. 2, MARCH 1997

and the PM noise added by an amplifier can be written

as:

1 cl. ge 1 | KTFG

356) = 540 a> OR (15)

Equations (14) and (15) also include the contribution of

the thermal noise. These expressions are completely gen-

eral and can be used on any two port element such as an

amplifier, attenuator, or level shifter, as long as the out-

put frequency is the same as the input by expressing Gy

as a function of the transistor and circuit parameters at

the operating carrier frequency. Equations (14) and (15)

can also be extended to cover two port elements where the

frequency is changed by multiplying by the square of the

ratio of output to input frequency.

V. SINGLE POLE APPROXIMATION FOR GAIN OF

COMMON-EMITTER AMPLIFIER

In this section we use the above results to develop a

physical model which explains the up-conversion of base-

band noise to create excess AM and PM noise in CE am-

plifiers. The equation describing gain in a practical CE

amplifier is very complicated; therefore, several approxi-

mations will be used to simplify the equations so that the

underlying principles are more easily seen.

In the dominant pole case at frequencies w much smaller

than the 3 dB bandwidth (w,1), that is 6 = (2) <1,
Wool

(11) can be further approximated and simplified to

1 1/2

Gy Go (; ” z) €

2

=G, (: — 5) ef, (16)

This result can be used to simplify (13) to

62

Vout = VinGv = VoGo (1 — 5) cos(wt + 6).
(17)

Equation (14) can be expanded to yield

1 1 (AGo\? 1 Laan 1. RT FG

550) & 5 ( Go ) pw + 2° pw t 2Po
(18)

Equation (18) can also be expressed as

1 JS 1fAG\? 1 le kT FG
SSN = 5 (G2) ppt (So - SES)

kTFG

2Py”’
(19)
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Fig. 3. CE amplifier showing transistor model.

where

1 kTFG

BW" 2P) ~
IIe As? (20)

1 1
ag a5 Sof) = 5

Fig. 3 shows the schematic of a simple CE amplifier, In

the approximation that the load impedance can be repre-

sented by Ry, and that w is much smaller than wy, (that

is, the phase shift 6 is small), we can write the gain as:

1 1/2 52 5

Gy =G>o (<2) e ”=G, (1 — =) e 7°,
1+6 2 (21)

gc. Fe (ra RsRetas )
° ret+Retr,/B’ % °° Rs + Retas /’

(22)

b= wre | Go | (ret+ Re +1)

+wCre | Go| (Tg + Rr)/Ri +... (23)

where the R’s are defined in Fig. 3, r, is the total effective

input impedance, and 6 is the phase shift due to C,, and

Cre. A further simplification can be made for CE amplifiers

with large gain or Che Re < Che. In this case, the gain
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becomes

Rr
G, & _——__+»__., 24tet Ret R,/f8 (24)

RsRpias

b= wre | Go | (Te + Ret 1q)- (26)

When the emitter current of a silicon BJT is noise modu-

lated as:

the intrinsic emitter resistance r. is also modulated. For

2 <v, and y= fin <1, the average value of r, is given
by:

r K

© Tae[l + y cos(Qt + 8)]
IIer = r.[1 — ycos(Qt + 6],

(28)

with K = 260Q/mA emitter current. We can now express

the gain as:

yre cos(Nt + 8) |

ret Retr,/B\- (29)
IIe

oO

—Rr f

ret+ Ret+rg/B

Averaging over the phase of the modulation yields

a= (fs) +3 (a)
°Are t+ Re t+r,/8 2 \ret+Retr,/B .

(30)

The single sideband AM noise spectrum added by the am-

plifier due to current modulation follows the spectrum of

the current modulation and is given by:

ve ) 80.1/2Sa(f) 1/4 (a
(31)

Considering the possible variation of the other parameters

affecting the gain and phase of this simplified CE amplifier,

we obtain a more complete expression for the AM noise

given by:

ret+Re+r,/B

A\re+Ret+r,/B8 Tg

4\re+ Re t+r,/B Rr

1 (AB *( Te )
+= +> |—3

4 Rr 4 ret+Re+rg/B

kTFG
“ (wCeGo(rg))” an oP,

2

+ - [(wGo(re +Rept+ rg)) AC?,

loon ot re95alf) = 4 (

+(wCycGo)" (ARE + Ar?)
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Equation (32) can be considerably simplified if we make

use of the following approximations,

Tg > (Te + Re), Are = Ye.

2 2 2

(ae) + (Ge) + (GE)Rr BRr Rr

1(AR,\? kTFG | (wGo)4(Cherg)?

+ 4 ( Rr ) + 2Po r 4
x ((rgACpe)? + C2, (ARZ + Ar2))

(33)

1 CG
95alf) = a (34)

2

The first term in (34) scales as Gate) , while
the contribution of the terms associated with AC; scale as

4

(aay) . Both sets of terms are reduced by increas-
ing Ry, although the AM noise originating from capaci-

tance modulation is reduced much faster than that origi-

nating from current modulation. The first term is also de-

creased by increasing the dc emitter current [g_. The limit

to which Iz can be increased depends on the maximum

ratings of the transistor and its environment.

The PM noise added by the CE amplifier in the same

approximation used above for the AM noise yields

1/284(f) = Lf) = 5 (eGolre + Re +19))* AOR

4

kT FG
2

Te

oP, 14 (~ + Rp =)
x (WCcGo(rg))” 7”. (35)

1
+ —(wCpeGo)? (ARZ + Ar*)

1

For Are = 9re,Tg > (re + Re), (35) can be reduced to:

1 2 2 2 [ YWereGo °Lf) = G(wGo) (TgACbe)” + (Ce) (7aeGe)
kTFG

+ $(wGo)? (Che) (ARE + Ar}) +5. (86)

The PM noise due to capacitance modulation is re-

Rug
2

duced as (Eas) , while the contribution of
the terms associated with current modulation scale as:

(retg Rt)? (Ros) . Both sets of terms are reduced
by increasing Rg and reducing rz, although the PM

noise originating from current modulation is reduced much

faster with Rg than those originating from capacitance

modulation. Increasing the de emitter current Ig primar-

ily affects the term originating from current modulation.

Current modulation originates from the intrinsic base-

band modulation generated within the transistor and by

noise in the power supply. The modulation of Cy. is in-

duced by baseband modulation of the base collector volt-

age. This baseband voltage modulation can originate from

the current modulation and finite dc gain or from the

power supply.
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VI. MEASUREMENT OF AM anp PM NOISE INDUCED

BY CURRENT MODULATION IN A CE AMPLIFIER

Current noise was injected in the emitter of the tran-

sistor shown in Fig. 3 to test the functional form of (31).

Current noise of order 22x 107!" A2., ,/Hz was used, which

was large enough that the induced AM and PM noise

was usually above the noise floor of our measurement sys-

tem. Table I shows the measured AM noise sensitivity

to y(Alg/Ig) and the predictions calculated using (31)

for a 2N2222A and a microwave transistor (with much

lower Cy.) for Re = 0Q and 109. The characteristics

of the transistors are given in Table II. Column A in

Table I shows the measured AM noise sensitivity to y

as a function of Fourier frequency offset from a 5 MHz

carrier for the two transistors with Rg = 0, while col-

umn B shows the calculated value for rg/8 = 1Q and

Te = 1.5. Column C shows the measured AM noise

sensitivity with Re = 109 and Column D shows the

calculated values. The calculated and measured improve-

ments in the AM noise sensitivity to y due to increas-

ing Re from 0 to 10 2 agree very well for both transis-

tors.

Column E shows the measured PM noise sensitivity to

y for Rg = 0 © while column G shows the PM noise sen-

sitivity to y for Re = 10 Q. The calculated values using

the last term in (35) are shown in columns F and H. For

the 2N2222A, the calculated values are in agreement with

the measured values. Equation (35) predicts that the PM

noise (due to current noise) at Rg = 10 2 is reduced rel-

ative to the PM noise at Ry = 0 2 by the square of the

reductions observed for the AM noise. The measured re-

duction of PM noise follows this relatively closely for the

2N2222A. The measured PM noise sensitivity to y for the

microwave transistor is shown in column E. This PM sen-

sitivity should be reduced relative to that of the 2N2222A

by the ratio of (Cye1/Coc2)*. For these two transistors that

ratio is approximately 22 dB. The measured reduction is

about 5 dB higher. Measurements at Re = 10 2 for the

microwave transistor were limited by the noise floor of the

measurement system.

Table I along with (34) and (35) can be used to predict

the AM and PM levels due to current fluctuations in a

CE amplifier. For a given current noise (AIg), de emitter

current (Ig) and unbypassed emitter resistor (Rg), one

can estimate the resulting level of the AM noise. One can

also calculate the maximum allowed value of ~(AlIg/Iz)

for a desired AM noise level. In a similar way, one can

predict the resulting PM noise due to current fluctuations,

but the values of C,, and rg are required.

VII. MEASUREMENTS OF AM AND PM NOISE INDUCED

BY COLLECTOR-BASE VOLTAGE

MODULATION IN A CE AMPLIFIER

The collector-base capacitance is a junction capacitance

that varies with the dc voltage between the collector and
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TABLE I

AM AND PM NOISE SENSITIVITIES TO CURRENT NOISE FOR A 5 MHz CE AMPLIFIER WHEN y = Alp/Ipg = 1.9 x 10-5,

Ig = 25 MA, AND Vop 9 V.

A B Cc D E F G H

2N2222A 2N2222A .

AM AM AM AM PM PM PM theory

sensitivity theory sensitivity theory sensitivity PM theoryRg = 02 sensitivity Rp =102

Re=0 Re=02 Re =109 Rp = 102 Rp =0Q Re =00 Rp =10Q — [dBc/Hz rel

Fourier [dBc/Hz rel [dBc/Hz rel [dBc/Hzrel [dBc/Hzrel [dBc/Hz rel [dBc/Hz rel [dBc/Hz rel to y= 1)

frequency toy=]] toy=1] toy=1] toy=1] toy=]] to 7 = 1] to 7 = 1]

100 Hz —8.5 —10.5 —23.4 —25.1 —16.3 —15.6 —45.6 ~43.7

50 Hz —8.6 —10.5 —23.3 —25.1 —16.2 —15.6 —45.2 —43.7

20 Hz —8.6 —10.5 —22.9 —25.1 15.6 —15.6 ~—45.8 —43.7

10 Hz —8.6 —10.5 —22.7 —25.1 —16.3 —15.6 ~45.4 —43.7

5 Hz —8.9 —10.5 —23.3 —25.1 —16.3 —15.6 —45.6 —43.7

microwave

transistor

microwave PM PM

transistor sensitivity PM theory sensitivity

AM AM AM AM Rp =0 Rp =100 Re =100

Fourier sensitivity theory sensitivity theory [dBc/Hz rel [dBc/Hz rel [dBc/Hz rel PM theory

frequency Rep=02 Re =02 Re=10Q Re=100 toy=1] to y= 1] toy = 1 toy =1)

100 Hz —8.5 —10.5 —23.1 —25.1 —43.2 —37.4 limited by —65.5

50 Hz —8.5 —10.5 —23.4 —25.1 42.6 —37.4 system —65.5

20 Hz —8.5 —10.5 —23.3 ~25.1 —42.1 —387.4 floor —65.5

10 Hz —8.5 —10.5 ~22.9 ~25.1 —42.4 —387.4 < —48.6 —65.5

5 Hz —8.6 ~—10.5 —22.5 —25.1 —41.8 —37.4 —65.5

base terminals (Vcg) according to (37). (In this equation, 04

Ko is a constant that includes the permittivity of the ma- 4 yx measured phase

terial and the doping concentration, V;; is the built-in po- 04 3 — = theory - Eq. 38

tential of the p-n junction, and n is a parameter that de- ; \

pends on the doping profile of the junction.) Collector-base ) \

voltage modulation will therefore modulate C;,: 4 0.2 \
wn

Ki s We
Cre = ——_—_ 2 —_. (37) ‘& 01 *

(Vii + Vez)” 2 K
52 .

Fig. 4 shows the relative phase shift across a 20 MHz CE 3s 9 Ae
amplifier (shown in Fig. 3) as a function of collector-base ye te

voltage (Vcg) when the active element was a 2N2222A -0.1 en =e

transistor. This graph shows the dependence of Cy, on ~ | = teste sy

Vog, and can be used to obtain the exponent n.in the phase 02

equation of the amplifier (38). The optimum fit, shown as 5 ey b(V) 15 20 25
c

a dotted line in Fig. 4, occurred when n & 1. Fig. 4 shows

that the measured phase shift follows (38) fairly well for

Vec from 3 to 24 V.

K:
phase = 0 = Kiw4+ KowCy, = Kyw+ 8 .

The PM sensitivity to voltage fluctuations can be obtained

by squaring the partial derivative of the phase with respect

to Vos:

nig ) (39)(aren) ~(Vos] ~~ \Wit+Vepn)*t

To measure the effect of AVog on the AM and PM

noise, voltage noise was added to the collector terminal of

Fig. 4. Relative phase shift of a 20 MHz CE amplifier as a function

of Veg.

TABLE II

TRANSISTOR PARAMETERS FOR TABLE I.

Microwave

2N2222A transistor

fr 300 MHz 8&8 GHz

Coe 25 pF 1.6 pF

Coe(VoB = 9V) 8 pF .65pF

B 75 <8 <375 50< 6 < 300

F <4dB 1.5 dB
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Fig. 5. PM noise sensitivity to AVog in a CE amplifier.

the CE amplifier. Filtering on the base reduced any di-

rect current modulation to an insignificant level. Fig. 5

shows the PM noise sensitivity to Vog fluctuations mea-

sured with a 2N2222A transistor in the CE circuit (for

Rr = 30Q) as a function of Vox at 5, 10, and 20 MHz

carrier frequencies. The dotted lines are predictions on how

the PM should vary with Veg based on (39) for n = 1. The

form of the PM noise follows closely the predictions from

6 to 17 V and scales as w? as expected.

The change of PM sensitivity to Vog fluctuations was

also measured for different values of Re (for a Veg = 8 V).

Table III shows the PM sensitivity measurements and pre-

dicted values (from (35)) as a function of Fourier frequency

offset from a 5 MHz carrier for the CE amplifier in Fig. 3

when voltage noise was injected at the collector terminal.

Columns A and D show the measured PM sensitivity to

Vop fluctuations for Rg = 002 and Reg = 10 QO, respec-

tively. Columns B and E show the PM sensitivity values

predicted by the first term in (35). For the calculations it

was assumed that half of the output capacitance in the

transistor was due to parasitics and the other half due to

the junction capacitance (37).

The measured and predicted values for the PM sensi-

tivity when a 2N2222A was used differ by approximately

4 dB. This is probably due to the approximations made

in (35) and the uncertainty in some of the values used

(rg, Coc). From theory, the reduction in PM when Rg is

added should be proportional to the reduction in gain.

Both the measured and calculated sensitivities show ap-

proximately a 12 dB reduction for Rg changed from 0 2

to 10 Q. The measured gain reduction was 13.5 dB. When

a microwave transistor was used, the PM sensitivity to

Vop fluctuations for Re = 09 was reduced by 33 dB,

compared to the predicted reduction of 28 dB. The pre-

dicted value was obtained from (35) and (39) when using

n = 0.55 and C,. = 0.3 pF. These values where obtained

from the Cy. vs. Vog plot in the specification sheet of the

transistor. For Rg = 10 2 the noise was limited by the

noise floor of the measurement system. The AM sensitiv-

ity to Vee fluctuations is shown in columns C (Rg = 0 Q)

and F (Rg = 10 2) of Table III. The AM sensitivity when
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Fig. 7. Voltage noise, AM noise and PM noise of a 5 MHz CE am-

plifier for open loop (OL) and closed loop (CL) configurations.

using a 2N2222A was reduced by approximately twice the

amount of reduction in PM sensitivity when an unbypassed

emitter resistor was added (Rg = 10 (2), as predicted by

theory. The PM noise is thus a first order effect in the up-

conversion of Veg fluctuations, while the AM noise is a

second order effect.

VIII. REDUCTION OF AM AND PM Noise USING

ACTIVE FEEDBACK

The AM and PM noise due to current fluctuations can

be reduced considerably by adding a servo system that re-

duces the current noise. Fig. 6 illustrates such a system.

A circuit that reads the current at the emitter, amplifies

and inverts it, and injects the signal back into the base
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TABLE III

AM AND PM NOISE SENSITIVITIES TO COLLECTOR-BASE VOLTAGE FLUCTUATIONS FOR A CE AMPLIFIER WITH Vog = 8 V AND

If = 25 MA. For THESE MEASUREMENTS THE OuTPUT POWER LEVEL WAS ADJUSTED TO BE APPROXIMATELY 6 DBM AND

AVop & 2.8 x 1074Vems//Hz.

A B C D E F

2N2222A

PM PM AM PM PM AM

sensitivity theory sensitivity sensitivity theory sensitivity

Rp =0 Re =00 Rp =02 Re =1002 Rp =102 Re =100

[dBc/Hz rel [dBc/Hz rel [dBc/Hz rel [dBc/Hz rel [dBc/Hz rel [dBc/Hz rel

Fourier to AVogp = to AVesg = to AVogp = to AVop = to AVop = to AVog =

frequency 1Vpms/J/Hz] 1Vrms//Hz]) 1Vrms/VH2z] 1Vems/VH2] 1Vems/VHz] 9 1Vems//Hz]

100 Hz —40.7 —36.2 —42.4 —52.3 —48.6 —63

50 Hz —40.7 —36.2 —42.6 —52.4 —48.6 —62.8

20 Hz —40.6 —36.2 —42.8 —52.4 —48.6 limited by

10 Hz —40.6 —36.2 —43.1 —52.4 —48.6 system

5 Hz —40.6 —36.2 —43.1 —52.4 —48.6 noise floor

microwave

transistor

100 Hz —73.6 —63.9 limited by limited by —76.3 limited by

50 Hz —74.3 —63.9 system system —76.3 system

20 Hz —73.2 —63.9 noise floor noise floor ~—76.3 noise floor

10 Hz limited by —63.9 < -63 <-77 —76.3 < —69

5 Hz sys. floor —63.9 —76.3

was added to the CE amplifier. Noise was added to the

base of the transistor causing fluctuations in the emitter

current. Emitter current fluctuations are up-converted to

AM and PM noise, and voltage fluctuations at the base

also up-convert to PM noise. The servo reduces both the

current fluctuations and the voltage fluctuations at the

base; therefore, it should also reduce the AM and PM

noise.

Fig. 7 shows the measured emitter voltage noise (pro-

portional to current noise), and the AM and PM noise of

the CE amplifier for open loop and close loop configura-

tions. When the loop was closed, the voltage noise, the

AM noise, and the PM noise were reduced by the amount

of the gain of the servo amplifier, as expected.

IX. CONCLUSION

We have presented a theory that explains the up-

conversion of baseband noise into AM and PM noise about

a carrier in BJT amplifiers. According to this theory, AM

and PM noise equations were developed for CE amplifiers,

but the analysis can also be applied to any BJT ampli-

fier configuration. By injecting current noise and voltage

noise in a CE amplifier, we were able to verify to a few

dB the leading term in both AM and PM noise due to

baseband current modulation and collector-base voltage

modulation. Based on this study, we were able to confirm

the functional dependence of AM and PM noise on transis-

tor parameters, circuit parameters, and carrier frequency

given by the derived noise equations. The developed the-

ory lays the groundwork for a comprehensive theory of AM

and PM noise in BJT amplifiers. In addition, the derived

noise equations that describe the origin of AM and PM

noise provide a basis for the design of low noise amplifiers.
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