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ABSTRACT

The purpose of this thesis is to investigate the validity of
present noise theory of drift transistors at the frequency of 100 MHz,,
using the hybrid-I model in a common emitter configuration.

The thesis contains the derivation of the noise figure for
the hyb: - d-I model, taking into account the cross-correlation between
the noise generators. The derivation is based on VAN DER ZIEL's defin-

ition of the noise generators for the T model representation. (Ref.# 3).
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CHAPTER I
INTRODUCTION

Electrical noise is due to the discrete nature of electron flow
and to the randomness of particle motion. This electrical noise can be
divided into two groups: (1) noise caused by man (which can be con-
trolled); and, (2) noise due to spontaneous fluctuations (which is beyond
control). Spohtaneous fluctuations of stationary nature can be des-
cribed by two basic theorems, namely Nyquist's and Schottky's theorems.

6

Nyquist's Theorem: In a conductor, the random vibration of

ions about a normal or average position is a function of temperature.
There is a continuous energy transfer due to collisions between the vib-
rating ions and the free electrons. Even though the average current is
zero, random fluctations still exist. At temperature T, the thermal
noise of a purely resistive circuit can be represented by noise gener-
ators. In a frequency range aAf, the generators deliver a maximum powek
- (P) (called the available power) of

P = KkTAf e (1)
where k is Boltzmann's constant, T is the temperature of the impedance in
degrees Kelvin, and P is the power in watts. It was shown by Nyquist
that the mean-square thermal noise voltage E;?' generated by an imped-
ance Z is given by:

e Z = 4KTRaf o e (2)
where R is the resistive part of the impedance Z in ohms. This noise gen-

erator may be represented by a Norton or a Thevenin-equiva]ent circuit:
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Figure 1

REPRESENTATION OF RESISTOR THERMAL NOISE

6

Schottky's Theovem: This theorem deals with the random emis-

sion of current carriers in temperature-limited vacuum diodes. The
individual current carriers are composed of a series of independent ran-
dom events. Small variations in current may be represented by a noise-
current generator in parallel with the noiseless incremental admitténce
of the diode. In a frequency interval Af, the mean-square value of this
generator is

37 = 2qlaf ... (3)
where I is the average plate current in amperes, and q is the electronic

charge (1.6 x 10719

coulombs).

In a transistor, shot noise is experienced in both junctions.
Since the majority of the charge carriers pass through both the emitter-
base junction and the collector-base junction, the two noise sources are

correlated.

NOISE SQURCES IN TRANSISTORS

According to VAN DER ZIELSB all charge carriers which contribute

noise to a npn transistor may be subdivided into eight groups:
(1) Electrons injected by_thé emitter and collected by the collector.
(2) Electrons injected by the emitter and recombining in the base region.

(3) Electrons injected'into the base and returning to the emitter.




(4) Electrons trapped in the emitter space-charge region and recombining with
holes coming from the base.
(5) Electrons trapped in the emitter space-charge region and returning
to the emitter after being detrapped thermally,
(6) Electrons generated in the bése and collected by the emitter.
(7) Electrons generated in the base and collected by the collector,
(8) Thermal fluctuation due to the extrinsic base resistance, Yopt -
| Each of the eight processes contribute noise in accordance with
Schottky's or Nyquist's theorems. The noise contributions are:
From groups (1) and (2) the shot noise due to the emitter current
IE and due to the current IEE :
2q (IE + IEE)Af
where IEE is the current due to the electrons injected by the emitter and
recombining in the base region.
From group (6) the shot noise due to the current IEE :
2q IEE Af
and from groups (3) and (5) the thermal noise due to the real value of the
emitter conductance 9o and due to the low frequency value of the emitter
conductance Jeo °
4kT(ge - geo)Af.
Thus the total noise curreht caused by the emitter current can
be expressed as
1% = 4kT(ge - geo)Af + 2q(IE + ZIEE)Af eee (4)
Fluctuations in the d.c. current carried by the electrons of
groups (1) and (7) can be represented by a noise current generator i, con-

nected in parallel with the emitter-collector terminals with a mean square



value of

127 = 2q ay (Ip + Igp)af + 2q1..0f oo (5)

where adc_is the dc emitter efficiency and ICC is the current due the

electrons generated in the base and collected by the collector.

" Since Ic = age (IE + IEE) *+ Iec
.then
737.= 2qIC Af. ... (6)

DERIVATION OF THE HYBRID-m NOISE MODEL

The electrical behaviour of the transistor, especially when it
is used in a common-emitter configuration over a wide range of freguencies,
can be represented by the widely used hybrid-I model of Giacolletto-
Johnson]6. Thus, the noise performance of a common emitter npn transistor
amplifier is best represented by a hybrid-n model,

For small a.c. signals, the T-equivalent model of a common-

emitter transistor configuration is as follows:

//qadc Te
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, Figure 2
REPRESENTATION OF A COMMON~EMITTER TRANSISTOR MODEL




where b, b', ¢ and e are the base, intrinsic base, collector and emitter
terminals of a transistor, respectively; op* is the extrinsic base

resistance, r_. is the reverse junction resistance, Iee is the feedback

cc
conductance which is a function of the emitter current IE and the volt-

age VbC , while A is a constant which ranges from 2 to 5 for most tran-

sistors.]]

The current generator ai_ in Figure 2 will yield several cur-

e

e
. b'e . .
rent generators when 1o ® "9 e + ~;;— is substituted. Now the cur-
rent generator may be split into two parts. A few simplifications such
r
as g, = —%— s Phre = T—:ga-and e p 2 .o will result in the following
e
model
b bt b "bic c
o MW AMA <
vy, =
r‘ble g gm o e:7 % Y‘Ce
- ¢
Figure 3
HYBRID-m MODEL OF A TRANSISTOR
where | r. = ! and

ce gCE

_ ee

blc T T =g roc(T - o)




The model of Figure 3 may be applicable over a wide range of
frequencies. As the frequency increases, the effect of the capacitances

should be considered. Therefore the model is modified to that of Figure 4.
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Figure 4

HIGH FREQUENCY HYBRID m MODEL

At high frequencies,.rbb. must be replaced by Zyp! and as well Fhie by
Zyig OV Zp 5 Yhug by Zyie and ree by Zeo The resistances Toic and e
are large enough to be ignored at high frequencies. Ignoring Fee implies
a load impedance that is small compared to Fees whereas ignoring ry.. is
a recognition of the fact that Fhie is large compared to the reactance
of Cb'c . The capacitance Cb'e is large enough at low frequencies to
swamp the effects of the emitter-base transition capacitance CT and,
hence, CT is ignored at low frequencies. But at high frequencies, the cap-
acitance Cb‘e is not large enough to swamp the effect of CT . Therefore,
both capacitances Cyig and Cr should normally be kept separate.

Since the capacitance Cy., is directly proportional to the

emitter cukrent IE , & low IE will result in small values of Cb‘e’ which




will enable the emitter-base transition capacitance CT to be of major
jmportance. But for large values of emitter current, CT is normally ignored.
Various relationships that should be kept in mind are:
(a) 9y Thie = B (g8 is the d.c. current gain and normally assumed
independent of the Q point).

(b) 9y = 7 (Hence 9 increases as Ip increases).

e .
() Ty T o, (Hence ry ., decreases as I increases).

(d) Chig Mpre = Constant (Hence Cy ., increases as I increases).

In the n-model,forward transfer is indicated by the current gen-
erator 9 Vbie The transconductance I o which at high fréquencies act-
ually becomes Yoy is considered independent of frequency and equal to the
intrinsic low frequency transconductance 9 = —%— of the transistor. The
generator I vb.e.is'not constant with increasing frequency because of the
low-pass filter effect of hp ! and Cb'e at the input circuit. If a compar-

ison is made between the h-parameters type circuit model and the hybrid-mn,

it can be concluded that g, vy, is not frequency dependent. But this

ahalogy]6 breaks down as the frequency increases and 9n becomes complex, and
takes the form of:
q IC/kT
9 = 7 -jm/2.4wa e (7)

where W, is the upper radian frequency. The transconductance I is no

longer in the form shown for higher frequencies than alpha cut-off fTre-

quency fa ; but it is considered in the very complex form of Y ]6.



CHAPTER 1II
EQUIVALENT NOISE RESISTANCE OF A TRANSISTOR IN A
COMMON-EMITTER CONFIGURATION

The noise current generators i] and i, are superimposed on a

T-model representation of the common-emitter configuration:
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Figure 5
REPRESENTATION OF A T-MODEL WITH NOISE CURRENT.GENERATORS SUPERIMPOSED

These noise current generators i] and i2 are superimposed on the

hybrid-n model of Figure 4. Now splitting the iz current generator into

two parts, the model becomes ;co
z - T~
b bb' b' c
—AM—sg AN\

' . 1\ N Zhie
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e
Figure 6

REPRESENTATION OF A HYBRID-I MODEL WITH NOISE CURRENT GENERATORS SUPERIMPOSED




The mean square values of the noise current i] and i, in the
5

T-model are defined by VAN DER ZIEL™ thus:
.2 = 4kT(ge - geo)Af + 2q(IE + ZIEE)Af oo (4)
1,7 = 2q I of ... (6)
1%, = 2kTay 0 F ... (8)

where a is the a.c. intrinsic current gain and Yo is the emitter admit-

tance.
‘ . q(IE + IEE)
When geo = I

is substituted into equation (4), it yields
112 = (4kT e - 2q IE)Af. ... (9)
Now, for the hybrid-I model of Figure 6, the noise current gen-

erators become:

e = (1 - 1200, - 12)% ... (10)
T;Y'= 2q Ipe Af . (1)
Tzr = 2q IC Af. ... (12)

The noise currents 7.7

2 s ibz and 727 are due to the d.c.

current fluctuations.
A convenient way of rating the relative noisiness of circuits
is by relating signal to noise power ratios of input and output. Therefore,

a noise figure can be defined:

source-available signal power
F o= source-availlable noise power
output-available signal power
output-available noise power

... (13)

The noise figure F may be evaluated several ways. One way to cal-

culate F is by transferring all the noise sources to the input. The
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equivalent input noise generator will produce exactly the same noise at

the output. L P
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Figure 7
REPRESENTATION OF A HYBRID-m MODEL WITH NOISE GENERATORS SUPERIMPOSED

The thermal noise generators due to the real part of the source

impedance Zs and the base impedance Zg e are

e, Z = 4KT Re {ZS} At ool (14)
ebb.2 = 4kT Re {z,p} AT, ... (15)

Since e % and e, \7 are already at the input, only 7;7 . ?27

and T;z' need to be transferred to the input.
The feedback term Z,. can be neglected because it does not
affect the noise figure.
ib‘is replaced by an equivalent generator e, at the input,

Y

where

ey = ib (ZS + be.), ... (16)
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TRANSFORMATION OF NOISE-CURRENT GENERATOR 1, TO THE INPUT

ic is replaced by an equivalent generator e, at the input:

b o
) [ 7 y
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Figure 9

TRANSFORMATION OF NOISE-CURRENT GENERATOR 1. TO THE INPUT

c

€z

Vi, = ' .
b'e Zs T Zgp tzp i

12 “9n Vpre

Zs * Zhb ¥ 21

e, =i, (

)‘ ... (17)

9m “n

For the noise current generator ia in the model, an eguivalent

generator e is placed at the input:
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TRANSFORMATION OF NOISE-CURRENT GENERATOR ia TO THE INPUT

Since

Y v
b'e b'e . c
+ =i = -(g. Vg 5
ZS + Zyps Zg a m 'b'e Zeo
then v iy - 1 1
ble a 1 1
pé * I + z
i S bb!

Now,if ia is considered open circuit in Figure 10, then

eW
Z

Y = .
b'e ZS + be' + Z, I

Noting that v
-t =q v,
Z,, M be

it follows that
(Z.+ 2z, )(1 +qg 2z ) +z
e = i S bb m I i . .. (]8)

Im  “n

A1l the equivalent noise generators now appear at the input.
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Figure 11
FICTITIOUS NOISE GENERATORS OF A TRANSISTOR
From Figure 11,
e, = e te, - e e, te, ... (19)

Now, if en2 = 4KT Rn Af, where Rn is the equivalent noise resistance;

the noise figure F may be found by the ratio of E;Y' to e ? .

S
e Z R
F=0 =Ri‘- ... (20)

A significant cross~correlation 1,.*1 results at high fre-
b 'c

quencies. (Ref. #17),

Where {b*ic = (i] - 12)*i2
or 1b*ic = 2chxye Af - 2q IC af .
qIC
if Ino T kT A Gy = v
then T = 2KT (gm - gmo) af . ... (21)

Only the fictitious noise generators ey and e, are correlated. The
multiplication of these generators results the cross-correlation ib*ic

term. From the quadratic addition of independent generators results

n

Z = Z 4 AN Z 4+ a < . *
e es ebb. ey ez ey.ez

t—’eyez# + ewl] ... (22)




14.

For silicon transistors, ICC is very low and therefore the contribution of

ew2 to the equivalent noise generator may be neglected:

2
< = Z 2 s 2
el =ef Tt T AT ot o) F
Z_ + + :
Z i Z
|5 T Zpt T A —
T, 5z, 2 Re {ey ez} ... (23)

If the 1.2 |Z. + z,,.]% term is considered,
b S bb

then Z + zbbwz{(i] - 1,01y - 1,)%

= |Zg * zyye | 2{2al-Tglaf + 2kT(29, - ¥y * - ay )}
where the temm (de -~ a¥y * - aye) is negligible.

Considering the -2 Re {8 %e.} term:

y -z
: Zs T 2 T A
-2 Re {ig¥i, (Zg + 2 )* (O g9, 7 )}
L +z + Z
bb' .
= - BT Re {(g, - 9.0)(Zg + Zpp VK]
m “n
—‘-—Z ’
Using F o= “n =,§g
— R
e, S
it follows that
v ql
_ bb B .
Felso—* g |% * Zop
s s
ql Z. .tz .+ 2
+ 2kTCR S bb I
s 9m “n

Zs * Zhht * 2y

- R {(g, = gy0) (Zg + Zgpi)*( )} .. (24)

S gm ZH
The noise-figure equation is a function of RS and XS . Minimized

values of F may be found by differentiating the noise-figure equation to
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obtain %E~ and gi After a Tew simplifications, it can be shown that:
S S
R2 % (r, +r )2+ (X +x )2
Sopt bb I S i
+ ng[‘"bb‘(‘”nz + xnz) + ‘”n("bb'z + XSZ)] ... (25)
and - X
X & T___zrlL____ ) ... (26)
Sop‘t T e 9n Ty
If the reactance Xg>>vr., and the optimum source reactance is used,
-X
Xs STF2 g r
opt m I
( oy (27)
and R ==X, 129 (r .+ TV o ’ ee. (27
Sopt I m' bb + 2 9. T




CHAPTER III
EXPERIMENTAL PROCEDURE

NOISE JIG
To perform the noise measurements, the following noise jig was

designed:

/ool
5722 — i§
R < i G
S z S
/ 1
i /} =
K‘ C
= '
b= 4700
N\
& : . Figure 12
Regu]a‘corO E J
: ' NOISE JIG

At 100 MHz. the inductance of the leads is very critical and there-
fore careful lay-out must be considered. The source impedance ZS was sim-
ulated by a parallel-tuned LC circuit damped with metal-film resistances.
Metal-fiim resistances were not available beyond 500 ohms; therefore a
carbon-film rod resistance was used. At low frequencies, the base of the
transistor is shorted to ground by the coil of the tank circuit. The coil
suppresses low frequency flicker-noise components which could interact with high

frequency noise (cross-modulation). The 5722 noise diode was placed at the
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input of the transistor. The d.c. path for the noise diode is provided
through the RF choke. To minimize variations in plate current, the
filament of the noise diode, which has a non-linear resistance with res-

pect to the temperature, was fed from a constant current source:

Sola s .
\
o 3 F <
v ;
60 cps é§ i Filament
?; ﬁ == e <1k 2 Dummy
. G } @ e \i Load
g & .
. i 1
= oy N4
Lig ;;(
o
< L_%
. el
i e
ZC& - E> 3.29
T Ll 1o
w2 ®T <1
§ i < 5@
i L 4 n

Figure 13

REGULATOR

A Sola transformer was used to compensate for line voltage variations.
Corrective feedback was obtained by the emitter bias resistance RE and large
gain was obtained by the Darlington connection of the transistors.

NOISE MEASUREMENT METHOD

The source impedance was measured using a Wayne-Kerr Model B-801
bridge. The noise jig was connected to a converter, followed by a pre-

amplifier and a 30 MHz. receiver with a precision attenutator.
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Ameco Equipment Airborne Instruments Lab,
Corp. Model Type 132 Receiver System
CN-144 Modified 30 MHz.bandwidth 2 MHz.
to CN-100
CONVERTER
from T
- PRECISION
| ” M 3
NOISE JIG - ]OQOMHZ. PREAMP RECEIVER
30 MHz.
Figure 14

BLOCK DIAGRAM OF THE NOISE-MEASURING APPARATUS

Drift in the converter gain contributed some error to the measure-
ments, but was minimized by the use of a large Sola transformer.

Noise measurements were made by doubliing the output noise power.
Now if Po represents the output noise power, when the noise diode filament
current is turned off, and the d.c. diode current Idc is equal to zero,
then P, = (4KT R AF)(AF) ... (e28)
where A is the power gain of the system and F is the noise figure of the
system.

If Pd is the output noise power for a given d.c. diode current
Idc , then by superposition

Py= (4kT RsAf)(AF) + 2q IdCAf IZSl2 A ' ... (29)

If the output noise power is doubled

ie. Pd =2 Po s




i 2
and P4 g, delsl fac 2]
PO 2KT F Rs
from which Fo= o Iic R . ... (30)
s

It can also be seen that

A
en

4 = £ 2
4KT RAT = 2q 1.7 [ZS{
R Z_]%
Fo=-1=_91 J~§J_
R 2kT “dc R
s s
For the case of the source impedance Zs equal to the source resistance

Rs

19.35 I, R ... (31)

F dc s

293°K (room temperature).

1

at T
CORRECTION FOR BACKGROUND NOISE

The output noise power contains a background noise power, there-
fore a compensation for the background noise must be considered when
the output noise power is doubled.

If M is the output noise-power reading and My is the background

noise-power reading, then

=

b1

1 kK
where k is the ratio of the first output noise-power reading to the back-
ground noise-power reading. If the first output noise-power reading MY is

doubled then the ratio of the second output noise-power reading M, to M1

becomes
?§_= 2 M] - Mb
M] M]
M
or 2 _ 1
M;'" 2 - i ... (32)
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CALCULATION OF INTRINSIC 95 FROM EXTRINSIC Y MEASUREMENTS

Upon examination of the hybrid-lmodel, it can be seen that the
extrinsic transaamnittance Yy @s obtained from measurements is not the
intrinsic 9 &S defined in the model. This is due to the base impedance

Zyp which forms the low-pass filter with z_ in parallel with the feed-

I
back impedance Zb}c . Therefore, the following calculation has to be

made:
The output is short-circuited in the Y measurements.
Now , = ie
M Vip

But from the I-model, it can be shown that

V.
in
Via, = z_[/z
ble Zpp + 2 //zb‘c ne b'c
Now,since 9n Vbre = ¢
z
bb!

then g =y (1+ ) ... (33)

m m ZH //Zb'c

9 of equation (33) was still complex; therefore, the megnitude of 9 is
considered. Since the input impedance Zig = Zppr T ZH//be' when tne out-

put is short-circuited, then

... (34)




CHAPTER IV
EXPERIMENTAL RESULTS

The input impedance Z:n and the transadmittance Yin of the tran-
sistor (2N917) were measured,using the high-frequency G.R. Transfer-
Function and Immittance Bridge Type 1807-A. The measurements were done

with three different collector currents 100uA, 300uA and 1 mA.

Figure 15

MEASURED TRANSADMITTANCE (ym) for I. = TOOuA

¢




NDUCTANCE IN MILLIMHOS.

[RANSSUSCEPTANCE 1

Figure 106

MEASURED TRANSADMITTANCE (ym) for IC = 300uA

2z.
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27.

It can be showun that Tor a constant noise figure F, equation
{24) yields a circle in XS - RS piane. Circled regions converge upon
Measured and calculated noise-figure

a point, where F is a minimum.

values are within 0.5 db of difference.

[N

&3]
.

6

Figure 2%

CONTOURS OF CONSTANT NOISE FIGURE FOR 2N917

TRANSISTOR?(IC = mA)
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CONCLUSICN
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The nigh-frequency noise behaviou
transistor 2N917 used in the investigation obeys the theory within rea-
sonable experimental error. Since the calculated and the measured noise

Tigure values of this transistor are within 0.5 db., it can be concluded

ot

that the effects of Xopt s ‘CC’ and recombination current IQ are negligible
i

Tor this transistor. At this freguency, the contribution of the cross-

correlation to the noise figure is quite significant, especi ially at high

collector currents.

(3

It was expected

o
i

h R

(%

the intrinsic transconductance g_ calculated
Trom extrinsic transadmittance Y., measurements would become complex at
100 MHz. Calculations based on extrinsic transadmittance measurements

showed that 9 had phase angles between 3% and 12° which could be within

]

experimentai ervors. However, at high RS - values (2kQ), a complex
in the noise figure expression produces a negative noise-figure value

which is physically impossible. Thus, only the magnitude of a_ is considered
P ~ i

I

for the calculations.

The input impedance of the transistor in the common-emitter con-

ol '

Tiguration is capacitive. In order to have a power match for minimum noise

e

Tigure, an inductive source impedance was introduced. It is interesting
to note that <introducing inductive source reactance at low currents reduces

the noise figure as RS is kept approximately the same.
opt

-0 the hybrid-I model, z; 1s a function of emitter current I
thus, the noise figure is a function of IE . A collector current value of

approximately 450 uA gives the m1nzm~m noise figure for this transistor.
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