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The Diode Noise Model




Modelling Noise: The Diode
The Diode Equation

* Adiode is a non-linear device.
* Described by the Shockley Diode Equation:

%4
Vp kgT

* Ip =1 (B"VT — 1) where V; = o

Ig: Reverse Saturation Current (Order of 10710 A)
Ip: Current through diode at steady-state

Vph: Voltage across diode at steady-state
n: ldeality Factor (Emission Coefficient) (Typically 1-2) 4
Vr: Thermal Voltage (=25.7 mV at Room Temperature T=298 K)
T: Absolute temperature in Kelvin

q: Elementary Charge (1.602 x 10719 C)

* Note: The Shockley equation assumes steady state:

* j.e., itdoesn’ttake into account how the diode responds when signals
vary in time. =

v
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Modelling Noise: The Diode
The Diode Small Signal Model

* Given this non-linearity, how do we simplify calculations?

 Small signal approximation! => Linear Model

* Why do we study about small signals?
 Because they are more susceptible to noise.
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Modelling Noise: The Diode
The Diode Small Signal Model

* The small signal approximation:
* For asmall signal scenario, we will usually have the diode forward biased.

Forward Biased

Ve = 0.6 A
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Modelling Noise: The Diode
The Diode Small Signal Model

* The small signal approximation:
* For asmall signal scenario, we will usually have the diode forward biased.

* If the signal only oscillates very little about the operating point (), we can approximate the diode’s
characteristic curve in this small region to be linear.

dl d ( YD, ) I xe:VDT
« Slope of the diode curve: —= = — [ \e"VT — 1 2
dVp dVp nvr . dlp
Slope at Q-point = —
dVp

e Substituting diode equation:
dip __Ip+ig
avp  nVr

* Slope at the Q-point:
dID IDQ+IS IDQ

~

dvVp l1p= =IpgVp=VDpo = qpvr T quyp

* Since I is in the order of 1071% A and I, has already reached mA levels
during forward bias, we have:

B
>

dID | IDQ
dVD ID=IDQ:VD=VDQ 77VT VD
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Modelling Noise: The Diode
The Diode Small Signal Model

* The small signal approximation:

. dl : . . .
 Since # has units of conductance, its inverse has units of resistance.
D

* Therefore, for small signals, a diode in forward bias follows the same current-vs-voltage relationship that a
resistor would do.

* Therefore, we can model the diode as a simple resistor with resistance:
nVr

= IDQ

it = 4
Slope at Q-point = Vo

Ta

* Here, 7, is called the dynamic resistance

* In addition, we have a junction capacitance (C;) and
diffusion capacitance (C,;) in parallel with 7.

* These take into account the response of the diode to time-varying

signals.
R4
N
I/I Small signal Approximation Gj
D,
Ca
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Modelling Noise: The Diode
The Diode Noise Model

* A diode has three main sources of noise.
* |t has a PN-junction => Gives rise to shot noise. N\
NG

 Can berepresented as a parallel current noise i1215 across the junction,
hence across 7.

5 P N
* ing =2qlp,Af

* Here IDQ is the quiescent current.
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Modelling Noise: The Diode
The Diode Noise Model

e A diode has three main sources of noise. :@_
* |tis a semiconductor device => Has flicker noise. ins
* Can also be represented as a parallel current noise g acrossry. i
5 f 1 f
b l%F= fLHKFIngdf=KFISQ1n(f_IZ> P N

* where Kr and a are device dependent constants.
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Modelling Noise: The Diode
The Diode Noise Model

* A diode has three main sources of noise.

* |t hasresistance =>Thermal noise.

* Theresistance is mainly in the contacts between the external terminals
and the silicon substrate, and within the substrate itself.

* We can represent this with a resistor R, in series with 14, generating a
voltage noise vy,..

* Why don’t we add thermal noise to r;?

* 14 is notarealresistor-Itis a dynamic resistance that
we added to resemble the |-V relationship of the diode.

D

C

:ﬁ
h\]
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Modelling Noise: The Diode

Total Noise

e Calculate the total voltage noise generated by a diode.
* For simplicity, ignore (4 and C; (Assume open circuit).

* Thisisreasonable for frequencies up to the MHz range where the roll-off due to the capacitors have not yet
begun :

* We have the thermal, flicker, and shot noise sources.

* We cannot add these three sources blindly as they sit in different branches: R;'s thermal noise is a series
voltage source, and shot + flicker noises are current sources in parallel with .

* Fix: Convert the parallel current sources into an equivalent series (Thevenin) voltage across ry:

- vF, = (18 +iE) x 12
* Now everything is in series, hence with the assumptions that noise has zero mean, are uncorrelated, and the fact that
KVL is applicable:

© vy = Vh U =4kBTAfRS+(K +E)>< r}

NTot ~

* Letthe bandwidth Af be between f; and fy.

© vi.. = 4kgT(fy — fi)Rs + (ZCIIDQ fu—fu)+ KFIgQ In (];_IZ)) X 14
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Modelling Noise: The Diode

Total Noise
e Calculate the total voltage noise generated by a diode.

* V%Tot = 4kgT (fy — fL)Rs + quDQrc% fu—fu)+ KFIgQ In (;_IZ) 7’«%

. v kT
» SinceIp, = "r—Tand Vp = 2=
d

2qXnkgT
qx7rq

rq(fu — fi) + Krlp, In (f_H) 1

* vy, = 4kpT(fy — fL)Rs + I

° < v?%Tot = 2kgT(fy — f1)(2Rs + n1g) + KFIgQ In (;_IZ) 7‘5
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The BJT Noise Model




Modelling Noise: The BJT
The BJT Small Signal Model

* There are several small sighal models for a BJT

BJT Small-Signal Models

Linearizations at a DC bias point Q

Physics-Based Models

Built from measured terminal |-V behavior

Two-Port / Black-Box Model

Hybrid-nt Model

v, across 1;; drives the output

T-Model

Vpe ACross 7, drives the output

h-Parameter Model
No internal device physics assumed

Simplified

9m, Tirr To ONly

Low-Frequency

T, =Vr/lg

Full

Simplified

hie) Pre, hfer hoe hie ahfe,only (e = 0, hye = 0)

Complete (Low-Freq.)

Add 1, _l

High-Frequency

Add Cy, C,

High-Frequency

Add Cy, C, Ty,
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Modelling Noise: The BJT
The BJT Small Signal Model

* Let’s use the high frequency m model:
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Modelling Noise: The BJT

DC Current gain calculation

* Calculate the DC and AC current gains [fpc and 4. respectively.

VBE
* From linearizing the transistor I vs Vg relation (with V- shorted) (I = Ise VT ) around operating point
Q, we obtain for small signals:

) Ic knT
* i, = gmVpe Where g,, = V—fwhere Vr = —z

+ Note: The full form of ic is ic = g Vbe + 2.

(0]
* However, the effect of 7, only arises when a load is connected at the collector.

* Therefore, to characterize just the transistor, we can short circuit the output.

. v
 Also, i, = %
T l .
+
: I
* Therefore, the DC current gain p. = I—C = 9mTr
B ———
Vbe| —— T T,
C7T ImVp
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Modelling Noise: The BJT

AC Current gain calculation

* Calculate the DC and AC current gains [fpc and 4. respectively.

* Next, we calculate the AC current gain 54:
* For AC small signals, the capacitors must be considered.

* With the C-E shorted, we have the total impedance between B-E (z,,) as:

 Zhe = T 26,/ /76, > Tl

1 . T
jo(Cptcy))  1+jorg(Cp+cy)

L
v _b> Clil | QL
* L Upe =Zpe Xip =1
be be b b 1+fan(Cn+Cu) | |
) lc lc Im'n C
e Since vy, = —, we have = = r v
be = 4 Pac ip 1+jwrg(Cr+Cy) o Im7b
* Since fpc = gmTx, We have:
Bpc
[ —_
Pac 1+jwrg(Crt+Cy)
A : : , 1
* Note: This formula looks very similar to the transfer function of a R-C low pass filter with f_3 = 270 (Cat C)
m\tmTLu

albeit with a gain of fp..
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Modelling Noise: The BJT

Usable frequency range for a BJT

* \We can re-write the above as:

{ MOSFET f
o _ ,BDC ] Y
Bac = i aT (CT;+C”> T ]
JWImTr am lr T BIT
=
. = f
» Since fpc = gmTy, WE have g r
Bpc 1 = :
* Pac = CntCn — C 0 Ll
. U 1 . n+Cu) =~ 0% BT :
1+Jw[>’Dc( o ) ﬁDc']w< o 3 1 _l_'t.mltygam
+ Define wy = —2m
(CrntCy)
1 frequency
Then, = By =

e Squared magnitude of :

1 1 1
¢ |,8AC|2=,BACXBZC=L+,<i) L_-(£>_ . N2
pc \or) Bpc Nor BT+<_)
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Modelling Noise: The BJT

Usable frequency range for a BJT

2 . 9dm
° . = with w =
|:8AC| 1 s >2 T (Cn+CM)
Bhc \@T
* When w —>a)T;£—> 1
wT
1
“|Bacl? = T~ 1 Bpc > 1)
Bhc

* i.e.,as w approaches wr, the current gain dropsto 1.
Therefore, wr is called the unity gain frequency.

Beyond that, the BJT no longer works as an amplifier.
ICQ

the quiescent current.

current gain |h, | = |A

ail

MOSFET f
£

I BJT |

unlty gain

T =TT T T

frequency

Since g, = o the unity gain frequency is not merely a static characteristic of the BJT, but changes with
T

* .~ w7 isthe maximum operating frequency for a BJT for a given quiescent collector current ICQ.
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Modelling Noise: The BJT

Noise SourcesinaBJT

* There are 6 main noise sources in a BJT.
* Three of them are thermal noise sources.
* There are two main shot noise sources.
* Thereis a flicker noise source.
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Modelling Noise: The BJT

Noise SourcesinaBJT

* Thermal noise sources in a BJT:
* Thermal noise sources in the emitter, base, and collector regions due to the terminal and semiconductor
substrate bulk resistances.

* These are denoted as Rg, Rg, and R and may be added to the small signal model in series with the emitter,
base, and collector terminals respectively

* The resistances R and R, are generally ignored because they are small.
* The emitter is highly doped, hence minimal resistance.

* The collectoris lightly doped at the C-B junction but has a wide cross section and a well doped substrate for
carrying signals outward, hence having low resistance.

* The base resistance however cannot be ignored due to the following reasons:
* The base is a very narrow region => comparatively high resistance => High noise voltage.
* Only moderately doped => comparatively high resistance => High noise voltage.
* Noise at the base will be amplified at the output due to transistor § being high.

* Note: The dynamic resistances r;; and r, do not generate noise as they are not real resistors (explained in
the diode model).
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Modelling Noise: The BJT

Noise SourcesinaBJT

e Thermal noise sources in a BJT:
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Modelling Noise: The BJT

Noise SourcesinaBJT

e Shot noise sourcesin a BJT.
* There are two paths for current in a BJT, both that have to cross potential barriers => Shot noise!

* When BJT operates, the base voltage Vzr causes the B-E junction to forward bias.
* Therefore, electrons rush from the highly doped emitter to the base region.

* However, since the base is very narrow and only moderately doped, these excess electrons only meet a little
number of free holes, hence quickly diffuse through the base region and are accelerated into the collector
region.

* Therefore, the stream of electrons injected into the base from the emitter I is almost equal to the amount of electrons
exiting the base into the collector region I: i.e., I = If.

* Therefore, electrons moving from the emitter to the base and then to the collector can be considered as a single
motion through a potential barrier, and is modeled as a shot noise source attributed to the collector current.

* Thisis called collector current shot noise => i,zlc = 2qICQAf and is modelled in parallel with the C-E junction
(output) where ICQ is the DC collector current at the quiescent point.
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Modelling Noise: The BJT

Noise SourcesinaBJT

e Shot noise sources in a BJT.

* The difference between I and I is due to the removal of the few charges that recombined in the base
region, and this is equal to the base current I.

* Therefore, Iz has to cross the base-emitter PN junction, hence will generate shot noise.

* Thisis called base current shot noise => ivle = 2qIBQAf and is modelled in parallel with the B-E junction (input)
where IBQ is the DC base current at the quiescent point.

: | Cy Lout
_(D v :: L£5 To ()2

i,le g m UTL'
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Modelling Noise: The BJT

Noise SourcesinaBJT

* Flicker noise sources in a BJT.
* BJT’s have trap states like any other semiconductor, hence flicker noise.

* Flicker noise is modelled as a current noise source i,%F in parallel with the B-E junction (Input).

* in, = KIg, In (;—IZ) where fy — f; = Af is the bandwidth

0 _@v,; 3 3o,

2 2
tnp tnp ImVr
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Modelling Noise: The BJT

Input Referred Noise Calculation

e Calculate the input referred noise model for the BJT

* Sincethe BJT is a 2-port device, the equivalent noise model requires a series voltage noise source AND a
parallel current noise source across the input port.

* We want to have all the sources transferred to the input side.

 Base bulk resistance thermal noise, the base recombination current shot noise, and the flicker noise are
already on the input port.

* Only collector current shot noise i,%c remains on the output side.
* Let’s refer any input referred quantity with a ‘—ir’ subscript.

* Ex:Ifthe collector shot currentis i,%c, its input referred current noise portion is i%c_ir
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Modelling Noise: The BJT

Input Referred Noise Calculation

e Calculate the input referred noise model for the BJT
* Collector current shot noise referred to the input:

* We can refer its contribution at the input as an equivalent voltage noise source and an equivalent current noise
source.

« To calculate the input-referred current noise contribution i2 -—ir Of the collector shot noise i,%c, we divide the

collector current shot noise by the squared magnitude of the AC current gain |B4¢|?.

* Note: f4¢ is acomplex number because it has phase information.

* Therefore, it must be converted to a magnitude before doing noise calculations.

— 2
Z i 1+ wrp(Crt+C
Bacl® = Phc 7 = irzu;—ir = 2 quCQAf X ( 7T(zn H))
1+(wrn(Cn+Cu)) |BAC| Bbc
e, Is, Ip
* Since I¢, = Ig, X Bpc, and fpc = gmTy We have = = — = —7

Bbc Bpc Im'n

2
- 1+( wrp(Cr+Cy)
R PN ZquIBQ< ( P ) >
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Modelling Noise: The BJT

Input Referred Noise Calculation

e Calculate the input referred noise model for the BJT
e Collector current shot noise referred to the input:

* To calculate the input-referred voltage noise contribution v,%c_ir of the collector shot noise i,zlc, we divide

collector current shot noise by the squared transconductance g,, (Already an AC quantity).

. -2 _ g _ 2alcoAf
et gk 9%
. Ic r
» Since l¢, = Ip, X fpc, and Bpc = GmTr We haveﬁ — IBqﬁ
- p2 — I
o vnc—ir - ZqIBQAfgm
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Modelling Noise: The BJT
Input Referred Noise Model

e Calculate the input referred noise model for the BJT

* Therefore, the equivalent input referred noise model for the BJT:
e Current noise:

2 ;2 2 2
* lp; = lng Tlyemir Tlng
* The above addition is possible only when noise sources have zero mean, are uncorrelated, and KVL/KCL permits the addition.

* Inreality, the collector noise and base noise are somewhat correlated. However, for the purpose of this course, we consider them
uncorrelated.

2
L 1+ '\ Cr+C
« w2, = 2qlp Af + 2qAfIp, ( (orn(Crtc,) ) +KIg, In (f—”>

ImTn

ImTn

2
— 1 (Cqt+C
o = i%i — ZquIBQ (1 +< +(a)r (Crt LL)) >> +K1§‘Q In (f_H>

* Voltage noise:
» vi =v2 +vi _;, =4kgTAfr, + 2qIBQAf;—”

ne—ir

* The above addition is possible only when noise sources have zero mean, are uncorrelated,
and KVL/KCL permits the addition.
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Modelling Noise: The BJT
Input Referred Noise Model

e Calculate the input referred noise model for the BJT
 IMPORTANT:

* The input referred terms of the collector shot current iz ;. and v, ;. are NOT independent!

* They are two pieces representing the same noise source!

* Therefore, when calculating total noise at the output, the noise contributions from these two terms can NOT simply be
added as squared terms!

* Ex:
* Calculate the total noise at the output of a BJT amplifier operating in common emitter configuration (assume low

frequency operation) - |B4c| = |Bpcl
* We know that

» 2 =02 +i2 _ + 02, and EREEEETEEEE
| —
« Vi =V + vrzlc—ir | v’%i i
* Inthe above formulae, we never directly add i1216—ir with v,zlc_ir yet. I > E
* Therefore, no issues yet. :
* But, to calculate the total noise at the output, we need to combine i,zlc_ir with vﬁc_irl E
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Modelling Noise: The BJT
Input Referred Noise Model

* Use the input referred noise model to calculate the total noise at the output of the BJT

* Assuming low frequency operation, we can use a low frequency small sighal model to calculate the total
output noise. — Let’s calculate the total output noise current.

* We can use superposition principle to independently analyze each source.

« Then, i2,, = if = g& X v2

* Therefore, we need to find the voltage produced at 1;; by each source.
* Assume an ideal signal source (source impedance Rg = 0) is connected at the input.
* Therefore, you can short circuit the input terminal to ground when doing superposition calculations.

« If you want to be more rigorous, you can leave the R in place, and it will work in series with Rg and the (Rg + Rg) will
be parallel to 73;.

% [ lr=1
/-\ /‘\an— T C out
-+ -+ ¢
+
R A
v2 |l = |7
Nec—1ir l ) l l
N \ N vn <">g v
" mblm
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Modelling Noise: The BJT

the flicker and base shot noises at the output.

Input Referred Noise Model P i i, = iout
» Step 1: For base thermal noise: : N~ Rp ‘ ‘ .
2 |
:2 — 2 2 T ~ 2 2 . ! V. <,>
loutlnBThermal = 9m X Upg X (RB'H‘n) X Jm X Ung (~ 1z > Rp) | T T ImVr
|
| I I _
« Step 2: For base shot noise: AA- i, te, = tout
) 2 2«2 2« i2 Rp ? | Rp K
= = —_— 1
loutlnBshot Im X (rn X ln) (gmrn) X lnB X (RB'H‘n) : E <>
- - 2 vT[ v
. . Rp .. : v
' lgutlnB ~ (gmrn)z X l%B X (_) ( n >> RB) : T Gm¥n
shot ko | I | ~
* Step 3: For flicker noise: _ _ ,
. : l r=1
« Same calculation as the base shot noise. . AAA - — C—out
__ _ o \2 A -
. 2 ~ 2 ;2 B ..
" loutlnplicker ~ (gmrn) X lTlF X (RB+rTC) (' Tn > RB) i ? z <>
F
* The presence of the bulk resistance at the base reduces the impact of ! Q Vn y v
| 1477 ImVn
1 v
| | -
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Modelling Noise: The BJT
Input Referred Noise Model

* For the input referred collector shot noise, we cannot individually transmit them to the output side
because they always act together and are correlated.

* Therefore, we calculate the collective voltage they create across r;; in time domain (as opposed to
mean squared domain) and then transmit that collective voltage to the output.

* During this calculation, you will see something very interesting:

* The impact of the correlation between v> . and i’ _. isonlyvisible if the input signal source is non-ideal,
C c
hence has a source resistance Rg!

* This will confirm the whole point of the 2-port theory for input referred noise and acts as an example why we

need both a voltage and a current source at the input when we build the input-referred noise model for a two-
port device.
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Modelling Noise: The BJT
Input Referred Noise Model

* From superposition principle:
» Step 4: v, created by the voltage component of the input referred collector

Ly lc = lout
current shot noise: .—@ - - —— AN~ N
|
R
) —_— rTL' 1 2 ‘ B
Vel = Vnein () X (725 g I I ) <>
| YA v
: [0/ ImVrn
; I I I _
* Step 5: v, created by the current component of the input referred collector current shot noise:
* Un(t)linc_ir - inc—ir(t) X0 . . _
* Since the left leg of Ry is shorted to ground, the 7 ﬁ» lQ__lout
current takes this path of leastimpedance to ground! [~~~ "~ T '\{?\/\f +
* Therefore, the impact of this current component is : = B
only felt in the presence of a source resistance! ! Lne—ir Uy !
: T ImVrn
: I I _
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Modelling Noise: The BJT
Input Referred Noise Model

* Un(t) = (vnc—ir(t) X R & ) + (inc—ir(t) X O)

BtTn

* Now calculate the mean square of the whole:

2
vnc—ir

(Rp+17)?

. 72 — A2 a2 2
o loutlnc—ir = gm X Vg = (GmT)* X

BM3110 Electronic Instrumentation

lc = lout
4—

b

m vT[




Modelling Noise: The BJT
Input Referred Noise Model

* Therefore, total output noise current:

* Since the correlation component of the input referred shot noise was already considered, we can
simply add the noise mean square terms together.

2 2 2 2
=1 +1 +1 . +1 _i
out out |nBThermal out |nBSh0t out |nFlle€T' out |nC r

i2, + 2, ) R3)

2
.2 [ 9" 2 2

2 2
* Since Rp is small, the effect of the (i%B + i,%F) terms vanish, and the (M) ~ (ngn) g2
Rp+ryg

. 22 ~ 2 2 2
“lout ® Im X (vnB + vnc—ir )

* [tisthe base shot noise and the voltage component of the input referred collector current shot noise that
dominates!

* Note however that this is in the presence of an ideal signal source with R¢ = 0.
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Modelling Noise: The BJT
Input Referred Noise Model

* As a homework, repeat the calculation for the total output noise current for BJT connected to a practical
signal source with non-zero source impedance (Rs # 0).

* You will see that for the base thermal noise, base shot noise, and flicker noise, replacing Rz with Rg + R is the
only required modification to the final output.

- - 2
.2 2 2 '

* 1 = X v X|—————
out |nBThermal Im "B (RB +RS+T7T)

2

-2 2 .2 Rp+Rg

* 1 = T, X1l X|———
OutlnBshot (gm Tl,') ngp (RB+RS+TTL')

2
Y —
loutlnFlicker (Gmr)” % b X (RB+R5+7‘n)

* Forthe and voltage and current components of the input referred collector shot noise the expression will no
longer be simple.

T n) n (inc—ir(t) X 0) (current noise component

* Previously, we had time domain v, (t) = (vnc—ir(t) X
Rp+r:

2

2
. 5 T
vanished), hence mean square vy = (—”) X Vie—ir

* Let’s redo this step for when the source resistance Rg is not zero.
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Modelling Noise: The BJT
Input Referred Noise Model

* From superposition principle, when source impedance is not zero (non-ideal/practical signal source):
» Step 4’: v, created by the voltage component of input referred collector i =
T C — ‘out
————

current shot noise: _@ A ‘ ‘—>

. _ , _'m o —
vn(t)lvnc_ir - vnc—lr(t) X (RB+RS+7‘n) R ? v‘rzlc—i‘l" <>
S v v
T i ImVn

» Step 5’: v, created by the current component of the input referred collector current shot noise:

* Now, the left leg of Rg is no longer shorted to ground.

Iy lc = lout
 Therefore, the current divides among the two branches. -----+ - - —AAN-
+
* The current divider rule must be applied. Rg ‘ ‘
2
RS lnc_ir Un v
- RsTm T ImVn

° . — . x T

U (Olin gy = bnemir () X G R
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Modelling Noise: The BJT
Input Referred Noise Model

o Lu(t) = (Unc—ir(t) X T—n) T (inc—ir(t) % &)

* Now calculate the mean square of the whole:

— 2 2
o 2 — —T'n- 1
VR = (RB+Rs+rn) X (vnc_l-r(t) + Rg X lnc_ir(t))

2
o —(—Tm 2 2 -2 : .. . .e: . .
= (RB+RS+rn) (vnc_l-r + RS X iy _iy + 2Rg X Uy - (8) X lnc—ir(t)) (- See simplifications in lecture 1)

2
.2 2 w2 = [ ImTr =z .
S Agutlng—ir = Gm X VE = (RB+RS+T1T) X ( Vne—ir T RZ X lnC ir T 2 X Rg X Uy i (1) X lnc_i,.(t))
* j.e., the crossterm does NOT vanish!

* However, since Vp._j-(t) and iy _;-(t) are perfectly correlated, we can write one as the scalar multiple of the other.

* This math trick simplifies the vnc_,-r(t) X inc—ir(t) to /vic—ir X i1216—ir which are both known quantities!

* Therefore,

2
. 72 — [ 9m'n 2 %)
e loutlnc—ir = (RB+R5+T'TC) X ( nC ir + RS X lnC ir —+ 2 X RS X \/vnc_ir X \/lnc_ir>
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Modelling Noise: The BJT
Input Referred Noise Model

* Therefore, total output noise current in the presence of a source impedance:

e Since the correlation component of the input referred shot noise was already considered, we can simply add
the noise mean square terms together.

) ) ) ) )
° — .
Lout loutlnBThermal + loutlnBshot + loutlnplicker + loutlnc—lr

2
o« i2 ImTn 2 2 -2 2 2 2 ;2 2 :2
ISt = (RB+RS+rn) X (”ns + Vpomir (lnB + lnF) (Rp + Rs)“ + Rs X iy _j + 2 X Rg X \/vnc_ir X lnc_ir>

* This expression tells us what noise sources to worry about and what sources to not worry about in a BJT
amplifier circuit if we know the source impedance of our input signal source.

* Remember, the source signal is not always a microphone, or a small signal that you obtain with a sensor.
* |t could very well be the output of a pre-amplification stage, or a buffer circuit, a filter, etc.

* This analysis put usin a position to analyze why we needed both a voltage and a current source at
the input to represent a single collector shot noise current when deriving the input referred noise
model.
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Modelling Noise: The BJT
Input Referred Noise Calculation

* Why did we need both a current source and a voltage source at the input to fold a single output
current source to the input?

« Can’twe just divide the output side current with the current gain |S4¢|? - No.

* The input-referred noise model must work and yield the same result independent of the source
impedance of an input signal that we connect.

e Consider the following common emitter transistor circuit operating in the low frequency range, where we only

consider the collector current shot noise and ignore all other noise sources (Rg=0 - no base thermal noise, base
shot noise=0, flicker noise=0).

* Forthe input referred noise equivalent for the collector shot noise, suppose we only considered the current
7 _ _lng
neir | Bycl?

* Ifthisis still correct, when we propagate just this current source portion of the input referred noise to the
output side, we should get the original if ..

source portion i

—

- + ic
iz (= Ty v

Ne—ir ImVn
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Modelling Noise: The BJT

Input Referred Noise Calculation

2
- - l
an 2 _ 2.2 _ 2«72 — 2y 2 _ 2 nc
e Qutput current noise Wouepue = ImVg = (Gm)* X if = (Gmm)* X iy i = (GmT)” X e
* Since we assumed low frequency, €, and (;; are zero.
. 2 _ Bbc _ Bbc _ p2 _ 2
#Bacl? = r = 1055 = Bie = (gmT)
1+(wrn(Cn+C“))
. ) _ 2
Therefore, Douipue — e
* Thisis the expected solution.
.—b —
Ly + lc
2 Un I'n <>
lnc—ir ImVn
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Modelling Noise: The BJT

Input Referred Noise Calculation

* Then why did we need an additional voltage noise source for the input referred noise model?
* To understand this, we need to consider a real application where we have a signal source to the input.

* Let’s assume that the source will have an impedance of R,

* Let’s propagate just the current noise portion of the input referred noise to the output side in the presence of
a source impedance:

Ne—ir ImVn
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Modelling Noise: The BJT

Input Referred Noise Calculation

* Now, the input referred current noise is divided between r;; and Rq.

2
. . 5 R i

e From current divider rule we have i2 = |——] x {2 .

T Rs"'rn TLC r

_ 2
. . N R -
 Therefore, output current noise l%output = g2 V2 = (g T;r)? X i2 = (gmT)? X (_S) % 12

Rg+1y ne—ir
2 2
. 2 Rs 'nc
= (gnr)?® % (722) %

Ro+7y; |Bacl?
2 __
+ From low f ion: i = rar) X8
rom low frequency assumption: lnoutput - Re+7y lnC
.2 ;2
. ...
lnoutput * lnC

* Thisis NOT the expected solution.

Ne—ir ImVn
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Modelling Noise: The BJT

Input Referred Noise Calculation

* Now let’s see what would have happened had we used both the current and the voltage portions of the
input referred collector shot current:

2

2 nc
—7 - 2

ne=tr  gm

2

%) nc
andis .. =
Nl |Bacl?

* How do we calculate the combined effects of these noise sources?
* From our previous calculations for the propagation of input referred collector current shot noise to the output side:

2
2 — Imrn 2 2 ;2 / 2 /-2
° lnoutput - (RB+R5+TTL-> X (vnc_l'.r + RS X lTlC—iT + 2 X RS X ‘Dnc_ir X lnc—ir)

* Remember, we cannotdrop the Uy, ._;r (t) and inc—ir(t) terms - They are components of one and the same source.

i

i

* Here, v

» Sincewe assumed Rp = 0:
B
2
.2 _ [ Im'n 2 2 .2 2 2
° lnoutput - (Rs+7"n-> X (vnc_ir + RS X lnC—iT + 2 X RS X \/vnc_ir X \/lnc—ir>

AN
—_— -—

> Ly + lc
RS vnc—ir
iz Uy 'r'n_ \4

Ne—ir ImVn
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Modelling Noise: The BJT

Input Referred Noise Calculation

* Plugging in values:

) (gmrn )2 irle + RZ i721C +2%R i%_c _irzlc
o | = |— X | — X — X X X
Noutput Rs+T1y grzn S |Bacl? S 9%1 |Bacl?

2
ImTr .2 1 2 1 1
e =|—/—/—/—] Xi2{ X|—=—4+Rée X——+2XRc X X
( ) nc (91211 S 7 1Bacl? S gm " 1Bacl

* Since we assumed low frequency operation: |Bac|l = Bpc = (GmT)

x (2% (2 + RZ + 2Rsry,) = X 2. % (Rg + 13p)?

B (Rs+17)? (Rs+717)?

o - iZ — l'2
Noutput nc
* Thisis the expected solution.

* Therefore, we need both the current and voltage noise source portions of the input referred noise
model to get the correct behavior in the presence of source impedance.
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Modelling Noise: The BJT

Exercise 1

e Suppose the transistor has a current gain of f=50. Moreover, consider all capacitors to be noiseless and a
short circuit to AC signals. Similarly, take the inductor to be noiseless and an open circuit to AC signals. The
effective bandwidth of the amplifier is 100 kHz, and in the BJT model use g,,= 38 mS and r;;=1.33 kQ).

* Tests performed on this amplifier give that with source impedance, R; =50 Q the noise figure is 3dB, and with a
source resistance of R; =500 Q the noise figure is 9dB.

« Find the transistor input referred voltage and current noise spectral densities (v2/Hz and i2 /Hz) ) by assumingin
both cases that the noise sources are white.

+Veel

Source
| = = = |Vin| |+>—
| | | I Load
Re |
sowv | ! ima = 47
= - — |
| I

__ Amplifier
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Modelling Noise: The Diode and The BJT

Important Take Homes

* Noiseis fundamentally an AC quantity and is a small signal in itself.
* Begin with small sighal models for analysis.

* Dynamic resistances in small sighal models do NOT generate noise, because they are not true physical
resistances, but represent a behavioral relationship between voltage and current.

Bulk resistances, terminals, etc. have physical resistance, hence generate thermal noise, and must be
considered.

We mostly ignored the capacitances in diode and BJT small signal models during most noise derivations.
* Derive/estimate/think about how including these capacitances would change the noise characteristics.
* Thinkin terms of the concept of effective bandwidth.
A diode has thermal noise, shot noise and flicker noise.
* You need to remember where these noise sources should be placed in a small sighal model, and why.
A BJT has several intrinsic noise sources out of which 4 are important.
* You need to be able to calculate the AC current gain 4. for a BJT and understand why it is important.

* Refer noise sources to the input so that a generic noise model can be calculated

* Understand how the 2-port nature of a BJT required both an equivalent voltage and current source at the input for a
complete noise model that works independent of the source impedance.
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Modelling Noise: The Diode and The BJT

Important Take Homes

* Explain how the source impedance affects the noise flowing through a BJT, and understand how certain
noise sources (voltage or current) become more prominent when the source impedance is high than
when low.

e Calculate the output noise through a BJT amplifier circuit.
* Use superposition to calculate the effect of individual sources as they pass through a system.

* Understand how input referred noise sources may not always be independent.
* |n such situations, the calculations become tricky.

* You do NOT need to derive formulae for the exams, but you need to understand the concepts used
during derivations.
* For example, you must be able to explain why certain simplification steps are valid in a given derivation.
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     𝒗   𝒏 𝒊 𝟐 - =    𝒗   𝒏 𝑩 𝟐 - +    𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


     i   n i 2 -


     v   n i 2 -


     i  o u t 2 - =    i C 2   - =  g m 2 ×    v 𝜋 2   -


   r 𝜋


   R S = 0


   R S


   R B


  (  R B +  R S )


   r 𝜋


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


     i   n c − i r 2 -


   i 𝜋


     v   n B 2 -


   R B


     i   n F 2 -


     i   n B 2 -


     v   n C − i r 2 -


     i  o u t 2 -    ​ |   n   B  T h e r m a l =  g m 2 ×    𝒗   𝒏 𝑩 𝟐 - ×    (    r 𝜋   R B +  r 𝜋 ) 2 ≈  g m 2 ×    𝒗   𝒏 𝑩 𝟐 -         ( ∵  r 𝜋 ≫  R B )


     i  o u t 2 -    ​ |   n   B  s h o t =  g m 2 ×  (  r 𝜋 2 ×    i 𝜋 2   - ) =    (  g m  r 𝜋 ) 2 ×    i   n B 2 - ×    (    R B   R B +  r 𝜋 ) 2


  ∴    i  o u t 2 -    ​ |   n   B  s h o t ≈    (  g m  r 𝜋 ) 2 ×    i   n B 2 - ×    (    R B   r 𝜋 ) 2       ( ∵  r 𝜋 ≫  R B )


  ∴    i  o u t 2 -    ​ |   n  F l i c k e r ≈    (  g m  r 𝜋 ) 2 ×    i   n F 2 - ×    (    R B   R B +  r 𝜋 ) 2 ( ∵  r 𝜋 ≫  R B )


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


     v   n B 2 -


   R B


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     i   n B 2 -


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     i   n F 2 -


   r 𝜋


     v   n C − i r 2 -


     i   n c − i r 2 -


   R S


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     v   n C − i r 2 -


     i   n c − i r 2 -


   v 𝜋


   v 𝜋  ( t )    ​ |   v   n C − i r   =  v   n c − i r  ( t ) ×  (    r 𝜋   R B +  r 𝜋 )


   v 𝜋


   v 𝜋  ( t )    ​ |   i   n C − i r   =  i   n c − i r  ( t ) × 0


   R B


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     v   n C − i r 2 -


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     i   n c − i r 2 -


  ∴  v 𝜋  ( t ) =  (  v   n C − i r  ( t ) ×    r 𝜋   R B +  r 𝜋 ) +  (  i   n C − i r  ( t ) × 0 )


  ∴    v 𝜋 2 - =    (    r 𝜋   R B +  r 𝜋 ) 2 ×    v   n C − i r 2   -


  ∴    i  o u t 2 -    ​ |   n C − i r =  g m 2 ×    v 𝜋 2 - =    (  g m  r 𝜋 ) 2 ×      v   n C − i r 2 -     (  R B +  r 𝜋 ) 2


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     v   n C − i r 2 -


     i   n c − i r 2 -


     i  o u t 2 - =    i  o u t 2 -    ​ |   n   B  T h e r m a l +    i  o u t 2 -    ​ |   n   B  s h o t +    i  o u t 2 -    ​ |   n  F l i c k e r +    i  o u t 2 -    ​ |   n C − i r


     i  o u t 2 - =    (    g m  r 𝜋   R B +  r 𝜋 ) 2 ×  (    v   n B 2 - +    v   n C − i r 2 - +  (    i   n B 2 - +    i   n F 2 - )  R B 2 )


   R B


   (    i   n B 2 - +    i   n F 2 - )


     (    g m  r 𝜋   R B +  r 𝜋 ) 2 ≈    (    g m  r 𝜋   r 𝜋 ) 2 =  g m 2


  ∴    i  o u t 2 - ≈  g m 2 ×  (    v   n B 2 - +    v   n C − i r 2 -   )


   R S = 0


   R S ≠ 0


   R B


   R B +  R S


     i  o u t 2 -    ​ |   n   B  T h e r m a l =  g m 2 ×    v   n B 2 - ×    (    r 𝜋   R B +  R S +  r 𝜋 ) 2


     i  o u t 2 -    ​ |   n   B  s h o t =    (  g m  r 𝜋 ) 2 ×    i   n B 2 - ×    (    R B +  R S   R B +  R S +  r 𝜋 ) 2


     i  o u t 2 -    ​ |   n  F l i c k e r =    (  g m  r 𝜋 ) 2 ×    i   n F 2 - ×    (    R B +  R S   R B +  R S +  r 𝜋 ) 2


   v 𝜋  ( t ) =  (  v   n C − i r  ( t ) ×    r 𝜋   R B +  r 𝜋 ) +  (  i   n C − i r  ( t ) × 0 )


     v 𝜋 2 - =    (    r 𝜋   R B +  r 𝜋 ) 2 ×    v   n C − i r 2   -


   R S


   v 𝜋


   v 𝜋  ( t )    ​ |   v   n C − i r   =  v   n c − i r  ( t ) ×  (    r 𝜋   R B +  R S +  r 𝜋 )


   v 𝜋


   R B


   v 𝜋  ( t )    ​ |   i   n C − i r   =  i   n c − i r  ( t ) ×    R S  r 𝜋  (  R B +  R S +  r 𝜋 )


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     v   n C − i r 2 -


   R S


   g m  v 𝜋


   i C =  i  o u t


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R B


     i   n c − i r 2 -


   R S


  ∴  v 𝜋  ( t ) =  (  v   n C − i r  ( t ) ×    r 𝜋   R B +  R S +  r 𝜋 ) +  (  i   n C − i r  ( t ) ×    R S  r 𝜋   R B +  R S +  r 𝜋 )


  ∴    v 𝜋 2 - =    (    r 𝜋   R B +  R S +  r 𝜋 ) 2 ×      (  v   n C − i r  ( t ) +  R S ×  i   n C − i r  ( t ) ) 2 -


    =    (    r 𝜋   R B +  R S +  r 𝜋 ) 2  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2  R S ×    𝒗   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) ×  𝒊   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) - )        ( ∵ See simplifications in lecture 1 )


  ∴    i  o u t 2 -    ​ |   n C − i r =  g m 2 ×    v 𝜋 2 - =    (    g m  r 𝜋   R B +  R S +  r 𝜋 ) 2 ×  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×    𝒗   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) ×  𝒊   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) - )


   𝒗   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 )


   𝒊   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 )


     𝒗   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) ×  𝒊   𝒏 𝑪 − 𝒊 𝒓  ( 𝒕 ) -


      𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 -


  ∴    i  o u t 2 -    ​ |   n C − i r =    (    g m  r 𝜋   R B +  R S +  r 𝜋 ) 2 ×  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - )


     i  o u t 2 - =    i  o u t 2 -    ​ |   n   B  T h e r m a l +    i  o u t 2 -    ​ |   n   B  s h o t +    i  o u t 2 -    ​ |   n  F l i c k e r +    i  o u t 2 -    ​ |   n C − i r


     i  o u t 2 - =    (    g m  r 𝜋   R B +  R S +  r 𝜋 ) 2 ×  (    v   n B 2 - +    v   n C − i r 2 - +  (    i   n B 2 - +    i   n F 2 - )    (  R B +  R S ) 2 +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×    𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - )


   |  𝛽  A C |


   R B


     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - =      i   n C 2 -     |  𝛽  A C | 2


     i   n C 2 -


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


     i   n c − i r 2 -


     i   n  o u t p u t 2 - =  g m 2    v 𝜋 2 - =    (  g m  r 𝜋 ) 2 ×    i 𝜋 2   - =    (  g m  r 𝜋 ) 2 ×    i   n c − i r 2   - =    (  g m  r 𝜋 ) 2 ×      i   n C 2 -     |  𝛽  A C | 2


   C 𝜇


   C 𝜋


  ∴    |  𝛽  A C | 2 =    𝛽  D C 2  1 +    (   𝜔 r 𝜋  (  C 𝜋 +  C 𝜇 ) ) 2 =    𝛽  D C 2  1 +    ( 0 ) 2 =  𝛽  D C 2 =    (  g m  r 𝜋 ) 2


     i   n  o u t p u t 2 - =    i   n C 2 -


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


     i   n c − i r 2 -


   R s


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


   R S


   v s


     i   n c − i r 2 -


   r 𝜋


   R s


     i 𝜋 2   - =    (    R s   R s +  r 𝜋 ) 2 ×    i   n c − i r 2 -


     i   n  o u t p u t 2 - =  g m 2    v 𝜋 2 - =    (  g m  r 𝜋 ) 2 ×    i 𝜋 2   - =    (  g m  r 𝜋 ) 2 ×    (    R s   R s +  r 𝜋 ) 2 ×    i   n c − i r 2 -


  ⇒    (  g m  r 𝜋 ) 2 ×    (    R s   R s +  r 𝜋 ) 2 ×      i   n C 2 -     |  𝛽  A C | 2


     i   n  o u t p u t 2 - =    (    R s   R s +  r 𝜋 ) 2 ×    i   n C 2 -


  ∴    i   n  o u t p u t 2 - ≠    i   n C 2 -


   R S


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


   i 𝜋


     i   n c − i r 2 -


     v   n C − i r 2 - =      i   n C 2 -   g m 2


     i   n c − i r 2 - =      i   n C 2 -     |  𝛽  A C | 2


     i   n  o u t p u t 2 - =    (    g m  r 𝜋   R B +  R S +  r 𝜋 ) 2 ×  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - )


   v   n C − i r ( t )


   i   n C − i r  ( t )


   R B = 0


     i   n  o u t p u t 2 - =    (    g m  r 𝜋   R S +  r 𝜋 ) 2 ×  (    v   n C − i r 2 - +  R S 2 ×    i   n C − i r 2 - + 2 ×  R S ×     𝒗   𝒏 𝑪 − 𝒊 𝒓 𝟐 - ×     𝒊   𝒏 𝑪 − 𝒊 𝒓 𝟐 - )


   g m  v 𝜋


   i C


   r 𝜋


   v 𝜋


  −


  +


     i   n c − i r 2 -


   i 𝜋


   R S


     v   n c − i r 2 -


       i   n  o u t p u t 2 - =  (    g m  r 𝜋   R S +  r 𝜋 ) 2 ×  (      i   n C 2 -   g m 2 +  R S 2 ×      i   n C 2 -     |  𝛽  A C | 2 + 2 ×  R S ×       i   n C 2 -   g m 2 ×       i   n C 2 -     |  𝛽  A C | 2 )


    =  (    g m  r 𝜋   R S +  r 𝜋 ) 2 ×    i   n C 2 - ×  (  1   g m 2 +  R S 2 ×  1     |  𝛽  A C | 2 + 2 ×  R S ×  1   g m ×  1   |  𝛽  A C | )


   |  𝛽  A C |   =  𝛽  D C =  (  g m  r 𝜋 )


  =  1     (  R S +  r 𝜋 ) 2 ×    i   n C 2 - ×  (  r 𝜋 2 +  R S 2 + 2  R S  r 𝜋 ) =  1     (  R S +  r 𝜋 ) 2 ×    i   n C 2 - ×    (  R S +  r 𝜋 ) 2


  ∴    i   n  o u t p u t 2 - =    i   n C 2 -


  𝛽


   g m


   r 𝜋


   R s


   R s


   v n 2 / Hz


   i n 2 / Hz


   𝛽  A C

