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Noise Matching
From the noise tutorial the equivalent noise at the input of the device was given by:

Total equivalent
output noise =
vno® = G.veg®

Vn
Rs

Rs

A o o
- G — G

Dz " = D
\ 4 \ 4

Total equivalent input noise voltage =

veq® =vns® +vn® +in°Rs?| where vns® =4kTRs

and noise factor F

_ Total equivalent input noise power _veq® 1+ vn? +in’Rs?
Input noise power due to the sourceonly  vns? vns?
deally F =1

To minimise the noise factor, set dF/dRs =0

2 s 22 in?
F=M differentiate w.r.t toRs = @ =0
vns vns
vns?
Rearrange to getRs = —
in

Usually Rs is given and vn? and in’ are optimised for best noise. Sometimes we must find a
suitable value for Rs.
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CE stage + series source impedance (Broadband)

Zs+rb
]
I

Veq
Internal re

The equivalent noise voltage (Veq) is given by:-

rb+2Zs
Veq? = 4kTAf[Re(Zs) +rb+ E 2ﬂ[1 + ¢ ﬂ Where Re(Zs)is the real part of Zs =Rs
re

Where Vn? = 4kT| b+ 2| and In? _ 2T ‘I+f—L
2 p.re f

If we assume that Zs is resistive and ignore the flicker noise contribution the above equation
simplifies to:-

2
\rb + Rs\ _ _ rb + Rs|
Veq? = 4kT Af|Rs +rb + BT differenti ate wrt re = 4KT Af 1-—————=
2 2p.re 2p.re
Therefore, re(opt) = b +Rs
VB

veq ?mn) = 4KkT Af[Rs +rb +re(opt)| = 4kTAf(Rs + rb{1 + \/%J
vns® = 4kT.Rs

veq®  4KTAf [Rs +rb + re(opt)] B 1[Rs +rb + re(opt)] rb + re(opt)

= = =1+
vns? 4kT.Rs Rs Rs

Therefore F,,, =
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rp+ [OHRS
F- 1, /P+re(opt) _ 1+7\/E _q o1 Lb+&\ a1
Rs Rs Rs Rs_yB vB) Rs RsyB B
)
Therefore, Fmin = 1+i (Hrb\
VB N Rs)

If rb << Rs then

1 1
Fmin=|1+—| andNF = 10log,,| 1+ — |dB
[ ﬁJ { ﬁJ

Eg

B NF(dB)
10 1.19
50 0.57
100 0.41

If rb is not << Rs then assuming =100

NFmin =10log,, [(1 + ﬁj@ + I;—st]dB

rb/Rs NF(dB)
2 5.18
1 3.42
0.5 217
0.1 0.82

To minimise the noise factor we need to make rs << Rs

We could decrease the value of rb by adding transistors in parallel, however the value of cbe
will double lowering the frequency reponse of the amplifier.



1l
...... —

.
Www.rfic.co.u

Sheet
4 of 12

As an example consider the following Bipolar amplifier circuit. The device is biased at 5SmA
(The 500 ohm resistor thus dropping 2.5V). Initially a 50-ohm source resistor is connected to
the amplifier input. (Note the DC blocks & feeds are ideal). The plot shows the noise figure
(dB) at 10MHz resulting from a rb/Rs ratio of 50 ohms (rb = 50 ohms).

253 | S-PARAVETERS G |DC
S_Param DC
SP1 DC1
Center=10 MHz
Span=5 MHz V_DC R
+] SRC1 R3
— Vdc=5V R=500 Ohm
|_Probe
— vc}@ |_Probe1
DC_Block
- DC_Feed
DC_Block1 —
C_Bloc DC_Feed1 _| l_
|1 DC_Block
Term - I 1 DC_Block2
Term1 =4 Term
Num=1 Term2
= = Num=2
2=50 Ohm [_ BT NN 7280 onm
= V_DC + BJT2 =
SRC2 L Model=BJTM2 ==
Vdc=0.82V T Area=
- Region=
Temp=
— Mode=nonlinear
|_Probe1.i nf(2)
4.860mA 3.844
3.857
3.873

{

BJT_Model

BJTM2

NPN=yes Br=1.5
PNP=no Ikr=

Bf=80 Isc=1.5e-15
lkf=100e-3 Nc=1.44
Ise=0.11e-15 Var=19
Ne=1.44 Nr=1
Vaf=100 Tr=22.5e-9
Nf=1 Eg=
Tf=0.45e-9 Is=

Xif= Imax=

Vtf= Xi=

Itf= Tnom=
Ptf= Nk=

Xtb= Iss=

Approxgb=yes Ns=

Cjc= Re=1

Vjc= Rc=120
Mijc= Kf=
Xcjc=0.5 Af=

Fc= Kb=
Cje=0.62e-12 Ab=

Vje= Fb=
Mje=0.33 Ffe=
Cjs=1.3e-12  Lateral=no

Vjs=0.49e-12 AllParams=
Mjs=0.38

Rb=50

Irb=

Rbm=

RbModel=MDS

If we decrease the source resistor Rs to 250hms (ie rb/Rs ratio of 2) then the noise figure

degrades to :-

|_Probe1.i nf(2)
4.860mA 5.545
5.555
5.567

These results seem to agree with the theory. Theory suggests that increasing Rs will
decrease the noise figure. However in reality this is not the case.

Repeating the simulation with rb/Rs ratio of 0.5 ie Rs = 100 we obtain the following data:-

|_Probe1.i nf(2)
4.860mA 2.775
2.793
2.816

An improvement on Rs = 50 ohms but not the predicted 2.2dB noise figure. The optimum
noise figure of the device is limited by the device process.
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The one thing this example shows is that if you want to use a source with a low source
impedance then some form of low-loss matching is required. For example assume we want to
connect a 10ohm source to our amplifier. The resulting simulation results in:-

|_Probe1.i nf(2)
4.860mA 11.182
11.190
11.199

However, we could use a transformer to match 10ohms to say 100 ohms to improve our noise
figure ie

Vn

<—
C) Ropt =T*Rs

lin

) H

Ropt=T2Rs so Ropt=100andRs=5thenT = % :T=44

So the circuit is modified with an input transformer with a turns ration of ~4.4
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S_Param
SP1
Center=10 MHz

Span=5 MHz V_DC
+] SRcC1

DC_Block

DC_Block1 DG Feed
- DC_Feed1

nicrow v, Design,
WA |oc
DC
DC1
R
R3
R=500 Ohm BJT Model
BJTM2
|_Probe NPN=yes Br=1.5
v <39 |_Probe1 PNP=no lkr=
Bf=80 Isc=1.5e-15

Ikf=100e-3 Nc=1.44
Ise=0.11e-15 Var=19

Ne=1.44 Nr=1
_| l_ DC_Block Vaf=100 Tr=22.5e-9
DC_Block2 Nf=1 Eg=
—~ Tf=0.45e-9 Is=
Xtf= Imax=
- Vif= Xti=
BJT_NPN Itf= Tnom=
V_DC BJT2 = Ptf= Nk=
SRC2 i Model=BJTM2 ==  Xb= lss=
Vdc=0.82V T Area= Approxgb=yes Ns=
- Region= Term
Temp= Term2
= Mode=nonlinear ~ Num=2
Z=50 Ohm
We now obtain the following noise figure:-
|_Probe1.i nf(2)
4.860mA 2.790
2.808
2.831
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Cjc= Re=1
Vjc= Rc=120
Mjc= Kf=
Xcjc=0.5 Af=

Fe= Kb=
Cje=0.62e-12 Ab=
Vje= Fb=
Mje=0.33 Ffe=

Cjs=1.3e-12 Lateral=no
Vjs=0.49e-12  AllParams=
Mjs=0.38

Rb=50

Irb=

Rbm=

RbModel=MDS
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Also the noise figure can be reduced, by adding more transistors in parallel. The basic
amplifier with Rs = 50 ohms yielded a noise figure of 3.8. Adding two more transistors (and
readjusting the bias to maintain SmA in the load) improves the noise figure to:-

|@| S-PARAMETERS I AR ﬂ

S_Param DC
SP1 DC1
Center=10 MHz
Span=5 MHz V DC R
+] SRC1 R3
= Vdc=5V R=500 Ohm BJT_Model
= BJTM2
|_Probe NPN=yes Br=1.5 Cjc= Re=1
= L 9 | Probef PNP=no lkr= Vic= Rc=120
Bf=80 Isc=1.5e-15 Mjc= Kf=
DC_Block lkf=100e-3 Nc=1.44 Xcjc=0.5 Af=
DC_Block1 PC-Feed | |~ lse=0.11e-15  Var=19 Fe= Kb=
_ DC_Feed1 H Ne=1.44 Nr=1 Cje=0.62e-12 Ab=
| | - DC_Block Vaf=100 Tr=22.5e-9 Vje= Fb=
— 3 T Ra DC_Block2 Nf=1 Eg= Mje=0.33 Ffe=
=L Tf=0.45e-9 Is= Cjs=1.3e-12 Lateral=no
? § 1 Xif= Imax= Vjs=0.49e-12  AllParams=
= Vif= Xti= Mis=0.38
-_L i Itf= Tnom= Rb=50
— V_DC = Ptf= Nk= Irb=
- SRC2 Tl —L— Xtb= lss= Rbm=
Term Vdc=0.787V T Approxqb=yes Ns= RbModel=MDS
Term1 - Term
Num=1 l Term2
Z=50 Ohm pr— — Num=2
- - Z=50 Ohm Ej%NPN BJT_NPN BJT_NPN
BJT3
Model=BJTM2 ) BJT
Arcac 'XO(’G_'-BJTW Model=BJTM2
Region= Rreee?;n_ Are§=
Temp= Ter?wl n= Region=
Mode= M p: Temp=
— ode= Mode=
freq | Probe1.i freq nf(2)
0.0000 ... 5.153mA | 7.500M... 1.902
10.00M... 1.912
12.50M... 1.925
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Single-frequency noise matching

The previous example was a broad-band LNA as the matching was purely resistive, however
for frequency matching we need to add frequency dependant components in the matching
circuit ie inductance and capacitance.

, re \rb+(Rs+jao.LsX2 o . L
Veq® =4kTAf|Rs+rb+—+ neglecting flicker noise contribution
2 2p.re
2 2 2 2 2 2
_AKTAf|Rs +1p+ 14 DI FRST H 0 LS® | ey e, (D4RS) +@mELS] )y
2 2p.re 2 2p4.re

To minimise the input noise at a single frequency , we set d(veqz)/dre =0.

2 2
4kTAf{Rs b+ €. (b +Rs)* +(2m.fLs)
2 2p.re

:‘ Af =1 (Single frequency)

2 2
4kT{1 - (rb * Rs) il (21'r.f.Ls) :I =0 Eliminate constants

2 2[.re’

(b +Rs)* +(2m.fLs)
2p

(b +Rs)* +(2m.fLs)
2p.re?

=0 Rearrange to get re(opt) = \/

To minimise the noise over a given bandwidth (f,-f;) we perform a similar process to obtain:-

{(rb LRef + (2215’ [ff’ _f2 ]}”2

re(opt) = 3 -
2 1

A
VB
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CS stage with Series Source Impedance

vn
Rs

— O IR B
D - 0 |

Cgs in

\4 \4 \4

For this case we refer back to the input ie

R

Veq

Cgs

Vn is stepped up

to veq v

Ignoring effects of in®

2

1+Zs
Xcgs

veq? =vns? +vn?

Assuming that the source is resistive

veq? = (4kTRs L AKTy [1 ull

am

-

j(1+w2.Cgsz.Rsz)J V2 [Hz
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Cgs

We can see from the above equation that making gm as large as possible will minimise the
second noise contribution and is achieved by making the W/L ratio large. (There is little we

can do about the first contribution ie the source noise). However making W/L large will
increase Cgs and hence lower the operating bandwidth of the device.
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Inductive Source Degeneration Input matching

Previous design examples have assumed that the input is resistive and offered the best value
of source resistance (Rs) to obtain best noise match. In reality the input of the device is
reactive with a real and capacitive impedance. The circuit below shows the equivalent model
of a MOSFet:-

® O D
G Rg Ve ImVe Cus
——
S Rds
O ® ° O S

What we would like to do is remove the capacitive reactance (and therefore restore the FET
input to a pure resistance) and one way of achieving this is to add inductive feedback to the
source. The input impedance of the MOSFet circuit below will be capacitive due to the gate-
source capacitance.

w2 :]I—o

Vbias
Rs

— ][ ™
op

\4

Ls
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If we add lossless inductive feedback to the source the above circuit is again re-drawn as
shown below:

Ve ImVe
~ =t @

Vg S

Zin

Ls ls = lg+gmVe

Z = ﬁ _ (IgRg +VC+jaJ.|S.LS)

g |g

vV, =—2 and I =l ,+g,V, subinto(1)

LetS=jw
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"tsc, 1 omsc,
Z = b I * Divide through by Ig
9
IR I I
z, =*+24+ 9 +S.[Ig+gm - ].LS:
l, 1,S.Cy, SCy 1,
1 1
R, + +S.L,+SL,.9, —
SCy S.C,
=R, + L +S.LS+S'LS'gm =R, + L +S.Ls+ﬁ
s.C,, S.Cye S.Cye Cos

Rin:Rg+L5'g"‘+S 21 +L, | SubinS=jw
C S°.C,

gs

. L..g . 1 L..g . 1
Rin=Rg+—"+ +L, |=Rg+—=—"+jo|L, ———
° Cgs Ja)[ij_Cgs S] | CQS Ja{ ) wz'Cgsj

. L.g J w
Rin=Rg+—=—""+j oL, -
¢ C J[w S wC ]

gs TTgs

Rin= Rg+29n 4 | i —— | Canbe re- written as
C wC

gs gs

Rin=Rg+Ra+ j[XLS - XCGS] Where Ra = %

gs
Therefore, the impedance of the MOSFET without feedback is:-
Rin= Rg - jX¢gs
Adding series feedback adds the following term to the original input impedance:-
Ra+ jX 5

Additionally, another inductor is added in series with the gate Lg that is selected to resonate
with the Cgs Capacitor.
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