Main Sources of Electronic Noise

Thermal Noise

- It 1s always associated to dissipation phenomena produced by
currents and voltages. It is represented by a voltage or current
sources randomly variable in time.

- It 1s analytically described by a stationary process

- Amplitude distribution: GAUSSIAN with zero mean value

- Power Spectral Density: constant (white noise)

G 4

n 1 = Power spectral density =K'T




Main Sources of Electronic Noise

Shot noise

a It arises typically in PN junctions forwardly biased; it is due
to the discrete nature of current through the junction,
which results randomly variant around the imposed bias
value

o Amplitude distribution: GAUSSIAN with zero mean value
o Constant spectrum (white noise)

G(f)

n

1N = Power spectral density (=2q:1)




Main Sources of Electronic Noise

Flicker noise (1/f)

1. It arises in semiconductor devices, due to impurities and
defects in the crystal structure).

2. Its spectrum Is not constant (energy iIs concentrated at low
frequency).

Power Spectrum: K: depends on the
_|a fabrication process
G(f)= Ky W/Hz I: DC current through the
device
a: typically 0.5 = 2
b: =1

Nota: The amplitude distribution is not always GAUSSIAN




Noise Characterization In
microwave devices

GaPNin
o _ Npg = Added Power (from the 2-port)
D?N(anz:> 2-port
o _|::> Prout = G,Puni tNpg=Total noise Power
Ny

The noise figure NF: define the attitude of the 2-port of adding noise at the
output:

Pyt 1S the actual noise power at output while G,Py;, is the noise power at
output if the 2-port would not add noise power (G, is the available power)

Actually NF is a function of frequency, so the above powers must be assumed per unit
band (i.e. they represent actually power densities). Moreover NF depends also on the
source impedance I's(being G, depending on I')




NF dependance on I’

S min

1+T,,[ .(1_\r5\2)

NF = (NF),. +4r

min

» (NF)in = Minimum value of NF
> I

min

» r, = Normalized noise resistance

value of 7; which determines NF=NF;,

All these parameters are frequency dependent. Typically, they are made
available by the manufacturers of commercial devices (directly into .s2p
data files).




Constant Noise Figure Circles

If we plot the equation expressing NF as function of I's on the Smith Chart
(representing I'g ), we obtain a circle with the following center and radius:

Cﬁzm&’ rF:1+1Ni\/Ni2+Ni(1‘\Fm\2)

N; is given by:

N = NF — (NF)

i e °ql+rmin‘2)
4r,




Noise Figure for cascaded stages

Y

GaS/ NF3

—_—> Gal/ NF1 > Ga2/ NF2

_NR+ NF, -1 NF-1
Gal GalGaZ

(NF)

The noise figure is mainly determined
by the first stage

NOTE: In general the value of 7 that determines the minimum value of NF
Is different by the one that maximizes G+; the choice of 7 for the first stage
Is then the result of a compromise between the noise figure and gain




Design of a low noise amplifier

The choice of I',_is a compromise between G and NF.

Some circles with NF=cost and G, =cost are first plotted on the Smith chart (T).
The value of I', is selected within the common area of two circles. Considering
that NF increases with the radius while Ga decreases with it, we have (with
reference to the zones 1 and 2):

In zone 1: NF< NF, and G_>G,,

Cerchiodi N is previliged
Instabilita

del gen.

Cerchi a
NF=cost

In zone 2: NF< NF, and G_>G,
G, is previliged

Once assigned T’ ., , I' ;¢ 1S
computed by imposing the
matching at output (then G=G,)

Cerchi a
Ga=cost




Example of design

Amplifier Requirements Substate: Duroid
Frequency Band: 6.2 — 6.8 GHz g, =2.54
Minimum Transducer Gain: 10.5 dB H=0.508 mm
Maximum Noise Figure: 1.5 dB t=35p

Active Device

MGF1923 Mitsubishi (GaAs Mesfet)

MSG (6.8 GHz): 15.16 dB (with NF=3.1 dB)
Minimum NF (6.8 GHz): 1.13 dB (with Gt=8.06 dB)

Topology:

SUBCKT TLOC

NET="transistor"
TLIN TLIN




Biasing network of the active device

Vg Bias Vs Bias

~

RF Short Circuit

NOTE: The S parameters
delivered by the manufacturer
refers to the red sections.

After the biasing network has
been assigned, the S parameters
changes to the ones referred to
the black sections

Input reference Output reference
section section

Block Capacitors (DC)

RF Open Circuit




Evaluation of the S parameters of the biased active
device

MLEF MLEF
ID=TL14 ID=TL16
W=2mm W=2mm

L=2mm L=2mm

MSUB
Er=254
H=0.508 mm
T=0.035mm
Rho=1
s Tand=0 o7
W=0.2mm ErNom= 2.2 W=0.2mm
L=05mm Name= SUBL L=05mm

MRSTUB2
D=TL3 —WRSTYER
Ri=0.173mm L || Ri=0173mm
Ro=4.364 mm Ro
Theta= 60 Deg
MGTRACE
(MCTRACE ID=TLL
W=0.2 mm W=0.2mm
L=8.187 mm L=7.688 mm
R=5mm R=5mm
LIN
ID=TL10
W=1.44mm
=099 mm MLIN SUBCKT MLIN
e ID=TLS NET= "MGF1923" ID=1L6
C-15pF W=14mm W=14mm




S parameters for the design

Frequency: 6.8 GHz

511 (Mag, Phase deg) 0.80304 ,-164.13
Potentially INSTABLE
S12 (Mag, Phase deg) 0.07083 ,-32.616
Maximum Stable Gain (dB): 15.155

521 (dB, Phase deg) 7.3143, 23.642
Stability Coefficient K: 0.66826

S22 (Mag, Phase deg) 0.58075 ,-130.99

Minimum Noise Figure (dB): 1.1651
Optimum Gamma Source (Mag, Phase deg). 0.57413 , 109.84

Normalized Noise Resistance: 0.20827




['s selected for maximum gain

Tiiop® (0.74,152)

GT=15.12
NF=3.18

Iy opg (0-73167.5)




Selection of I's as a compromise between G; and NF

I, =0.524/142.1°
[ =0.5 £133°
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Input matching network

TLIN
ID=TL1

Z0=50 Ohm
EL=53.5 Deg
F0=6.8GHz

PORT
—l—<] P=1
Z=50 Ohm

E TLOC
‘ LOAD ID=TL2
| ID=21 Z0="50 Ohm
{.  Z=500hm EL=49.1 Deg
F0=6.8GHz

) .




Qutput matching network

TLIN
ID=TL1

Z0=50 Ohm
EL=48.1 Deg

F0=6.8GHz
PORT
—l—<] P=1

Z=50 Ohm

TLOC
ID=TL2
Z0=50 Ohm
EL=50.9 Deg
F0=6.8GHz

I




Initial design response (ideal lines)
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Microstrip implementation
(including discontinuities)

MLIN MLIN SUBCKT MLIN
ID=TL6 {IB:J\Il_Slo ID=S1 ID=TL7
W=1.386 mm = mm NET="transistor" W=W50 mm
— MTEES$ - MTEES$ =
L=5mm ID=TL11 L=L2mm ID=TL8 L=5mm PORT
PORT P=2
p=1 Z=50 Ohm
Z=50 Ohm
MLIN
ID=TL12
W=W50 mm
L=L3 mm
MLEF
ID=TL9
W=W50 mm
L=L4 mm

W50=1.38645
L1=4.13952
12=4.51048
L3=4.05522
L4=4.29128




Amplifier Layout (initial)




Amplifier Response (initial/optimized)

Microstrip Design

4 DB(SR2,1) V)
Ampli Initial
EDBNRD) R

Ampli Initial

DB, D) B
Ampli Optimiz

1Mz

RIS U
Ampli Opt

6.2

6.4 6.6 6.8
Frequency (GHz)

| 16

12

0.8

0.4




Alternative Scheme (optimized)




Final response
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Scheme of a power microwave amplifier

Bias Networks

Ry |
df/vv\' D[ MATCH R
V. MATCH | Out 0
n In — F pp—

The concept is identical to the ones seen before. In this case however the
main design goals concern the output power, linearity and efficiency. The
values of I' and I'| should determine the best compromise among the
main goals (but taking also into account the gain and the matching
conditions).

Instability issues (also potential) have to be absolutely avoided
(commercial devices are generally pre-matched internally for
unconditional stability).

The active device must be characterized for large signal operation




Device characterization

The device model should allow the evaluation of absolute
quantities (Pout, Intermodulation, Efficiency), to be used in
non-linear Harmonic Balance simulators.

Unfortunately non-linear circuit models of commercial
devices are rarely available

As a much less accurate alternative, behavioral models based
on the information delivered by the manufacturers can be
employed also in circuit simulations

Such models are memoryless and usually adopt a polynomial
model together with the saturated Pout. They are defined by
P, 48 and IP;, which however are not related by the simple
relation valid for 3th order nonlinearity.




Selection of the active device

a In this phase the behavioral models are most suited

o If the requirements concern modulated (RF) signals, it could be
convenient to use system simulators

a Some system simulators (e.g. VSS), other than models of PA
based on polynomial characterization, also include models
based on concurrent circuit simulation (Harmonic Balance).
However, also these models adopt a polynomial characterization
derived from the circuit response

NL_S
TONE ID=S1
ID=A1 NET="Ideal PA"
SUBCKT LTUNER2 FRQ={f1,f2} Hz SIMTYP=Harmonic Balance
ID=51 + Mag=MagGL PWR=Pin_dbW dBW TRFUNC=Power Based

LTUNER2 NETRMRFSSIONS0N Ang=AngGL Deg PHS=0 Deg DCPOUT=No

Vegovpgos  RTHEL 20250 Ohm CTRFRQ= NOISE=Noiseless

AnGANGES Deg CTH=1 1 PoRT SMPFRQ= IMPLTYP=Large Signal Polynomial (Prelim.)
PORT_PS2 9 2 ﬁr 2 P=2 _
Pl 20=50Ohm =50 0hm ZS= 70 Ohm - RFIFRQ= a1
=50 Oh = NL_F DFILE="MRF181SR"
[ 2 @j& 11T 3 Bias S LANB Degk ID=AMP_In1 ] ™
PStart=15 dBm G - ID=AMP_Outl
PStop=33 dBm . DCvVS PNMASK= .
PStep=1d8 3:Bi e% o PNOISE=No phase noise

= N
{ i
_ I L
s () g I S
vy \ =/ l - .
= Amplifier Design

= From Microwave Office




Optimum I's and I',

0 These parameters are generally specified by the manufactured
in the typical operating conditions (exciting signal and output
average power)

o If a non-linear model of the device is available, the optimum
values can be searched through non-linear simulations
(starting with those suggested in the device data sheet)

0 In most cases, the topology of the matching networks must be
those provided by the manufactured (especially when the
optimum impedances are very low)
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Matching Networks Layout

o The most suited topology is generally suggested by the
manufacturer (also the biasing circuits are specified).

a If a non-linear model is available, a fine tuning of the
network dimensions can be carried out
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Design of a “line -up” for N-CDMA

General Specifications

Center Frequency: 1960 MHz, Band : 1930-1990 MHz
Channel band: 1.2288 MHz (IS-95) Channels spacing: 2.5 MHz
Output power: 2100 W PEP (2-tone)

Gain: 2 27 dB (max input power 200 mW PEP (23 dBm))
Linearity: C/I 2 30 dB (2-tone)

PAE > 25% with 2-tone at rated PEP




Possible topologies

o Due cascaded stages

o Single stage followed by a balanced pair

A
Db
[




Devices choice

Manufacturer: Freescale

Final stage

MRF5519130 (P1dB=125W, Vdd=28V, Gt=13 dB, n=33%) -> Topology 1
MRF7519100 (P1dB=100W, Vdd=28V, Gt=17.5 dB, n=30%) - Topology 1
MRF6519060 (P1dB=60W, Vdd=28V, Gt=16 dB, n=35%, IM3=-35 dBc) - Topology 2
MRF19045 (P1dB=45W, Vdd=26V, Gt=14.5 dB, n=36%, IM3=-30 dBc) - Topology 2

Driver
MRF6520010 (P1dB=20W, Vdd=28V, Gt=16 dB, n=41%, IMD=33 dBc) = Topology 1/2
MRF282 (P1dB=10W, Vdd=26V, Gt=12 dB, n=33%, IMD=31 dBc) > Topology 1/2




2 cascaded stages

Chosen final device: MRF5S19130 (IP3=61.5 dBm, G;,,=13 dB).
Evaluation of IP3 of the driver (imposing the overall CI3):
P =PEP -6 dB =44 dBm

Cl+2P,

IP, =59 dBm

tot —

Sum in power of distortion

IPS,tot = II:)S,final —-10 |Og \/(1+1O(|P3vfi”a| _GT,final_lps,driver)/5)
> II:)B,driver =46.82 dBm
|P3,driVer = IPS, final _GT,finaI -5 |Og (10(|P31ﬁna|—lp3ytot)/5 _1)
Sum in voltage of distortion
IP3,t0t = IP3, final _1O|Og (1+10(|P3,final _GT,finaI—lps,driver)/lo)
2 1P 4iver = 49.58 dBm
II:)3,driver — IP:J, final _GT,finaI —lOIog (10(Ipa’fi”a'_lpmm)llo _1) 3,driver




Verification with behavioral models

NL_AMP

PORT_PS2 ID=AM2

a0 O GAIN=15 dB

Fdet=25MHz 0B

Fdelc2o M2 1p2H=400 dBm
IP3=53 dBm

PStop=20 dBm P1DB=43.3 dBm

NL_AMP

ID=AM1

GAIN=14.5dB

NF=0 dB

IP2H=400 dBm

IP3=61.5 dBm PORT
P1DB=52 dBm p=2

Requested
outP/tone:

PStep=1 dB

44 dBm

[ Z=50 Ohm

-20

Behavioral Overall Cl

-Cl |%5een

-A-IMDN(PORT_2,1_0,2_-1)[1,4 (L, dB)
Ampli_behavioral. AP_HB

-E DB(|Pcomp(PORT 2,1 0)|)[1 X (R, dBm)
Ampli_| behavloralﬁP

<R

Chosen device for the driver:
MRF6520010 (IP3=53 dBm)

25

0 5 10
Power (dBm)

Input P/tone2o

20




Spectrum evaluation for CI=30 dBm

PORT2

P=1

Z=50 Ohm
Fdelt=2.5 MHz
Pwr1=Pin dBm
Pwr2=Pin dBm

NL_AMP
ID=AM2
GAIN=15 dB
NF=0 dB
IP2H=400 dBm
IP3=53 dBm
P1DB=43.3 dBm

NL_AMP
ID=AML

GAIN=14.5 dB

NF=0 dB

IP2H=400 dBm

IP3=61.5 dBm PORT
P1DB=52 dBm p=2

: [ Z=50 Ohm

Behavioral Spectrum

50
ni:
1980MEref —— [
40 44,68 dBmref
= DB(|Pharm(PORT_2))[1] (dBm)
Ampli_behavioral 1L.AP_HB
30
r'r22 M delta
25
20 -30dBmdeta
10
0
1950 1955 1960 1965

Frequency (MHz)

1970

Potenza out: 116.95 W (PEP)
C/l: 30 dBc
Gt=28.68 dB (Pin/tone=16 dBm)



Evaluation of the optimum loads

Starting points: optimum impedances reported on datasheets).
Topology of the networks suggested by the manufacturer
Biasing point reported on datasheets for optimum performances
Tuning of the networks for maximize Pout e C/I

LTUNER

SUBCKT ID=TU2
ID=S1 Mag=MagGL
PORT2 NET="MRF5S19130H" CAP Ang=AngGL Deg
p=1 TSNK=-1 ID=C2 Z0=50 Ohm
7=50 Ohm RTH=-1 C=100 pF
Fdelt=2.5 MHz CAP CTH=1 | m PORT
Pwr1=P0 dBm ID=C1 21 BB | —B—D—Q p=2
Pwi2=P0 dBm C=100 pF | 2250 Ohm
\ . || 1T
@&%@u | c
IND
ID=L2

LTUNER [ LF100n

ID=TUL =

Mag=MagCS iDL

Ang=AngGS =

26250 Ohrm bes L=100n DCVS

ID=V1
V=28V
()

b ()
{?;_3.97325561419/31/71 v




Result of the simulations (Harmonic

balance)
Driver: MRF6S20010 Final: MRF5S19130
Bias: Vdd=28, 1d=130 mA Bias: Vdd=28, 1d=1200 mA
7s=9.52+j2.14  Z,=2.75+j3.67 Zs=2.35-]7.6  ZL=1.28-]1.5

P1dB
P1dB 17

~—DB(PGANPORT_1,PORT 21X ()
PolVRF6S20010

| —CB(PeoTHPORT 2 1LY R cBm) |
POMRFES20010

—gg%ngnzm)m (R
—gm_lm_a)m 0]

20 22 24 26 28 30
30 35 40
Power (dBm) 20 ES P (@Bm)

P1dB,driver=43.3 dBm P1dB,final=52.3 dBm
IP3,driver=50.5 dBm IP3,final=60.4 dBm
Cl=34.4 (PEP=39.44 dBm) Cl=32. (PEP=50.33 dBm)

G=17.44 dB G=12.33 dB




Overall line-up: Spectrum for Pout max
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Overall line-up : CI3 e PAE vs Pin

CI3 and PAE
I TBNETAEIRE | [
g TIRELAGARCS | | 1672dBm
= g Elee(roRT 2PORT J1X(R : /
a
‘.:
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I up S
=T V N
‘ [ ] L 2 ] S
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Actual (possible) layout of final PA

~" Bias networks ™.

Transistor
footprint (case)

.
o
.
*

i 3
~, Bias networks -




Co-simulation with VSS

o To obtain the estimated response with a RF signal (e.g. 64-
QAM) we can use VSS with the block relating to circuit

simulation:

QAM_SRC

ID=A6

MOD=64-QAM (Gray)
OUTLVL=Pgam
OLVLTYP=Avg. Power (dBm)
RATE=_DRATE
CTRFRQ=1960 MHz
PLSTYP=Root Raised Cosine
ALPHA=0.35

PLSLN=

NL S

ID=S1

NET="CI3 and PAE LineUp"
SIMTYP=Harmonic Balance
TRFUNC=Power Based

DCPOUT=No

NOISE=Noiseless

IMPLTYP=Large Signal Polynomial (Prelim.)
RFIFRQ=

NL_F DFILE= P

ID=AMP_Out1

Amplifier Design

From Microwave Office



Input-output spectra (64-QAM)

64QAM

20

o

g8 8 & B

-100

6 4.5 3 1.5 0 15 3 45
Fequency (MHz)

Output power: 40 dBm (average)




Two Modulated carriers (64-QAM)

640AM

6 45 3 -15 0 15 3 4.5
Fequency (MHz)

Pout av. : 37 dBm (C/1=38 dB)




Balanced Amplifier

Vin 1a| g [2aVi/ V2 2 20| =3 dB
— - > A v.
. ope re
J 900
\ ha jVin /N2 jA\ b 0 - >‘ 4b R
C=3 dB 1"7 / Vout

In

Gain: Vo, = \/_Vm/[ Vyp = J\/7 Vm/\/7

b = VAV, = POUt::A

II P,
Reflection:

Via =Vin Vz_a:\/_'\/in/\/E VZJ;:Fin\/KVin/\/E' VS_a:j\/KVin/\/E’
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IP3 In balanced amplifiers

out

Pin § 0" Pin/2 =A\ 2 . 3 dB
—m . / ~. HYB
H F)out 900

HYB g / Pout

|nt1_3( out_3)_2|P3’ |nt2 [ ( out_3)_2|P3]
|nt_3( out_3)_2|P +3=3P 2|P 6=3P

out out 2|P3’
IP/=IP, +3

Result: the equivalent IP3 of the overall amplifier is doubled with
respect the one of the single amplifiers. This means that for the same
overall output power the power of the intermodulation products is 6 dB
lower.




Balanced PA with two MRF5519130

0.4 dB losses sUBGIKT 0.4 dB losses

‘B> ID=S1
n NET=1deal PA"
O Chm
PL=3 dB 2
S=4 dB =
—90 = 1
;:8< sSuB

ID=S2
—90 a NET=1dleal PA"

2 —
am
e B

Devs
1DV
V=28V



Comparisons with cascade topology

Same output power Same IM3
2torne 2tone
& p2: Freq = 1960 Mz % m p2: Freq = 1960 Mz
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40 ‘ oephamieoRT 20t1(0Em 4 %ﬁg 40 %,\g% :g:
3 |[E——e 20
ng b
2 b 2 trmeta
10 s 10 -?o—l‘l
0 i x ' % ol ! I%f]%n%.?
10 M B 10 ' '
1940 1950 e uenlcy%(?vl " 1970 1980 1940 1950 - enlq,%(?w " 1970 1980
IM3 reduces by 8.8 dB Output power increases

PAE: from 30% to 18% by 3 dB
PAE: from 30% to 27%

Gain reduces by 15 dB
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