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Procedure And the Advanced Design System EM/Circuit Co-
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Introduction

v Focus on design flow rather than in-depth simulation setup overview.

v Vendor Supplied Design Information Importance (S-Parameters and Nonlinear Model)
v Use of ADS Momentum/Circuit Co-Simulation

v Use of ADS Design Guides to Speed Design Process

v Measured Versus Modeled

v Goal: One-Pass Design Process

802.11b Amplifier Design Requirements
* Frequency Range: 2.4GHz to 2.48GHz
» Gain: >12dB
* Noise Figure: <2.5dB
* Input Return Loss: >10dB
* Output Return Loss: >10dB
* Third Order Input Intercept Point: >0dBm
* Supply Current: <100mA
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Nonlinear Model Bias and DC Simulation
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* The Avago ATF54143 has measured s-parameter and noise parameter data at
various bias conditions including a 3.0V Vg and 60mA Ip5. The nonlinear model is
biased at the same DC operating point as was the device for the measured s-
parameter data provided by Avago. The ATF54143 is an enhancement mode FET
that requires a positive gate voltage with respect to its source to obtain the desired

drain-to-source bias current of 60mA.

* A voltage divider network is provided by Ra and Rb and is adjusted in the simulator
to quickly obtain the required 60mA drain-to-source current.

Practical RF Amplifier Design Using the Available Gain
Procedure and the Advanced Design System EM/Circuit

».%. Agilent Technologies Co-Simulation Capability




Nonlinear Model Generated S-Parameter Data
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» DC blocking capacitors and 502 terminations are added to the DC biased nonlinear
circuit input and output to obtain nonlinear model generated S-parameters from
100MHz to 6GHz with a frequency step of 10MHz.

» S-parameter data is obtained from 100MHz to 6GHz with a frequency step of 10MHz.
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Nonlinear Model Versus Measured S-Parameters
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Nonlinear model generated s-parameters and the Avago measured s-parameter data
closely match.
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S-Parameter Data Val;‘idation
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* An Intercontinental Microwave transistor test fixture with the appropriate midsection
is used to measure transistor S-parameters.

* Before calibration is performed, all TOSL-3001 calibration coefficients are loaded
into the network analyzer. Limit network analyzer source power to —25dBm.

» The HP4142B DC Source/Monitor is connected to the E8364B network analyzer

bias tees located on the back of that instrument to bias the transistor at 3.0V V5 and
60mA lps.
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Lab Measured Versus Avago S-Parameters
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Avago measured s-parameters, nonlinear model generated s-parameters, and the lab
measured s-parameters are in close agreement with each other.
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ATF54143 Transistor Stability Analysis

S-Parameters, Noise Figure, Gain, Stability,
Circles, and Group Delay versus Frequency

Ref

. +3 Term

+3 Term i Term2
Term1 S2P L Num=2
Num=1 SNP1

Z=Z0
Z=Z0 File="ATF541433_3V60mA.s2p"

Set System
Impedance Z0:

VAR - =
3| S-PARAMETERS =0 |\ AR OPTIONS
Z0=50

SP1 Options1
Start=0.1 GHz Temp=16.85
Stop=18 GHz Thom=25
Step=0.1 GHz = gt 5 parameter analysis frequency Sabhacors.
CalcNoise=yes range. If an S-parameter file without '

noise data is used, the noise .

simulation results will be invalid. rl\r/l]zgzlfqn

« It is highly recommended that the amplifier circuit is made unconditionally stable at
all frequencies to ensure that it does not produce unwanted oscillations.

* An ADS Amplifier Design Guide quickly calculates and displays circuit stability.

Practical RF Amplifier Design Using the Available Gain

ete - - Procedure and the Advanced Design System EM/Circuit
.= Agilent Technologies Co-Simulation Capability



Transistor Stability Results — Potentially Unstable

Minimum Noise Figure, dB, Stability Factor, K
and Noise Figure with Z0 Geometric stability factors
Ohm terminations mu_source and mu_load
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If either mu_source or mu_load is >1,
the circuit is unconditionally stable.

» To achieve unconditional stability, the circuit must have K>1 and {|A|<1 or B1>0 or
B2>0}; or separately geometric stability factors p ., ..>1 or p, 1.

* Observation of the Stability Factor K, geometric stability factors n ... and p, 4 indicate
potential instability below 4GHz and marginal unconditional stability above 4GHz.

» One way to ensure stability as far as environmental conditions are concerned is to
provide significant margin to the stability conditions. In other words, make K>>1 at all
frequencies.

« It is important to stabilize this device and obtain unconditional stability at all frequencies.
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Stabilizing the Potentially Unstable Transistor

Optimization of Parameter Values to REB cFB
Improve Stability Factors, Maximize R=Rfb Ohm C=1uF
Gain and Minimize NFmin within an
Arbitrary Frequency Range

T R ‘Nv Term
s S s
um= =Ri um=
7=50 Ohm 3 R=Rin Ohm ROUT R=RSout Ohm 7=50 Ohm
sop R=Rout Ohm
L c SNP1 L

Cc1 File="ATF541433_3V60mA.2p"
- C=0.5pF

couTt
C=1uF

Set Optimizable Component
Nominal Values and ranges here

va] VAR
VAR1
Rfb=680.000 {o}
Rout=500.000 {o}
RSout=10 {o}
Rin=50 {o}

Steps:

1) Delete unwanted stabilizing
elements, or modify as desired.

2) Set frequency range for S-parameter
simulation. Stability factors will
be simulated over thisrange.

3) Set frequency range over which gain
and noise figure are to be optimized
(FregMin and FreqMax.)

4) Set optimizable component nominal
values and ranges.

5) Choose optimization type, OptimType,
on Nominal Optimization controller.

6) Modify goals as desired.

I
= |r—~w

| GOAL 1| GOAL 11 GOAL || GOAL | |$| opm |
Goal Goal Goal Goal pum
OptimGoal1 OptimGoal2 OptimGoal3 OptimGoal4 Optim1 %
Expr="mu_source" Expr="mu_load" Expr="dB(S(2,1))" Expr="NFmin" OptimType=Random S-PARAMETERS
Min=1.05 Min=1.05 Min=14 Min= EmorForm=MML1 _Param
Max= Max= Max= Max=1.5 Maxlters=200 SP4
Weight=100 Weight=100 Weight=1 Weight=20 P= Start=100 MHz

RangeVar[1]="freq"

RangeVar{1]="freq"

FinalAnalysis="None"

Stop=18 GHz

RangeMin[1]=FreqMin RangeMin[1]=FregMin NormalizeGoals=no Step=10 MHz Oplio
RangeMax[1]=FreqMax RangeMax[1]=FreqMax SaveSolns=no Options1
UpdateD: yes Temp=16.85
Set minimum and maximum SaveNominal=no Tnom=25

VAR
@ VAR2 Output data calculations:
FreqMin=2.4 GHz
FreqMax=2.5 GHz

frequencies to specify range
over which gain (dB(S21))
and minimum noise figure
(NFmin) are to be optimized.

SaveAlllterations=no
UseAllOptVars=yes
UseAllGoals=yes
SaveCurrentEF=no

* Transistors are stabilized through the use of series and parallel feedback and series
and parallel loading at the input and output. A combination of these networks may be
necessary to get the desired stability results. Since this amplifier is used in a low noise
application, it is desirable to limit loss at the device input at the operating frequency,
which degrades amplifier noise figure.

MeasEqn

meas3

Practical RF Amplifier Design Using the Available Gain
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Stabilizing the Potentially Unstable Transistor

 Capacitor CIN is changed to 0.5pF to limit input loading at the operating frequency
since loss added at the input degrades noise figure. The 0.5pF capacitor has a relatively
high reactance at 2.5GHz and this reactance decreases with an increase in frequency.
This allows input parallel loading at higher frequencies and very little loading at 2.5GHz.

» The resistive feedback helps stabilize the circuit at low frequencies and has little impact
at the operating frequency.

» The optimization goals are set to optimize for stability, maximum gain, and minimum
noise figure.

« Stability goals OptimGoal1 and OptimGoal2 are set to a Min=1.05 as a default over the
entire simulation frequency range. These goals ensure that p_ ..>1 and p,_,>1, which
indicates unconditional stability.

» OptimGoal3 is set to a Min=14dB for dB(S21) over the 2.4GHz to 2.5GHz operating
frequency range.

» The noise figure goal is set to a Max=1.5dB from 2.4GHz to 2.5GHz.
» Optimized component values: Rfb=547Q2, Rin=279Q2, RSout=6Q, Rout=216Q.

Practical RF Amplifier Design Using the Available Gain
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Stablllzmg the Potentially Unstable Transistor

Geometrically-Derived Source and If either is >1, the circuit
Load Stability Factors is uncond|t|ona||y stable.
4.0
3.5 Lfb <invalid> Rfb Cfb <invalid>
® 547.4
2L 3.0
<3
22 55 Rin Lout <invalid>
s 278.7
2.0
RSout Rout
7 6.107 216.0
1.0 — e T T T T T T T Cin <invalid> Cout <invalid>
0 2 4 6 8 10 12 14 16 18
freq, GHz
Gain, dB(S21) Minimum Noise Figure
20 16_
15 iy 14—
104 12
10—
5 i
2 g o
0 i
6—
-5 4_—
-10 2] m1
B e o o e e O
o 2 4 & 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
freq, GHz freq, GHz
m3 m1
freq=2.500GHz freq=2.500GHz
dB(Smatrix(2,1))=14.17 NFmin_out=1.027
optlter=3 optlter=3

* Observation of geometric stability factors p ... and p,. 4 indicates unconditional
stability at all frequencies since p, .1 or p, 1.

* Preliminary optimized circuit performance: Gain=14.2dB, Minimum Noise Figure=1dB.

* Typically, if the preliminary analysis does not meet the design criteria, then the final
circuit with parasitics doesn’t meet the objectives. In other words, parasitics typically
degrade RF performance.

Practical RF Amplifier Design Using the Available Gain
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Preliminary Component and PCB Parasitics

R

R4

R=620 Ohm
S2P
SNP1

File="ATF541433_3V60mA.s2p"

Term R

ik d " R t Term
Term1 R1 N NC181 R2 R Term2
Num=1 R=240 Ohm & | 3 go27nH > R3 Num=2
Z=50 Ohm lo |4 Z=50 Ohm
‘_L_ c ’ |_=_1.o pH
= o1 R= NG
— 7 C=0.5pF § R=5 84

_ c1 P2
€93 | S-PARAMETERS I C=1781 pF R=4.288 Ohmym=2
S_Param I
SP1 =
Start=10 MHz m
Stop=6.0 GHz TL1
Step=10 MHz 7=256.5 OhrR=-1842 Ohm

E=45.12

» Standard component values replace optimized values. F=1198 MHz

« Component parasitics include loss and unexpected reactance.

* An equivalent circuit model of a Coilcraft Midi series air-wound inductor replaces the
ideal DC feed. Ideally, a very large inductance is needed for the DC feed coil. Inductor
parasitic capacitance limits the allowable inductance value due to self-resonance. A
Coilcraft Midi Series 27nH inductor has a 2.7GHz minimum self-resonant frequency.

Practical RF Amplifier Design Using the Available Gain
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Preliminary Component and PCB Parasitics

S(1,1)

dB(S(2,1))=13.819

N
o

4 m1
10—
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o ]
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@ U p\_27 4 6 8 10 = 01 010 005 ooc@m
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* Both |S11| and |S22]| are inside the unit radius Smith chart, which is a necessary, but
not sufficient condition for unconditional stability.

» The 502 gain of 13.82dB is slightly lower than the original 14.17dB because of resistors
changed to standard values and the additional loss added by the inductor.

Practical RF Amplifier Design Using the Available Gain
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Preliminary Component and PCB Parasitics

NVN—
R
R4
R=620 Ohm
S2P
SNP1

File="ATF541433_3V60mA.s2p"

+1 Term F R 1 3 ’ R ANNN—-= +1 Term
Term1 R1 N} CC1812SMS R2 23 Term2
Num=1 R=240 Ohm [ 3 cc27nH R=220 Ohm Num=2
7=50 Ohm ° |1 . R=10 Ohm Z=50 Ohm
'_i_ c ; L=1.0 nH R c '_l_
= o R= R5 c3 =
— ~ C=0.5pF _L R=5 Ohm C=.1uF
| AU | S-PARAMETERS I C=1uF
S _Param I
SP1 =
Start=10 MHz
Stop=10.0 GHz
Step=10 MHz

* An arbitrary value of 1nH in the transistor source ground return path is used to get an
indication on how sensitive the circuit is to parasitic ground inductance.

* Higher values of transistor source or emitter lead ground inductance are not uncommon
in PCB layouts.

Practical RF Amplifier Design Using the Available Gain
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Preliminary Component and PCB Parasitics
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* The |[S11]| is outside the unit radius Smith chart indicating an input reflection coefficient
magnitude greater than unity. Small amounts of parasitic ground inductance make this
circuit potentially unstable at some frequencies.

* The dB(S21) plot shows the 50 gain at 2.5GHz is reduced from 13.82dB to 7.48dB.

Practical RF Amplifier Design Using the Available Gain
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Preliminary Component and PCB Parasitics

« Layout parasitics that can wreak havoc on RF circuit performance include ground or lead
inductance and parasitic capacitance on the signal path. Minute amounts of ground or
lead inductance can cause a calculated unconditionally stable circuit to become unstable.

« Layout for this circuit is critical with respect to the parasitic ground inductance.

« Since the input reflection coefficient magnitude is greater than unity, a stability analysis
is not necessary to determine whether or not the amplifier has a propensity to oscillate.

» Ground inductance causes circuit gain to be significantly less than gain predicted with
ideal s-parameter simulations.

* The stability networks need to load the circuit more out-of-band in case the layout
parasitic ground inductance is not low enough.

* There is no way to totally eliminate the ground inductance, thus, more loading may be
required for stability margin.

« Since the transistor high input reflection coefficient is causing the problem, loading the
output has little affect on stability for this circuit.

* Every effort is made to minimize layout ground inductance so the amplifier meets the
gain requirement and does not oscillate.

Practical RF Amplifier Design Using the Available Gain
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Ensuring Stability with PCB Parasitics

m1
! freq=9.340GHz

= S(1,1)=1.426 / 67.483
\ admittance = YO * (-0.251 - j0.639)

freq (10.00MHz to 10.00GHz)

» The input reflection coefficient plotted on an admittance plane Smith chart. The marker is
moved to a location on the trace that has the highest value of negative conductance. The
reciprocal of the conductance gives the additional parallel load necessary to move the
input reflection coefficient to the edge of the Smith chart. This provides little stability
margin. Currently, the input is loaded with a parallel 240Q resistor at high frequencies.

» An additional parallel input load of 200Q2 moves the input reflection coefficient to the
edge of the Smith chart. This gives a total required parallel resistance of 109Q2 to move
the input reflection coefficient to the Smith chart edge. This gives no stability margin.

Practical RF Amplifier Design Using the Available Gain
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Ensuring Stability with PCB Parasitics

AA"A%

R

R4

R=620 Ohm
S2P
SNP1

File="ATF541433_3V60mA.s2p"

+1 Term R NMN— ++¥ Term
Term1 R1 N CC1812SMS R2 E Term2
Num=1 R=50 Ohm 3 ce2 R=220 Ohm R3 Num=2
L T 7nH -
7=50 Ohm lo (1 R R=10 Ohm Z=50 Ohm
'_i_ c 3 L=1.0nH R c '_i_
= c1 R= R5 c3 =
C=0.5 pF R=5 Ohm C=1uF
1: C 1
— C2 —
93| S-PARAMETERS I C=1uF
S Param I
SP1 f
Start=10 MHz
Stop=10.0 GHz
Step=10 MHz

* A 50Q parallel load resistor should give good stability margin.

* The 50Q gain is 7.47dB which is only 0.01dB less than the case with the 240Q input
parallel resistive load. This shows that the input loading has little affect on the circuit at

2.5GHz due to the 0.5pF capacitor being used as the bypass, but has a huge affect at
higher frequencies

Practical RF Amplifier Design Using the Available Gain
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Ensuring Stability with PCB Parasitics

- S m1
& o freq=2.500GHz
dB(S(2,1))=7.466
20 7
10— m1
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@ ]
om i
© _
'10i
-20— ‘ ‘
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& 8 UQ/Z 4 6 8 5 05 04 03 02 01 oﬂe\1 02 03 \04 05

freq (10.00MHz to 10.00GHz) freq (10.00MHz to 10.00GHz)

« Since both input and output reflection coefficient magnitudes remain less than unity
when the circuit input and output is terminated with 50Q, a stability analysis is now

performed.

Practical RF Amplifier Design Using the Available Gain
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Ensuring Stability with PCB Parasitics

S-Parameters, Noise Figure, Gain, Stability,
Circles, and Group Delay versus Frequency

4A%Y
R
R4
R=620 Ohm
S2P
SNP2
File="ATF541433_3V60mA.s2p"
+ F—Term =) Lam R AVAVAY, 73 Term
tormt, R T N CCigiosMs > Re s o2
um= R=50 Ohm 3 R=220 Ohm um=
z=20 § 9 _ ¥ ceemn R=10 Ohm z=20
‘_i__ c L=1.0nH R c ‘_i_
= o - R5 c3 =
— C=0.5pF R=5 Ohm C=1uF

C=.1uF

Set System
Impedance Z0:

— VAR
@ | S-PARAMETERS B e OPTIONS
Z0=50

M =

| Upuo
3Sp1 Options1
Start=0.1 GHz Temp=16.85
St0p=18 GHz Tnom=25
Step=0.1 GHz  get g parameter analysis frequency Santyiecus
CalcNoise=yes range. If an S-parameter file without '
noise data is used, the noise .
simulation results will be invalid. mzzzfqn

 The stability analysis is set up using an ADS Amplifier Design Guide.

Practical RF Amplifier Design Using the Available Gain
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Ensuring Stability with PCB Parasitics

Minimum Noise Figure, dB, Stability Factor, K
and Noise Figure with Z0 Geometric stability factors
Ohm terminations mu_source and mu_load
o5 1.0
] 0.9-
207 ® 8?:
] [Sho] L
c 15_: =] g 0.6
NE ] SI;IX 8‘51__
‘E ] A
Z 109 2 E 8'2_
5 0.1-
0: - ] i | i | i | i | i | . I . I . 0.0 T | T | T | T | T | T | T | T | T
0 5 4 6 8 10 12 14 16 1d 0 2 4 6 8 10 12 14 16 18
freq, GHz freq, GHz
If either mu_source or mu_load is >1,
the circuit is unconditionally stable.

 The circuit indicates potential instability between 6GHz and 9.5GHz as shown in the red
box since pg, o <1 and p,4<1.

» Before making any further adjustments to stabilizing networks, the parasitic ground
inductance is adjusted down to 0.5nH. The 1nH value was arbitrarily chosen to begin with,
so it is helpful to see how sensitive the circuit is when the parasitic ground inductance is
cut in half.

Practical RF Amplifier Design Using the Available Gain
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Ensuring Stability with PCB Parasitics

S-Parameters, Noise Figure, Gain, Stability,
Circles, and Group Delay versus Frequency

AYAAY
R
R4
R=620 Ohm
S2P
SNP2
File="ATF541433_3V60mA.s2p"
+ ¥ Ferm R R IVV\/ T ¥ Term
. =5 mj z 3 = m .
7=20 § J t 1 _|= cc2mH R=10 Ohm Z=20
‘_i__ c L=.5 nH R c ‘_i_
— C1 P~ R5 C3 —
—~ C=0.5pF =~ R=5 Ohm C=.1uF
C=.1uF
Set System

Impedance Z0:

— VAR
@ | S-PARAMETERS B e OPTIONS
Z0=50

M =

| Upuo
3Sp1 Options1
Start=0.1 GHz Temp=16.85
St0p=18 GHz Tnom=25
Step=0.1 GHz  get g parameter analysis frequency Santyiecus
CalcNoise=yes range. If an S-parameter file without '
noise data is used, the noise .
simulation results will be invalid. mzzzfqn

The parasitic ground inductance is set to 0.5nH.

Practical RF Amplifier Design Using the Available Gain
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Ensuring Stability with PCB Parasitics

Minimum Noise Figure, dB,
and Noise Figure with Z0
Ohm terminations

20+
157

10

nf(2)

NFmin

0= L U U U
0 2 4 6 8 10 12 14 16 18
freq, GHz

mu_source

mu load

K

Stability Factor, K

Geometric stability factors
mu_source and mu_load

0 s T | T | T | T |

freq, GHz

If either mu_source or mu_load is >1,
the circuit is unconditionally stable.

|||
0 2 4 o6 8 10

| T | T ||
12 14 16 18

* K, Ueoureer @Nd 1,4 @re plotted and indicate unconditional stability from 100MHz to
18GHz with more stability margin at higher frequencies as desired.

* At this stage of the design, it is not yet known how much parasitic ground inductance is
contained in the PCB layout. Special attention is given to the layout procedure to ensure
that parasitic ground inductance is kept as low as possible.

* The stability plots show three spikes over the 100MHz to 18 GHz frequency range. The
transmission line used in the Coilcraft 27nH inductor model causes these spikes. The
actual Coilcraft inductor does not behave as suggested by the model above its self-

resonance frequency.

Practical RF Amplifier Design Using the Available Gain
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Ensuring Stability with PCB Parasitics

S-Parameters, Noise Figure, Gain, Stability,
Circles, and Group Delay versus Frequency

ANN—

R

R4

R=620 Ohm
S2P
SNP2 s1p
File="ATF541433_3V60mA.s2p" SNP3

File="Lp1812SMS_27NG.s1p"

+ Ferm F R . = R P l\/\/\' L4 T Term
Term_1 R1 i R2 R Term_2
Num=1 R=500hm 4 | R=220 Ohm R3 Num=2
Z=20 1 t R=10 Ohm Z=20

'_ c L=_.5 nH R c '_

= c1 R= R5 c3 =

—_ C=0.5pF § R=5 Ohm C=.1uF
— c2 —
- C=1uF
Set System

Impedance Z0:

T VAR —
03| s-PARAMETERS g6t |\ AR OPTIONS |
aram 20=50

SP1 Options1
Start=0.1 GHz Temp=16.85
Stop=18 GHz Tnom=25
Step=0.1GHz  get 5 parameter analysis frequency Samts
CalcNoise=yes range. If an S-parameter file without

noise data is used, the noise .

simulation resuts will be invalid. mzzzfq”

» A one-port measurement of the inductor is saved to a touchstone file named
Lp1812SMS_27NG. This one-port measured data file is now used in the simulation to

more accurately predict the behavior above the self-resonant frequency of the inductor up
to 6GHz and eliminate the “data spikes”.

Practical RF Amplifier Design Using the Available Gain
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Ensuring Stability with PCB Parasitics

Minimum Noise Figure, dB, Stability Factor, K
and Noise Figure with Z0 Geometric stability factors
Ohm terminations mu_source and mu_load
12 & \N\A
4 4_:
e 8o
8- 53 34
&\E - o Q X ]
=& 6- ? 5! 27
CLZL u S E 4
4] E %
2- ;
0_ i I . | i | i | i | i | i | i | i 0- T | T | T | T | T | T | T | T | T
0 5 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
freq, GHz
freq, GH ,
a z If either mu_source or mu_load is >1,
the circuit is unconditionally stable.

The inductor primary self-resonant frequency response is still noticeable in the amplifier
frequency response plots as expected, although it is not as pronounced.

Practical RF Amplifier Design Using the Available Gain
Procedure and the Advanced Design System EM/Circuit

:." Agilent Technologies Co-Simulation Capability



Maximum Available Gain with PCB Parasitics

Maximum Available Gain, Associated Minimum Noise Figure, dB, Stability Factor, K
Power Gain (input matched for NFmin, and Noise Figure with Z0 Geometric stability factors
output then conjugately matched), and dB(S21) Ohm terminations mu_source and mu_load
25 12 >3 [
—|. i 4;
g 2 e 8o L1
. 15+ _c 8] ‘ggx 3]
S 2 E
32 109 gL 6 ﬁlg' 2]
=g 5 Z 4] E E
s 8 o i 14
- 2] :
5 ] o S e O S S Equations" page.
L R s B S B
AT 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 See also the "Gain, Noise, and
0 2 4 6 8 10 12 14 16 18 freq, GHz freq, GHz Stability Circles’ page, and the
freq, GHz ' If either mu_source or mu_load is >1, "S Parameters, Group Delay" page.|

the circuit is unconditionally stable.

RF Frequency Selector

Move marker m1 to select
Source and Load Stability Circles; Optimal Source freq point. All listings and . { 1
Reflection Coefficients for Mininum NF (Sopt), impedances on Smith Chart ¥ T
Simultaneous Conjugate Matching, and Load w ill be updated. S22 238 R 5 B
Reflection Coefficient for Simultaneous Conjugate S 38383833838 38%8 38
Matching, and with source matched for NFmin
RF Frequency
dB(S11) dB(S12) dB(S21) dB(S22)
2.400 GHz 15.769 19528 10.394 -12.099
hing For Gain ~ zsouee  zioa Stability Factor

Maximum QJ— — LB 1.495

Available ) )

Power Gain, dB Simultaneous Match Simultaneous Match System

10.799 Zsource Zload Impedance
34.445 +j0.709 82.662 +j16.241 50.000

* Maximum Available Gain is displayed and highlighted. The predicted maximum possible
gain is around 10.8dB. This is 1.2dB below the 12dB design goal. Note that this predicted
gain value is obtained with an arbitrary estimated 0.5nH of parasitic ground inductance.

* Although the gain is below the target value in these simulations, the gain without
parasitic inductance is well above the target value.

» The ampilifier circuit is laid out with special attention to grounding the FET source.

Practical RF Amplifier Design Using the Available Gain
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Amplifier EM/Circuit Co-Simulation & PCB Layout

Node 6 m

Node 2 -
\ D
=)

—
Node1/yﬂjﬁﬂ

0

—_— |

.

\ Node 5

Top Metal Layer

Il

FB Node

Ground plane
removed to reduce
parasitic capacitance
on Node 3.

Bottom Metal Layer

» The ampilifier is built on Arlon 25N, which is available in many standard laminate
thicknesses. Arlon 25N has a dielectric constant of 3.38 and a loss tangent of about

.0023 at 2.5GHz,

* Double-sided laminate having 1 once copper on each side, with a 30+3mil thickness is
selected for the design.

* EM simulations are performed so PCB effects can be included in the circuit analysis.

« Each layout node is simulated individually and results later combined with circuit
analysis to include PCB effects.

Agilent Technologies
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Amplifier EM/Circuit Co-Simulation & PCB Layout

Node 4

Node 1
Node 2

FB Node

Node 5 Node 6

Node 3

* For the EM analysis, the substrate is first defined using the Arlon 25N material
properties and simulated from 10MHz to 10GHz. Once the substrate is computed, it is
used for all PCB parasitic simulations.

« Each RF critical layout node is simulated individually and results combined with a circuit
analysis to include PCB effects. The EM/Circuit Co-Simulation feature in ADS is then
employed to combine the EM results with the circuit simulation.

 The footprint pad of the 27nH choke inductor is quite large on Node 3 and adds
parasitic capacitance, which in turn, lowers the inductive self-resonant frequency. Since
there would be a substantial amount of parasitic capacitance on this pad, it was decided
that the ground plane would be removed from beneath this pad on the bottom layer.

Practical RF Amplifier Design Using the Available Gain
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Amplifier EM/Circuit Co-Simulation & PCB Layout

X!
O
O
1
0000
OO0 <«
0000
0000 S 054
O O O O ch n( : X ) freq (2.500GHz to 2.500GHz)

m1

freq=2.500GHz
AvagoEnhViasThinLeg_mom..S(1,1)=1.000/ 178.03¢
impedance = Z0 * (1.504E-4 +j0.017)

* An estimate of parasitic ground inductance on the transistor source leads is simulated.

» The transistor has two source leads that are connected internally to each other. For the
parasitic ground inductance estimate, an EM simulation is performed at the connection
point of each transistor source lead on the PCB.

« Since the transistor s-parameter data uses a two-port representation that has only one
ground reference, the inductance value estimates for the two lead connections are
combined as parallel inductances to obtain one parasitic ground inductance value.

* Inductive reactance is j(50x0.017)=j0.85, which is less than half of the parasitic
inductive reactance from the first case, as shown on the Smith chart marker readout.

Practical RF Amplifier Design Using the Available Gain
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Amplifier EM/Circuit Co-Simulation & PCB Layout

00
O
0O

0000

00

0000

0000 2X - 2'226109 _0.1608nH

O O O O ch Tc( : X ) freq (2.500GHz to 2.500GHz)

m1

freq=2.500GHz
AvagoEnhViasWideLeg_mom..S(1,1)=0.999/174.213
impedance = Z0 * (3.199E-4 + j0.051)

* Inductive reactance is j(50x0.0505)=j2.526 as shown on the Smith chart marker
readout.

» The two calculated inductance values of 0.05447nH and 0.1608nH are now put in
parallel to obtain an estimate of parasitic inductance. Note that putting the inductance
values in parallel with each other is a very crude approach, but will likely give a decent
ballpark estimate of parasitic ground inductance. Putting the inductances in parallel yields
an estimated parasitic ground inductance of 0.045nH.

* An alternate approach to putting the inductance values in parallel would be to use the
nonlinear model for the simulation since it includes both source leads.

Practical RF Amplifier Design Using the Available Gain
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Amplifier EM/Circuit Co-Simu!ation & PCB Layout

R5
R=5 Ohm

R

Ra AvagoEnhNode6
R=33 kOhm AvagoEnhNode6_1
R ModelType=MW c
Rb c1 S1P
R=6.8 kOhm == = C=05pF CC27nH
: File="Lp1812SMS_27NG.s1p"
R S1P
RA1 S2P c3
R=50 Ohm AvagoEnhFs  FBbIK [File="Cp100000pF.51p"
R AvagoEnhFB_1 File= CS1000OOpF.52p
R4 ModelType=MW } AvagoEnhNode4
R=680 Ohm : T AvagoEnhNode4_1
e ModelType=MW
S2P S2P _I_ — R
DCblk1 ATF54143 = R2 AvagoEnhNode5  s2P
File="Cs100000pF.s2p" File="ATF541433_3V60mAs2p" R=220 Ohm AvagoEnhNodeS_1 - DCblk2

ModelType=MW File="Cs100000pF.s2p"

Term
Term1 T— AvagoEnhNode2 T Term
Num=1 _I_ AvagoEnhNode2_1 L Term_2
Z=50 Ohm = ModelType=MW lo | 4 AvagoEnhNode3a R=10 Ohm 1 ;‘:snz)—ghm
- L=.045 nH AvagoEnhNode3a_1 —_
= R= ModelType=MW -
AvagoEnhNode1 —
AvagoEnhNode1_1 = @ S-PARAMETERS
ModelType=MW
S_Param
SP1
Start=1.3 GHz
Stop=6 GHz
Step=10 MHz

» The PCB layout node of each PCB layout trace is combined with the circuit component
models and measured data to EM/Circuit Co-Simulate the entire circuit with layout
parasitics.

* Measured data for the 0.1uF capacitor is included for the DC blocking capacitors and
DC bypassing capacitors.

Practical RF Amplifier Design Using the Available Gain
Procedure and the Advanced Design System EM/Circuit
Co-Simulation Capability

Agilent Technologies




Amplifier EM/Circuit Co-Simulation & PCB Layout

m ‘ | )
freq=2.500GHz
dB(S(2,1))=14.210

20

m1
15—
10—

freq (1.300GHz to 6.000GHz) freq (1.300GHz to 6.000GHz)

5(2,2)

S(1,1)

dB(S(2,1))

-5—
-10
10 15 20 25 30 35 40 45 50 55 60
: freq, GHz
\_;/ 6 8 -0.10 -0.08 -0.06 -0.04 -0.02 0. . . X A

(

freq (1.300GHz to 6.000GHz)

S(1,2)

S(2,1)

-8 -6 4 2 G

freq (1.300GHz to 6.000GHz)

Note that the input matching network is not yet included in the schematic. It is useful to
analyze amplifier stability results without matching networks since matching networks can
decouple the gain block from the measurement system at some frequencies when series

reactances increase toward infinity.
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Stability with PCB Using EM/Circuit Co-Simulation

S-Parameters, Noise Figure, Gain, Stability,
Circles, and Group Delay versus Frequency
R

R5
R=5 Ohm
R S1P
Ra AvagoEnhNode6 c2 -
R=33 kOhm AvagoEnhNode6_1 File="Cp100000pFs1p"
R ModelType=MW c
Rb C1 L o S1P
R=6.8 kOhm = C=05pF - CC27nH
i File="Lp1812SMS_27NG.s1p"
S1P
i Fabi o3
R=50 Ohm AvagoEnhFB File="Cp100000pF.s1p"
R AvagoEnhFB 1 File="Cs100000pF.s2p" P P
R4 ModeIType=W AvagoEnhNode4
R=680 Ohm : = AvagoEnhNode4_1
L] ModelType=MW
S2P S2P _I_ = R
DCblk1 ATE54143 — R2 AvagoEnhNode5 S2P
- " _ " = AvagoEnhNode5_1 DCblk2
File="Cs100000pF.s2 File="ATF541433_3V60mAs2 R=220 Ohm 9 -
el = P ModelType=MW File="Cs100000pF 52p"
+ Term | . 4 B
Term1 AvagoEnhNode2 Term
Num=1 AvagoEnhNode2_1 Term2
Z=50 Ohm — ModelType=MW - AvagoEnhNode3a §310 oh Num=2
= ti 045 nH AvagoEnhNode3a_1 - m = Z=50 Ohm
_i_ Re n ModelType=MW -
AvagoEnhNode1 =
AvagoEnhNode1_1 —
ModelType=MW Set System
Impedance Z0:
| T
0| searaverers | | vy OPTIONS
raram Z0=50
SP1 Options1
Start=0.1 GHz Temp=16.85
Stop=6 GHz Trom=25
Step=0.1 GHz . Computation of
} Set S-parameter analysis frequency Sty fociors
CalcNoise=yes range. If an S-parameéter file without et
noise data is used, the noise
simulation results will be invalid. mzzssliqn
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Stability with PCB Using EM/Circuit Co-Simulation

Minimum Noise Figure, dB, Stability Factor, K
and Noise Figure with Z0 Geometric stability factors
Ohm terminations mu_source and mu_load
Y
10 e
8 o
O T ]
i 2T 3]
@,g 6_ 8I;|¥ o
L] ) E
zZ 4_ EE
2- 1_;
0 | 0 | I I | I | | I | | |
LI L I I B O O =~ =2 ND N W W b D> O0r0ov O
0 1 2 3 4 5 6 O Lo v o Lo o v o u o
freq, GHz ) freq, GHz .
If either mu_source or mu_load is >1,
the circuit is unconditionally stable.

* The stability analysis is limited from 100MHz to 6 GHz since the choke inductor
measured data is limited to 6GHz.

* Note that pg, =1 and y ,,4=1 for all frequencies from 100MHz to 6GHz, either of
which, guarantee unconditional stability over that frequency range.

Practical RF Amplifier Design Using the Available Gain
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Maximum Gain/Minimum Noise Figure

RF Frequency Selector

Move marker m1 to select
Source and Load Stability Circles; Optimal Source freq point. All listings and . { © mi1
Reflection Coefficients for Mininum NF (Sopt), irrpedances on Smith Chart| T
Simultaneous Conjugate Matching, and Load w ill be updated. Pl e gl il
Reflection Coefficient for Simultaneous Conjugate 5] S5 55690530566 9o
Matching, and with source matched for NFmin RF Frequency LE0006006006066606
e dB(S11) dB(S12) dB(S21) dB(S22)
2.400 GHZz
-8.061 -23.273 14.521 -17.826
TH_ B8
<E&dd
O O 1 1 HH
EX2EEE oy Matching For Gain Gy Z"f; Stability Factor
88 GEg 8 —
é%l gé‘%‘gf/o) | Ma)("'rum 1.300
28 SEED Avaiable Simult Match Simult Match
§ £8 EE Pow er Gain, dB imultaneous Matcl imultaneous Matcl System
o 90 15.611 Zsource Zload Impedance
\ 18.320 - j15.384 31.439 +j18.314 50.000

freq (1?(%)(%Hz t(;)&ggloGHz)
. to 0. . . .
indep(Source_stabcirm1, ::]) (0.000 to 51.000) Matchlng For Noise Flg ure Conjugate Match Load Pow er Gain with th
Impedance if Source wer Gain w i ese

Reflection Coefficient Source and Load

indep(Load_stabcir[m1,::]) (0.000 to 51.000)
Note: if the device (or circuit) is unstable f i . - B ini
at the freq point, th(e simulta)neous conjugate NFmin, dB Zopt for NFmin is Sopt for Minimum NF Reflection Coefficients
matching impedances are undefined and 1.231 15.3 -j4.27 30.6 +j8.76 15.227
Gammal_at_freq_pt and Gammas$S_at_freq_pt ‘ ‘
default to 0. Also, MAG is set equal to the
maximum stable gain, |S21|/|S12]. Source Reflection %
Cgefﬂuent for Conjugate match
Minimum NF Zload if source
impedance is Zopt

0.535/-169.247 Zopt
QJ Ly *DUT= Device Under Test
(simulated circuit or device)

« Maximum Available Gain is 15.6dB if the input and output is presented with
simultaneous conjugate match terminations.

* Minimum Noise Figure is 1.2dB if the input is presented with I',.

Practical RF Amplifier Design Using the Available Gain
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Available Gain Design Procedure

Available Gain & Noise Circles,
Source Stability Circle
Source Gamma.

Set step sizes and i
numberp of circles, here. C(oBrll:;E %gl)ng Load Gamma, Move markers GammaS and GammalL to
select arbitrary source and load reflection
B num_NFcircles=3 coefficients. The impedances, power gains,
EeINFstep_size= 2 and noise figures bel_ow will t_)e updated. The
eI num GAcircles=3 transducer power gains are invalid if the markers
Y GAstep_size=1 are moved into the unstable regions (usually
o] num_GPcircles=3 inside the stability circles.)
[ GPstep_size=1

[mRF,::]

Stability 85t
Factor, K goEEse
JBEL®
1.300 £228%s -
2= s Move marker to desired
@ requency. Plots will
be updated.
Source Stable
Region RF Frequency Selector
Outside 1 "
O N A A A
o 8 0w o wowuwowuwo uo
o . O O O O O O O o O o o
indep(Sourcefstabr(:)ir([)rg(F)?F,::f]))1(%.(%)01051.00@) ©C =2 0060000000000
ir_pts (0. t .
Zsource, Zload, indep(Gglr;l_rgasL(opt) (49%.000 to )499.000) freq, Hz °
Source Gamma Load Gamma RF Frequency System Impedance Z0
“our[ L> 2.400 GHz 50.000

Available gain circles are plotted with noise circles. The minimum noise figure, NFmin, is
1.23dB. The first noise circle is 0.2dB higher than NFmin, or 1.4dB. The 1.4dB noise circle
passes right through ,5, the simultaneous conjugate input match. Thus, the marker is

moved to the 1.4dB noise figure circle at I';s.

Practical RF Amplifier Design Using the Available Gain
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Available Gain Design Procedure

Noise ﬁgure (dé) with Optimal load impedance for ;
Source Impedance Source Impedance 'poF:Ner transfer v?hen source \Tvﬁgr? ?#::er ngﬁﬁ;gﬁg’ dB
at marker Gamma$S at marker Gamma$S :?ggisaennqtg dator?r?mter GammaS 554 impedances are used
1418 18.338 - j14.722 31.465 +17.762 15.610
. Source Impedance Optimal load impedance for Transducer Power Gain, dB
. A t fer wh when these source and
Nlenidzz 1 ZOpt’ for Minimum NF i?'gg:(;a:%;sise rZ\gpten souree load impedances are used
: 15.278 -j4.270 30.604 +j8.760 15.227|
Noise Figure (dB) with Simultaneous Conjugate Matching '(\Sﬂa?‘imé’én(ﬁ/l"ai!ab'e
Zsource (only valid id i ili > ain, aximum
with K>1§ y 223;’: id if stability faCtorzEa d1) Stable Gain, 521/512) if K<1
1.440 18.320 - |15.384 31.439 + [18.314 15.611
Noise Fi dB Optimal source impedance for )
vw'ct)Ls{tehisl%l:th?ngal ) po?lver transfer whepn load Load Impedance Transducer Power Gain, dB
source impedance impedance at marker p when these source and
(at right) Gammal is presented to output at marker GammaL load impedances are used
1.458 28.182 -j11.774 79.913 -j7.304 14.700

The marker readout shows the impedance that must be presented to the amplifier input to
achieve 1.42dB noise figure and 15.6dB of gain. The 18.338-j14.722 impedance is what
the amplifier input “wants to see” to obtain these results. It is also assumed that the output
will be conjugately matched when the amplifier input is terminated with this impedance. In
reality, the amplifier output doesn’t require much output matching since it’s output
reflection coefficient is already pretty low. Thus, the last step of the available gain design
procedure, which is to conjugately match the output for the given source termination, will
not be executed. The expected gain of 15.6dB will not be reached, but will be reduced by
a very small amount.

Practical RF Amplifier Design Using the Available Gain

Procedure and the Advanced Design System EM/Circuit
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Available Gain Design Procedure (Input Match)

18.338+j14.722
Matching

Network
500 <§‘

18.338-14.722

Zin

ADS
Matching
— Network e Zload
Design
‘—‘ Guide |_>
50Q 18.338+j14.722

The input match must transform 50Q to 18.338-j14.722 at 2.5GHz. An ADS Matching
Design Guide is used to develop the matching network. The Design Guide assumes that
one impedance is being matched to another impedance, whereas, the marker readout on
the previous slide is what the amplifier input “wants to see”. Notice how the reference is
changed from what the amplifier “wants to see” at its input to how the ADS Matching

Network Design Guide is configured.

o[

DA_LEMatch1_untitled1
DA_LEMatch1

F=2.5 GHz

Zin=50 Ohm
Zload=18.338+j*14.722 Ohm

Lumped Element Match Design Assistant
Need Help? Please see the appropriate DesignGuide User Manual

y |
o ) | <O
Port s C Port
P1 - C1 P2
Num=1 J L1 C=1.64 pF Num=2

L=2.42 nH

R=

Practical RF Amplifier Design Using the Available Gain
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Available Gain Design Procedure

(Input Match)

S-Parameters, Noise Figure, Gain, Stability,
Circles, and Group Delay versus Frequency

R
R5
R=5 Ohm

R S1P
Ra AvagoEnhNode6 c2 -
R=33 kOhm AvagoEnhNode6_1 File="Cp100000pFjs 1p"
R ModelType=MW c
Rb c1 “w ] S1P
R=6.8 kOhm = C=05pF = cC27nH
r File="Lp1812SMS_27NG.s1p"
S1P
R Fabi o3
R=50 Ohm AvagoEnhFB File="Cp100000pF.s1p"
R AvagoEnhFB 1 File="Cs100000pF.s2p" P P
R4 ModeIType=|\7l\N AvagoEnhNode4
R=680 Ohm d = AvagoEnhNode4_1
e ModelType=MW
c e —I— = AvagoEnhNode5  S2P
C5 ATF54143 = R2220 0 Az:ggEEhNgdZ5 1 DCblk2
File="ATF541433_3V60mA.s2p" R= hm -
C=1.6 pF - P ModelType=MW File="Cs100000pF.s2p"
—\ .

+ Term / T
Term1 AvagoEnhNode2 R erm
Num=1 AvagoEnhNode2_1 L R3 Term_2
7=50 Ohm L ModelType=MW L AvagoEnhNode3a R10 Oh Num=2

-_L L3 L= 045 nH AvagoEnhNode3a_1 - m = Z=50 Ohm

— L=2.4 nH R=. ModelType=MW '_L

AvagoEnhNode1 B =
AvagoEnhNode1_1 — —
ModelType=MW Set System
Impedance Z0:
VAR
€93 | sPARAMETERS l = |y OPTIONS
- Z0=50
1 Options1
Start=0.1 GHz Temp=16.85
St0p=6 GHz Trem=25
Step=0.1 GHz  get 5.parameter analysis frequency St e
CalcNoise=yes range.dlfan S-parc?mheter file without i
noise data is used, the noise
simulation results will be invalid. mzzsjqn
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Procedure (Input Match)

m2
freq=2.500GHz freq=2.500GHz
S(2,1)=5.528/81.212

S(2,2)=0.277 /-121.795
impedance = Z0 * (0.674 -j0.344) m3

A0

freq (100.0MHz to 6.000GHz)

Available Gain Design

freq=2.500GHz
S(1,1)=0.096 / 9.244
impedance = Z0 * (1.208 +j0.038)

S(2,1)

(5 m1

S(2,2)

S(1,1)

freq (100.0MHz to 6.000GHz) freq (100.0MHz to 6.000GHz)

* The Smith charts indicate both the input and output are well matched at 2.5GHz.
* The numeric gain on the S21 polar chart at 2.5GHz is 5.53, which converts to 14.85dB.

* (The inductor is not connected to the inductor pad from the Node1 EM simulation since
the first Node1 EM simulation is a one-port s-parameter dataset.)
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Available Gain Design Procedure (Input Match)

-10 { freq nf(2)
N . 100.0 MHz 46.633
N ] 200.0 MHz 34.725
S 20 300.0 MHz 27.837
I - 400.0 MHz 23.017
mm ] ma 500.0 MHz 19.338
°oT ] L 600.0 MHz 16.396
-30—| freq=2.500GHz 700.0 MHz 13.968
. iy 800.0 MHz 11.931
] dB(S(1,1))=-20.375 900.0 MHz 10.002
] 1.000 GHz 8.925
-40 I I B B B O O B 1;88 8nz gggg
. V4 .
0 1 2 3 4 S 6 1.300 GHz 5.739
1.400 GHz 4.944
freq, GHz 1.500 GHz 4.257
m5 1.600 GHz 3.669
20 1.700 GHz 3.169
| 1.800 GHz 2.752
10| 1.900 GHz 2.410
2.000 GHz 2.151
: 2.100 GHz 1.937
~ 04 2.200 GHz 1.776
= | z 1 RAA
N 2.400 GHz 1.599
o 107 2.500 GHz 1.562
@ ] m5 2700 GHz 15593
© 20 freq=2.400GHz 2.800 GHz 1,650
7 L 2.900 GHz 1.730
-30— dB(S(2,1))=15.145 3,000 GHz 1829
-40 1T 1T 1 ‘ T T 1 ‘ 1T T 1 ‘ T T 1 ‘ 1T T 1 ‘ 1T T 1
0 1 2 3 4 5 6
freq, GHz

* A gain of 15.15dB at 2.4GHz is plotted on the rectangular plot. A 20dB input return loss
and 10dB output return loss are also plotted.

* The predicted noise figure with the input match is 1.6dB at 2.4GHz and 1.56dB at
2.5GHz.
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Available Gain Design Procedure (Input Match)

S-Parameters, Noise Figure, Gain, Stability,
Circles, and Group Delay versus Frequency

S1P
AvagoEnhNode6 c2
AvagoEnhNode6_1 File="Cp100000pF
ModelType=MW c
C1 S1P
TLIN R=6. = C=05pF CC27nH
TL1 R2 | File="Lp1812SMS_27NG.s1p"
= S1P
7=94.13 OhnR=-015 Ohm s2p o3
E=33.44 AvagoEnhFp  FBOIK File="Cp100000pF.s1p"
F=3505 MHz R AvagoEnhFB_1 File="Cs100000pF.s2p
R4 ModelType=MW AvagoEnhNode4
R=680 Ohm » = AvagoEnhNode4_1
w ModelType=MW
pa —I— = . AvagoEnhNode5  S2P
ATF54143 = R2 vagoenniNode
) = AvagoEnhNode5_1 DCblk2
File="ATF541433_3V60mAs2p” R=220 Ohm -
e - mAsep ModelType=MW File="Cs100000pF.s2p"
AvagoEnhNode2 T Term
AvagoEnhNode2_1 . Ilefmzz
= um=
o ModelType=MW L1 AvagoEnhNode3a R=10 Ohm L 7=50 Ohm
o L=.045 nH AvagoEnhNode3a_1 -
% CgAOIT _ ModelType=MW =
AvagoEnhNode1 =
AvagoEnhNode1_1 = =
ModelType=MW Set System

Impedance Z0:

= VAR
83| S-PARAVETERS AN jyy OPTIONS
et 20=50

SP1 Options1
Start=0.1 GHz Temp=16.85
Stop=6 GHz Thom=25
Step=0.1GHz  go4 5 harameter analysis frequency S
CalcNoise=yes range. Ifan S-parameéter file without

noise data is used, the noise -

simulation results will be invalid. miaasjqn

Practical RF Amplifier Design Using the Available Gain
Procedure and the Advanced Design System EM/Circuit
Co-Simulation Capability

Agilent Technologies




Available Gain Design Procedure (Input Match)

m1

freq=2.500GHz freq=2.500GHz

S(1,1)=0.132/-50.102 S(2,2)=0.241/-117.312 freq=2.500GHz

impedance =Z0 * (1.158 -j0.238) impedance = Z0 * (0.736 - j0.335) S(2,1)=5.499/75.089
m3

S(2,1)

8 »GU 2 4 6 8

S(2,2)

m1

v

S(1,1)

freq (100.0MHz to 6.000GHz) freq (100.0MHz to 6.000GHz) freq (100.0MHz to 6.000GHz)

* A 2.4nH Coilcraft airwound inductor is available for the input matching network.
» The lumped equivalent 2.4nH Coilcraft inductor replaces the L3 ideal inductor.
* S11 and S22 Smith chart plots indicate that both input and output are very well matched.
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Available Gain Design Procedure (Input Match)

. m4
57 freq=2.500GHz — )
—_— . dB(S(1,1))=-17.618 <!
- ] 100.0 MHz 46.297
A ] 200.0 MHz 34.385
N 4o 300.0 MHz 27.488
nu . 400.0 MHz 22.656
mm 7 500.0 MHz 18.964
TO ] 600.0 MHz 16.007
15| 700.0 MHz 13.565
. 800.0 MHz 11.513
] 900.0 MHz 9.574
] 1.000 GHz 8.483
-20 T T 1 ‘ T T 1 ‘ T T 1 ‘ 1T T 1 ‘ T T 1 ‘ T T 1 };88 8nz g%gé
. V4 .
0 1 2 3 4 5 6 1.300 GHz 5.296
1.400 GHz 4514
freq, GHz 1.500 GHz 3.848
1.600 GHz 3.288
mb5 1.700 GHz 2.825
20 1.800 GHz 2.451
| 1.900 GHz 2157
2.000 GHz 1.950
10 — 2.100 GHz 1.788
| 2.200 GHz 1.681
oy 2 300 GHz 1 (22
- 0 2.400 GHz 1.605
o | 2.500 GHz 1.616
) 10 mb5 ; e 7 T 058
= -10— - 2.700 GHz 1.726
e freq=2.400GHz 2800 Ghz 1816
7 = 2.900 GHz 1.924
20 dB(S(2,1))=15.137 3.000 GHz 2.046
'30 T T ‘ T T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T
0 1 2 3 4 5 6

freq, GHz
* The input return loss with the inductor model plotted in Figure 59 shows a slight
degradation from 20dB to 17.6dB.

» The 15.14dB gain is unaffected by the slight input return loss degradation.
» The 2.4nH coil loss slightly degrades noise figure to 1.62dB.
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Available Gain Design Procedure (Input Match)

R=5 Ohm

R S1P
Ra AvagoEnhNode6 c2
R=33 kOhm AvagoEnhNode6_1 File="Cp100000pH
R ModelType=MW c
Rb C1 S1P
R=6.8 kOhm = C=05pF CC27nH
i File="Lp1812SMS_27NG.s1p"
S1P
R FBblk cs
@ S-PARAMETERS R=50 Ohm AvagoEnhFB o File="Cp100000pF.s 1p"
24 AVagOEnhFB_1 File="Cs100000pF.s2p AvagoEnhNoded
ModelType=MW I
gﬁ:aram R=680 Oh% epe E o AvagoEnhNode4_1
Start=1.3 GHz o ModelType=MW
Stop=6 GHz S2P _l_ = R
Step=10 MHz C ATF54143 = ~— R2 ivagognzmogeg ] S2pP
C5 " " - vagoEnhNode DCblk2
File="ATF541433_3V60mA.s2 R=220 Ohm -
C=16pF e —SVOUMASSp ModelType=MW  File="Cs100000pF.s2p"
LY .
tr _Term /1 - —
Term1 AvagoEnhNode2 4 ferm
Num=1 AvagoEohNode? 1 . Lirn":‘_zz
Z= h ModelType=MW AvagoEnhNode3a _ =
S0.onm odelType L1 AvagoEnhNodeSa 1 R=10 Ohm =3 Z=50 Ohr
._L’\vagoEnhNode1 4 L=.045 nH ModelT MW -
— _ odel Type=
“—AvagoEnhNode1_2 S1P R= —i—
Model Type=MW | tmatch
File="LpA01T.s1p" ——

* The Node1 one-port s-parameter EM simulated dataset is replaced by the two-port s-

parameter data so that the lumped equivalent circuit model is connected correctly to the
PCB trace pad.

» The 2.4nH Coil Craft equivalent circuit model is replaced by one-port measured data.
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Available Gain Design Procedure (Input Match)

{7

m3

(ﬁ

3(2,2)

m2

S(1,1)

m2 m3
freq=2.450GHz freq=2.450GHz
(1,1)=0.238 / -70.633 2,2)=0.214/ -103.262
500) impedance = Z0 * (0.834 - j0.364)

impedance = Z0 * (1.050 - jO.

freq (1.300GHz to 6.000GHz) freq (1.300GHz to 6.000GHz)

S(1,2)

-0.10 -0.08 -0.06 -0.04 -0.02 0.

S(2,1)
&
&
A
"
&4
~
N

freq (1.300GHz to 6.000GHz) freq (1.300GHz to 6.000GHz)

The measured data for the 2.4nH input matching inductor indicates that the lumped
equivalent model under-estimates loss of the actual inductor since gain degrades from

15.137dB to 14.65dB and noise figure degrades from 1.6dB to 1.78dB at 2.5GHz.
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Available Gain Design Procedure (Input Match)

m1
15—
< 17 f 2
S req nf(2)
a5 Im1 2.370 GHz 1.725
o il 2.380 GHz 1.729
© o |freq=2.500GHz 2.390 GHz 1.730
dB(S(2,1))=14.646 2.400 GHz 1.731
5 2.410 GHz 1.736
2.420 GHz 1.738
10 2.430 GHz 1.743
1 1 1 1 T T T 1 2.440 GHz 1.748
1.0 15 20 25 30 35 40 45 50 55 60 2.450 GHz 1.753
2.460 GHz 1.758
freq, GHz 2.470 GHz 1.763
0 2.480 GHz 1.768
] 2.490 GHz 1.774
1 2.500 GHz 1.779
] 2.510 GHz 1.785
-5 2.520 GHz 1.792
= ] 2.530 GHz 1.799
a— 7 2.540 GHz 1.806
o 10— 2.550 GHz 1.815
= . 2.560 GHz 1.821
Eage ] 2.570 GHz 1.831
5] 2.580 GHz 1.840
] 2.590 GHz 1.846
y 2.600 GHz 1.853
] 2.610 GHz 1.864
10 15 20 25 30 35 40 45 50 55 60 2.630 GHz 1875
m4 freq, GHz |MO
freq=2.500GHz freq=2.500GHz
dB(S(1,1))=-12.725 dB(S(2,2))=-13.560

Input return loss degrades from 17.6dB to 12.7dB using the inductor measured data
versus the equivalent circuit model.
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Amplifier Nonlinear Analysis (IMD)

S2P
AvagoEnhFB FBblk
R AvagoEnhFB_1 File="Cs100000pF .s2p" R=5 Ohm
R4 ModelTy pe=MW FB
R=680 Ohm o — S1P
'—'\M—’_/_ . o2
_L File="Cp100000pF
R = S1P
Ra Av agoEnhNode6 CC27nH
R=33 kOhm Av agoEnhNode6_1 File="Lp1812SMS_27NG.s1p"
Model Ty pe=MW S1P
Eb yp c _r_—’V\l\/—'—WVj v_DC c3
(—_ol c1 =R R +|_ srct ile=" “
R=6.8 kOhm = = C=05pF R8 R7 = Vacea3 v File="Cp100000pF.s1
P_nTone R R=6.8 kOhn R=33 kOhm AvagoEnhNode4
PORT1 R1 AvagoEnhNode4_1
= ModelTy pe=MW
Num=1 R=50 Ohm = P
2=Z_s _ L —-— R |_Probe
Freq[1]=RFfreq-fspacing/2 c Ls2 = R2 AvagoEnhNode5
Freq[2]=RFfreq+fspacing/2 c5 DC Feed L=161 nH R=220 Ohm AvagoEnhNode5_1
P[1]=dbmtow(RF power-3) C=1.6 pF DG Feed = Model Ty pe=MW
P[2]=dbmtow(RF power-3) \ _Fee Gy S2 X
7 :_"_" i
AvagoEnhNode2 Latfst ATF5H143 = R | Vioad
AvagoEnhNode2_1 R3
ModelTy pe=MW A R=10 Ohm T
= =L 81 v AvagoEnhNode3a_1 SP = T§:21
vagoEnhNode1_2 Ls1 ATF54143model ModelTy pe=MW DCblk2 ., i
“=AvagoEnhNode1_2 | S1P L=.0545nH X1 E G Feed File="Cs100000pF.s2p! Num=
ModelTy pe=MW Lmatch R= o Z=Z_load
File="LpAO1T.s1p" R DC_Feed2 =
R9
= R=5 Ohm
+] src2
— Vdc=3.3V
Set Load and Source impedances at baseband, H
fundamental and harmonic frequencies Tyvo—ane Harmonic Balance
IR Simulation at one set of
“ lobal VARG input frequencies and power
@ HARMONIC BALANCE Set these values: global N
;Load Impedaneces= f_bb=045'RFfreq
o 7.1 bb=20+j0 f_1=1.5"RFfreq
— Y - i f_2 =2.5"RFfreq
MaxOrder=Max_IMD_order RFfre_q 2450 MHz 2 fund Z(.):J 0 f_3 = 3.5*RFfreq
Freq[1]=RFfreq-fspacing/2 fspacing=5MHz Z12=20+/0 Ta-as
Freg[Z]=RFfreg+fs’;acin%/2 RFpower=-10 _dBm Z13=20+j0 4= 4.5'RFfreq
Max_IMD_order=7 Z_1.4=20+j0
Order[1]=7 Z15=20+}0
Order[2]=7 :Source Impedances=
UseKrylov=yes Z_s_bb=20+*0
Z_s_fund = Z0 + *0
Z_s 2=20+j0
Z_s_3=20+j0
Z_s_4=20+j0
Z_s_5=20+j0

Practical RF Amplifier Design Using the Available Gain
Procedure and the Advanced Design System EM/Circuit

Agilent Technologies Co-Simulation Capability




Amplifier Nonlinear Analysis (IMD)

Fundamental
Frequencies

2.447500 G
2.452500 G

Output Spectrum

Spectrum

-100-

-120—

Available

Source Power

Both Tones,
dBm

-10.00

10 12
freq, GHz

Fundamental

Output Power,

Both Tones,
dBm

1.289

T
14 16 18

Transducer
Power Gain

11.289

m
freq=2.453GHz
Spectrum_zoomed=-1.737

freq=2.458GHz
Spectrum_zoomed=-41.737

Zoomed Output Spectrum, dBm

0

20
8 m2

-40-

_60,

ekl 1

'100 HH‘\\H‘\H\‘HH‘\ \‘HH‘HH‘HH
NN NNNNN
B B e e » » B B >
w w B » [9)] [9)] [«2] o ~
o [$)] o [9)] o [$)] o [9)] o

freq, GHz

Equations
are on the
"Equations”
page.

Low and High Side

Output TOI Points, dBm

Low and High Side
Input TOI Points, dBm

18.303

18.264

7.014

6.975

Low and High Side Output

5thOl Points, dBm

Low and High Side Input
5thOl Points, dBm

14.963

14.923

3.674

3.634

These become invalid as the amplifier is driven into compression. If the low and
high side TOI points do not agree, try increasing the order of each tone and/or

the Max_IMD_order.

* A third order intermodulation distortion simulation is configured using the ADS Amplifier

Design Guide.

* The 60 ATF54143 two-port s-parameter data is replaced in the parasitic model by the
biased non-linear model.

* The red box displays a simulated third order input intercept point of 7dBm.
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Simulation Results Vs. Specification Requirements

Specification

Requirement Simulated Value
Frequency Range 2.4GHz to 2.48GHz 2.4GHz to 2.48GHz
Gain >12dB 14.65dB
Noise Figure <2.5dB 1.78dB
IP3i >0dBm 7dBm
Input Return Loss >10dB 12.7dB
Output Return Loss >10dB 13.6dB
Current Drain <100mA 61.38mA
Supply Voltage 3.3V 3.3V
Stability Unconditional Unconditional

» The simulated amplifier that includes PCB layout and component parasitics meets all
amplifier design requirements.

« Since the simulated amplifier with all PCB layout and component parasitics meets or
exceeds the specification requirements, the amplifier PCB is fabricated.
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Arlon 25N Microstrip TRL Calibration Kit

| |

Thru

Open (Reflect) Line

T_1\/2 _.0127mA2.66
c 2.997925E8"/
SEC

=69.1pSec

* Linecalc is used to design the TRL calibration standards.

» The amplifier input and output 50Q transmission lines are 250mils long, thus, the Open
standard is also 250mils long. The zero length Thru is 500mils long.

» The TRL calibration Line 1 standard is designed to cover up to 6GHz. The electrical
length of the line standard is valid from 30° to 150°. Thus, the Line 1 standard should be
no longer electrically than 150° at 6GHz. the Line 1 standard is the 500mil electrical length
of the zero length Thru standard plus the additional Line 1 length of 500mils, yielding a
total Line 1 length of 1000mils.
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Arlon 25N Microstrip TRL Calibration Kit

Standard Class Assignme nts Calibration Kit _ Arlon25N
Standard
CLASS A B C D E F G Class Label
SiA 1 Open
S11B
S$11C 3 Load
S2:A 1 Open
S»,B
S,,C 3 Load
Forward Transmission 2 Thru
Reverse Transmission 2 Thru
Forward Match 2 Thru
Reverse Match 2 Thru
Response
Response & Isolation 3 Isoln Std
TRL Thru 2 Thru
TRL Reflect 1 Open
TRL Line 4 5 6 7 8 9 Lines
Adapter
TRL Option
Cal Z,: ____ SystemZ, _ X  Line 7,
Set Ref: X Thru ___ Reflect
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Arlon 25N Microstrip TRL Calibration Kit

Calibration Kit __ Arlon25N

STANDARD C105 2(3 ! 3S2 2 453 3 Terminal Offset Frequency (GHz)
10°F 107'F/Hz | 107 F/HZ | 10 "F/HZ | Fixed or Impedance Coax or | Standard
Lo L1 L2 L3 Sliding Q Delay | Z, Loss Waveguide | Label

PLTPE L ot | om0 amZ2 | 0t psec | o | Gas | MIN | MAX
1 |Open 0 0 50 0 50 0.2 20 Open
2 |Thru 50 0 50 0.2 20 Thru
3 |Load Fixed 50 0 50 0.2 20 Load
4 |Line 1 50 69.1 50 1.3 1.3-6 Line
5 |Line 2 50] 207.31 50 0.4 2 0.4-2 Line
6 |Line3 50 19.348 50 4.5 20 4.5-20 Line
7 |Line 4 50 20.177 50 4.2 20 4.2-20 Line
8 |Line5 50 96.74 50 0.87] 4.3 0.87-4.3 Line
9 |Line6 50| 428.42 50 0.2 0.97 0.2-0.97 Line
10 |

» The lowest frequency for the Line 1 standard that yields an electrical length of 30° is just
above 1.2GHz, therefore 1.3GHz is used as the Line 1 standard lower frequency limit.
Therefore, the Line 1 standard, which is physically 500mils long, covers a frequency range
of 1.3GHz to 6GHz.

* The electrical delay of the Line 1 standard is 69.1pSec.

« Calibration coefficients from the table are entered into the network analyzer. The

amplifier and TRL calibration standards are fabricated. The network analyzer is now
calibrated using the Arlon 25N TRL calibration kit using the Line 1 standard. This allows a
calibration over the frequency range from 1.3GHz to 6GHz.

- Agilent Technologies
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Fabricated Amplifier and TRL Calibration Kit

The amplifier and TRL calibration standards are fabricated on Arlon 25N 30mil thick PCB
laminate.
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Amplifier S-Parameter Measurements Using TRL

S2P
ATF54143Amp_NolnMatch

File="ATF54143_Amp_NolnMatch2.s2p" @ S-PARAMETERS I
—l 1 2

+¥ Term ) ¥ Term S_Param
Term1 Term?2 SP1
Num=1 i Num=2 Start=1.3 GHz
7=50 Ohm — 7=50 Ohm Stop=6.0 GHz
— - Step=10 MHz
L L

» The amplifier input matching network is not yet placed on the PCB. A DC blocking
capacitor is used at the input instead of the 1.6pF matching capacitor in order to measure
the amplifier s- parameters without the input matching network. This allows a stability
measurement over a wider range of frequencies.

« Calibration coefficients are entered into the network analyzer. The network analyzer is
calibrated using the Arlon 25N TRL calibration kit with the Line 1 standard. This allows a
calibration from 1.3GHz to 6GHz.
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Amplifier S-Parameter Measurements Using TRL

| m § m1
@ ] freq=2.500GHz
dB(S(2,1))=13.263
20
m1
15—
~ 10—
freq (1.300GHz to 6.000GHz) freq (1.300GHz to 6.000GHz) % 5]
g
5 0

-5
-10
1.0 15 20 25 30 35 40 45 50 55 6.0
) freq, GHz
6 8 -0.02 .00 3 . X 0.08

\ \ \ \ \
w 008 -0.06 -0.04

S(1,2)

S(2,1)
&
&
A
o
yans

freq (1.300GHz to 6.000GHz) freq (1.300GHz to 6.000GHz)
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Measured Stability

S-Parameters, Noise Figure, Gain, Stability,
Circles, and Group Delay versus Frequency

Ref

+1 Term
+3 Term i Term2
Term1 S2P - Num=2
% Num=1 SNP1

Z=270
Z=20 File="ATF54143_Amp_NoIlnMatch2.s2p"

Set System
Impedance Z0:

VAR - =
ﬁg} S-PARAMETERS En |\ AR OPTIONS
Z0=50

SP1 Options1
Start=1.3 GHz Temp=16.85
Stop=6 GHz Tnom=25
Step=0.1 GHz = gt 5 parameter analysis frequency Sabltados.
CalcNoise=yes range. If an S-parameter file without '

noise data is used, the noise —

simulation results will be invalid. mzzzlfqn

The ADS design guide allows a stability analysis on the measured s-parameter data from
1.3GHz to 6GHz.

Practical RF Amplifier Design Using the Available Gain

' . - . Procedure and the Advanced Design System EM/Circuit
s Agilent Technologies Co-Simulation Capability



Measured Stability

Stability Factor, K
Geometric stability factors
mu_source and mu_load

(&)

w s

mu load

K
N
IIIIIIIIIIIIIIIIIIIIIIII

\%

mu_source

—

o

1.0 1.5 20 25 3.0 3.5 4.0 45 5.0 5.5 6.0

freq, GHz

If either mu_source or mu_load is >1,
the circuit is unconditionally stable.

* Msource="1 and y ,oq=1 for all frequencies from 1.3GHz to 6GHz, either of which,
guarantee unconditional stability over that frequency range. Thus, the measured s-
parameters indicate unconditional stability from 1.3GHz to 6GHz.
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Measured Versus Modeled S-Parameters

m4 m2

freq=2.410GHz | _Ifreq=2.400GHz
ATF54143ampEM .S(1,1)=0. 393/ 1 S(1,1)=0.496 / 141.271
impedance = Z0 * (0. 465 +j0. 2 impedance= Z0 * (0.373 + j0.307)

= &
= o
@ @
= =
8o So \\,/
I I
< < m1 m3
freq=2.500GHz freq=2.500GHz
dB(S(2,1))=13.263 |dB(ATF54143ampEM..S(2,1))=14.21
= 20
freq (1.300GHz to 6.000GHz) freq (1.300GHz to 6.000GHz) % 15— 3
== 10—
g.‘—,
S 5
S
= =T o
- N i ]
o = »
] U) |-}|_- 5]
= s <
e FoiN) o 10
EN g% 4 =2 8 ET 070 -0.08 -0.06 -0.04 0.02 0 © ! ! ! ! ! ! ! ! !
8o @M S 010-008-006-004-0.02 0. 10 15 20 25 30 35 40 45 50 55 6.0
< <
3 3 freq, GHz
L [T
= =
< <
freq (1.300GHz to 6.000GHz) freq (1.300GHz to 6.000GHz)
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Measured Versus Modeled

Good agreement is shown between the two results, particularly where the 27nH bias
inductor is below it's self-resonant frequency. Measured gain at 2.5GHz is 13.26dB
whereas the model predicts 14.2dB. Gain is very sensitive to source terminal ground
inductance shown by previous analysis. Source terminal inductance was analyzed with
EM simulation for both transistor source terminals. Then, these two inductances were
combined in parallel to use in the circuit simulation. Some method of combining the two
inductances is necessary since an s-parameter linear component in ADS has only one
ground reference terminal. The input reflection coefficient at 2.5GHz is slightly higher for
the measured amplifier versus the simulated amplifier. This accounts for a portion of the
measured amplifier lower gain versus the simulated amplifier in the unmatched case. The
method of combining parasitic transistor source terminal inductance and the higher input
reflection coefficient of the measured amplifier easily leads to the gain discrepancy
between modeled and measured results. Note that the measured amplifier exceeds the
12dB gain requirement.
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Complete Amplifier Measured S-Parameters
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The input matching network is now added by removing the DC
blocking capacitor C5 at the amplifier input and replacing it with
freq (1:300GHz 0 6.000GHs) the 1.6pF matching capacitor and adding the 2.4nH Coil Craft air
wound inductor at location L3. The complete amplifier with the
input matching network is re-measured and re-simulated.
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Complete Amplifier Measured S-Parameters

The measured gain of 13.62dB is shown along with an input return loss of 9.7dB and an
output return loss of 13.6dB. The measured gain is slightly below the simulated value
(14.2dB) as was the case for the unmatched gain case because of the method used to
estimate source ground parasitic inductance. The actual gain exceeds the 12dB
specification requirement with margin, and is therefore acceptable. Note that the input
return loss of 9.7dB marginally fails to the 10dB specification requirement, but will also be
accepted in this particular design since the input return loss is considered to be a “soft” or

negotiable specification. The output return loss of 13.64dB exceeds the 10dB goal with
some margin.
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Measured Versus
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The plots show a close agreement between simulated and measured data.
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Measured Versus Modeled

Specification
Requirement

Simulated Value

Measured Value

Frequency Range

2.4GHz to 2.48GHz

2.4GHz to 2.48GHz

2.4GHz to 2.48GHz

Gain >12dB 14.65dB 13.62dB
Noise Figure <2.5dB 1.78dB 1.91dB
IP3i >0dBm 7dBm 13.7dBm
Input Return Loss >10dB 12.7dB 9.7dB
Output Return Loss >10dB 13.6dB 13.6dB
Current Drain <100mA 61.38mA 63mA
Supply Voltage 3.3V 3.3V 3.3V
Stability Unconditional Unconditional Unconditional
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Conclusion

* Close agreement is obtained between the modeled and measured amplifier.

* A one-pass design was successful although design improvements may be possible. The
goal was to design the circuit with the simulator, build the circuit, and have it meet all
design goals without requiring PCB layout changes. This circuit met or exceeded all
design goals.

» The gain of the actual amplifier was a bit lower than the model. This discrepancy is most
likely due to the way the ground-return inductance was simulated.

* EM/Circuit Co-Simulation time is minimized since only the critical RF nodes are included
in the EM portion of the analysis.

» Time and money are saved on the amplifier design process since multiple PCB passes
are avoided by use of the simulation tools.
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