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Presentation Outline 2%

« Amplifier requirements — practical view

* Design considerations — multidisciplinary
know how

« Examples of practical amplifier designs
and their performances
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Amplifier Requirements  ggr
(Wl S h ||S t) Lommumicalions

High and flat gain

Very low noise figure

High output power and efficiency
Extremely linear

Very low phase noise

No reflections or harmonics
Super wide dynamic range
Constant over temperature

Very small size

Very high MTBF
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Practical Trade-offs 4%

» General:
— Gain, NF vs BW
— BW vs Power
— Stability vs NF
— BW, Gain and flatness vs practical matching
— Linearity vs efficiency
— Amplifier input/output protection vs NF, BW
— Performance vs price
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Practical Trade-offs FE
- C O nt _ Lommimizziins

* Low Noise Amplifier:
— Gain, VSWR, stability vs NF
— Power, BW, linearity vs NF

* Power Amplifier:

- Max power vs efficiency

- Max power vs BW

- Max power vs linearity & efficiency
- Power vs environmental
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Meeting Specifications gz
Dependents On' Lommmicaions

* Design:
» Active device selection
« Amplifier topology
« CAD design tools

* Fab and Testing:
« Implementation
* Assy Processes
* Test methodology
* Environment
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What Does It Take to Make TE
__a ‘perfect’ Amplifier 2 "~ ==

Know device performance & limitations
Correct application of amplifier topologies
Experienced with CAD design tools
Understand the environmental impact
Posses world class processes

Expert in testing technigques

Verify data vs. environmental specs

1000 Avenida Acaso « Camarillos Ca « 93010 7
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n n ~
Active Devices Al

Lommumicaims

 Heterojunctions:
— Reliable and commercially available
— HEMTs & HBTs replace MESFETs & BJTs

 Performance/Advantages depending on:
— compound material properties,
— technology, mainly Gate geometry,
— device capacitances and access resistances,
— Attachment in the circuit

- $
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Material Properties Brief

a4
/SIML

Lommumicaims

Si GaAs |InGaAs | SiC | GaN
Bandgap Energy (eV) 1.1 1.4 0.8 3.2 3.4
Breakdown Field (MV/cm) | 0.3 0.4 2 3.5 3.5
Thermal Conductivity 1.5 0.5 0.07 2.9 1.7
(W/cm*K)
Electron Mobility 1,350 | 8,500 | 12,000 | 800 | 1,500
(cm?/ V*s)
Saturated Electron Velocity | 1 0.8 0.75 2 2.4

(*107 cm/s)
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From MESFETs to HEMTs Z&

Lommumicaims

« HEMTSs outperform MESFETSs in NF, gain, and
also operate to higher frequencies.

» "Heart of HEMT: 2DEG”

* This Is due to superior electron transport
properties in the channel:

- higher mobility and density
- higher transconductance

- higher cut-off frequency (f;)
- lower layer resistances
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GaAs HEMT Basic Structure 2%

Lommimicziins

» The electron channel is confined in a 2DEG layer, just under the Spacer layer

» Size: Channel width << Gate to Channel distance << Gate length

GaN (Channel)

AlGaN (Buffer)

SiC Substrate

2DEG

AML Communications
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From BJTs to HBTs 4%

« BJTs: current gain () highly dependent on
doping level of Base and Emitter

» As for HBTs, 3 can be substantially
Increased by Base/Emitter junction
bandgap engineering. Advantages:

- low Cgg, thus higher frequencies
- lower Rg, easier to match
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Ampllfler Performance at TINL
X-Band vs Device —
Vds NF Gain P-1dB Phase Noise Psat PAE
(@ 1 kHz
Offset)
MESFET 5/10 vDC Good, Poor Good Good typ 2dB <20%
(GaAs) (even below Typ above P-1
2GHz) (10dB) 0.5W/mm (155dBc/Hz)
(+17dBm)
(4dB)
PHEMT 3/8 VDC Best Good Good Poor typ 3/5dB 35%
(AlGaAs/InGaAs) Typ (140dBc/Hz) above P-1
(2.5dB) (13 dB) 0.65W/mm
(+20dBm)
HEMT 28/40 VDC Good Good Very good Poor typ 3/5dB 50%
(AlGaN/GaN) 5W+/mm (140dBc/Hz) above P-1 (@ Psat)
(3dB) (11dB) (+38 dBm)
HBT 2/5VDC Good Poor Low very good typ 2dB 30%
(InGaP) (SiGe) (160dBc/Hz) above P-1
(4dB) (9dB) (+16 dBm)

1000 Avenida Acaso * Camarillos Ca * 93010
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Amplifier Topologies Z£&

* Single ended:

- best NF, poor VSWR, nominal gain and power,
narrow band, difficult to achieve stability

* Balanced:
- best VSWR, good NF, twice the power
of single ended, very good stability, covers
1.5 octave, build-in redundancy

AML Communications
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Balanced Amplifier
basic bock diagram

INPUT

Z0
S00

i ZI : SIGNAL 0+180
90° Zsourc:j [;:’zm 0 ;| o a0
500 INPUT OUTPUT 500
MATCHING MATCHING
| DEVICEl
INPUT | | QUTPUT
500 MATCHING | = | MATCHING 500
= oOQ | | 0
TERMINATION | _____ ] OUT 90490°
RESISTOR
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Cascode Amplifier e

/IML
TO p O I O g y Lommumications
* advantages: « Schematic
- high reverse isolation e s v [
- higher gain and BW c o
- low power consumption . EL"HJ out
- higher input and output CHAAS HEMT2
Impedances vs single i’
device :
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Amplifier Topologies P
(C on t) Lommumizatins

* Distributed:
— Moderate to high flat gain over broad freqs
— Moderate NF
— fair power and linearity

 Feedback amplifiers:
— Flat gain over many octaves
— Good power and high linearity
— Suppresses harmonics and spurious signals
— Poor NF

AML Communications
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Required Design Tools V..

Lommumicaims

Microwave CAD: small and large S-param.
CAD Harmonic analysis

3D EM simulation tool

Mechanical CAD: 2D and 3D

Thermal simulation tools

Reliabllity tools

Cascade analysis

1000 Avenida Acaso * Camarillos Ca * 93010 18
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~NOoO O b~ W

Amplifier Design Process A

Lommumicaims

. Select appropriate devices and topology vs requirement
. CAD design using linear/non-linear simulation tools:

- solve a matching problem, note that a different
criteria is used for different amplifier types

- depending on the application, optimize for gain,
NF, Pout, and/or VSWRin/out

- perform a stability simulation — it is a must!

. Perform a sensitivity analysis and evaluate design
. Make circuit layouts,

. Fab and QC

. Perform DVT/Qual

. Implement tuning notes

AML Communications
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L NA DeS I g n Ru I eS ‘ﬁ-ﬂ%’ﬂlllllllll/fi//ﬁ/lf

* Select devices that exhibit low NF, high gain,
low current consumption in the band of interest

* Expect lower gain due to NF optimization

* Balanced topology Is preferred, for stability and
S,, reasons, and if no other constrains are
dictated by requirements
* Match the input to G, for min NF and the

output to S,,", using manufacturer’'s S-param
* Verify unconditional stability over a wide BW
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Example of Balanced  zr
K U - B an d L N A Lommimications
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Balanced Ku Band LNA

=y

_ p e rfo rmance - Commumicatins

NF (dB)

© Pk P N W R~ Ul o> N oo

17 Mar 2011  06:30:38
CHIE 5 log MAG 2 4Bl REF 40 4E f1_: 40,341 dB
b BL120 000 000 GH
AML618L4011 .
3/17/11 mean| 41,783 dE
c
ol meRkER| s dev| 804  dB
il 12 lan: popy 2,918 dE
Smo
N /\
1 : - .
i —‘“"H«.__"___.___‘__‘_'_._,/
\ 2| L
ARN /
4 6 8 10 12 14 16 18
Freq (GHz)
START  6.000 000 D00 GHz STOF 18,000 000 000 GHz
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Single Ended X Band LNA TE
- pe rfo rmance - T

{'- Agilent Technologies Global pass/fail status: NONE 08-Apr-2011 15:04:34 E‘} Agilent Technologies Global pass/fail status: NONE 08-Apr-2011 15:04:34
Window 1 7 2 $21LogM 1.000dB/ 18.0dB Window 6
LNA 8-12 Ghz madule T 8000GHz [19.41dB 4.00 Tr12 NF LogM 1.000dB/ 0.00dB
2 8.000 GHz 19.41 dB 1: 8.000 GHz 0.96 dB
53 10.000 GHz 19.94 dB 2; 9.000 GHz 1.13dB
22.00 4: 12.000 GHz 19.93 dB o 10.000 GHz 1.11dB
B 10.000 GHz 19.94 dB 3.00 4: 11.000 GHz 1.17 dB
5 2000 GHz T17dB
21.00
2.00
B
20.00 )
P ‘ Vi
/ 4 I e |
SRS i B 1.00 /\N—vf\—'hf
19.00 § : 2 3 4
0.00
18.00
-1.00
17.00
>Ch1: Start 8.00000 GHz — Stop 12.0000 GHz
-2.00
Trace Attributes
Window|ID| Trace |Channel[Correction|Options|Mark Position | Response Ch5: NFCS Start 8.00000 GHz — Stop 12.0000 GHz
2 [521 M1 C 2-Port 1| 8000MHz[19.413dB
2 8000 MHz [ 19.413 dB TraceA!tnbutes
3 10000 MHz| 19.936 dB| Window|ID| Trace |Channel|Correction|M Position | Response
4 | 12000 MHz| 19.934 dB 6 6 [NF_M[5 VNC_ 2P | 1 8000 MHz 0.96030 dB;
5 | 10000 MHz| 19.936 dB 2 9000 MHz [ 1.1265 dB
6 | 12000 MHz| 19.934 dB 3 | 10000 MHz| 1.1147 dB
7 | 12000 MHz| 19.934 dB 4 | 11000 MHz[ 1.1711dB
8 | 12000 MHz| 19.934 dB 5 | 12000 MHz| 1.1732 dB
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GaN Power Amplifiers &

Why GaN ? Lommumicatins

. Has higher carrier mobility (than SiC)
. Has highest power density/mm gate
* Reliability verified and commercially available

P~ Pout = Imax*(VBR'anee)/8

e o T = (VBR'anee)Z/(Z*RL)
| lswing
| A | thus:

| P,y IS maximized if the
operational

. NI,
; ~e }VDs— . voltage is maximized!

| Ve | That’s the key !

* Other GaN Characteristics:
- high output impedance
- high efficiency
- high linearity

AML Communications
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EX
ample of Power A

Ampllﬂer Design [ommunications

Requirements over 9.9-10.7 GHz:
* Psat > 16W; PAE > 45%
*SSG > 11dB; Power Gain > 9dB
*VSWR <151
* DC available: 32V at 1.4A
* Stable at any frequency
Select device: TGF2023-02
Note: it consists of two 6W unit GaN cells, 1.25mm gate
Topology: Balanced
Use S2p & Large Signal Device Model
Use Gate and Drain pads S4p

AML Communications
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Example of Power Y.

Ampllfler Design — Cont. [ﬂ/ﬂ/llﬂ/fifﬂ/]f

Design Sequence:

Create transistor circuit model: flename TGF2023-02_32V250A
Add Input and Output matching circuits to the above: flename TGF2023-02_single
Create the balanced amplifier: filename TGF2023-02_bal

Simulation:

1.
2.

~N o

Derive G, using S-param for the Input circuit for, small signal (SS) gain

Verify S;;,” of FET matches G, , and tune the input matching network if necessary;
verify stability.

3. Using the load pull method derive G,,, vs. freq for optimum Pout and PAE ,
4.
5. Verify that G,,; matches G, by using the Smith Chart in SS simulation and tune output

Derive G, by looking at the output matching network,

matching network if necessary. Verify stability.
Check compression, Pout and PAE using HB
Tune circuits for G, and G, for trade-offs in flatness, gain, Pout and PAE in SS,

Re-check steps 2 and 5

AML CommunicationsAML Communications
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Circuit schematic for
TGF2023-02 32V250A

e
/SIML

Lommimicziins

Port
[3]4]
Num=4

File="TGF2023-02_Drain_Feed.s4p”

L
’—.I EE_FET3 Fa
2 EE_FETS
f L=Ld"wag_$fINf_sf
L Model=EEHEMTM  __ il
D35 . Uowonau R={Rddsf) Ohm
L=Lgwa_sfiNf_sf N=Nfgr
R=(Rog wa_sfiNT_sf) Ohm
L
L24
L=Ls
i R=(Rss/sf) Ohm
SRL SRL
SRL13 SRL12
R=0.02 Ohm R=004 OHm
1 =0 036 nH 1=0072 nd
STV &
’—I EE_FET3 L T
<> [ G = EE_FETT L22
_ Lo
ot L. L Model=EEHEMTM E‘:Egc;“é‘fs—gfg‘h'ﬁf A
Ga L20 s Ugw=Wagu SNP3
oot saF = L=Lg*wa_sfINT_sf N=nfar
SN R=({Rgg*wg_s{/N_sf) Ohm
FileE" TGF2023-02_Gate_Feed.s4p” L
L21
L=Ls
- - R=(Rss/sf) Ohr]
Port
Ghb
Num=23

SRL SRL
SRL10 SRL11
R=0.02 Ohm R=0.04 Ohm
L=0.036 nH L=0072niH

Port

Num=5
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Circuit schematic for T

Port
VD
Num=3

9 Port
VG
Num=4
R e A
e

Port

C | e output_02 ouT

Port B . R5 Num=2

IN input_02 i

Num=1 e TGE2023-02_32V250mA

R3
AML Communications
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Circult schematic for TE
TG F2023_02_b a| Lommmicatins

MSub Port
T Jw
MSUB . Num=3
AIN
H=15 mil | Probe
Er=838 id_ft
Mur=1 -
Cond=4.1e7 VD
Hu=500 mil PR
T=0.17 mil
TanD=0.004 -
Rough=0.002 mil TGHK2023-02_single
R6
<o | Piobe ANN—a]|
Port ‘ “6 lg_| ‘ TR
IN <
Num=1 Subst="AIN"
Port W=25 0mi
TFR |_Probd ——¥& =2 Amil>
B RT ﬂmge _*Q Ia_rgt Num=4 ELA':G Rs=50Rdithm
<> Subst="AIN" ngs o ang3  Freq=0CHE
> e ) Subst="AIN Subst="AIN _
W=25.0 mil . . Num=2
- : W=1.7 mil {t} W=1.7 mil {t}
L=25.0 mil y " Ny
- 5=1.2 mil {t} - 8=1.2 mil {f}
=Rs=5000mm 1> 4 mil ¢ L=124 mil {t
~ Freq=0 Hz =124 mil {t} =124 mil {t}
TGF2023-02 sihgle
RS La
1 Probe
Id_rgt
AML Communications
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Circuit schematic for HB &
Fm—ney o
simulation Lommumicatins

One Tone Harmonic Balance
Simulation; one input g;llgglg?i;mz
power; swept frequency.
|_Probe
hig
]
Vs_low Ws_high
+i DC_Fead OC_Feed i
—\v_DC DC_Feed DC_Feed2 —Vv_DC
_T srcz § T G2
l\d‘dF\ﬂcm IVdFVhigh

| e D]
™ i input ™
_1» l Vinput I I I I Vioad

F_iTone DC_Block DC_Block
PORT1 DC_Black1 TGF2023-02_bal  DC_Block2 o |Tem
MNum=1 x2 " |Termi
Z=50 Ohm Mum=2
T P=dbmtow(RFpower) - Z=Fload
Freq=RFfreq =
@ HARMONIC BALAMCE I
Set these values:
HE1 VAR VAR
Freg[1]=RFireq VAR1 global VAR2
Order[1]=5 RFpower=34 _dBm {i} RFfreq=0.0 GHz
UseKrylov=auto Zload=50 +0
Sweep\/ar="RFfreq" Vhigh=32 v
Start=0.9 GHz Viow=-3.64 V {f}
Stop=10.7 GHz
Step=1 GHz

AML Communications
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Clrcmt schemaﬂc for Small == V..

VG D
- V_DC V_DC
G | S-PARAMETERS I MSuo l SRC3 +i SRC2
MSUB — Vdc=3.689V — Vdc=32.0V
S_Param MSub1 i _
SP1 .
Start=0.01 GHz E‘_1959m" I
Stop=20 GHz MrJr_' ] — —
Step= Cond=4.1e7
Hu=500 mil
T=0.17 mil
TanD=0.002
Rough=0.096 mil
VD
: + IN v Ol
== - " AN
Term G Term
Term1 TGF2023-02_bal | ™2
Num=1 X17 Num=2
Z=50 Ohm Z=50 Ohm
AML CommunicationsAML Communications
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GaN Module Simulation vs
Measured Data

S

LML

[ﬂ////ﬂlﬂ/fﬂ/ﬂﬂ.f'

Simulated vs. Measured Data
VD = 32V, Pin = 34dBm

45 100%

44 90%

43 80%
B
£ 42 70%
2 n 60%
5 S
g 40 r__i__i__#@ 50% W
o 4 E
5 39 40%
=

0,

8 38 30%

37 20%

36 10%

35 T T T T T T T 0%

99 10 101 102 103 104 105 10.6 10.7
Frequency (GHz)

— Measured Pout
— Simulated Pout
—e— Measured Eff

—a— Simulated PAE
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GaN Module Simulation vs TE
Measured Data S Conmnizlins

Simulated vs. Measured Data
VD = 32V, Pin = 34dBm

15
14
13
12
S 1 ‘m —— Measured Gain
RS) —e— Measured SSG
‘% o — Simulated Power Gain
© 9 —a— Simulated SSG
8
7
6
5 T T T T T T .

9.9 10 101 10.2 103 10.4 10.5 10.6 10.7
Frequency (GHz)
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Lommimicziins

e
/SIML

GaN Module Image

(.250x.250)

_:__-_eia?
TTINTThE

, -ll_e_ll-
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Prototype X-Band PA Y 4
Wlth GaN modules Lommmicatins
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Prototype PA Performance T
@ P| Nn=0 d Bm Lommumicatins

Psat and PAE at 32V

—o— Psat —=— PAE

44 26
4 255
435
— | 4 25
— = i e
43 — L 245
425 T 24
£ 4 235 =
0 S
T 42 23 w
c <
e — —% 225 0
o 415
422
41 215
421
405
4 205
40 20
9.9 10 10.1 10.2 10.3 10.4 10.5 10.6 10.7

Freq (GHz)
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Distributed Amplifier (DA) zz
- how 1t works - S unmuniatins

« Amplification effect is dominated by the forward wave due to the FET

characteristics, where each device adds power in phase at each tap point
on the output line.

« The inherent attenuation in both the Gate and Drain lines forces the gain to
reach maximum value given an optimum number of HEMTs in the design.

AML CommunicationsAML Communications
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Distributed Amplifiers  zm-

- benefits & limitations - S

* Eliminates gain and BW trade-offs
 Less sensitive to device & ckt. variations

* Achieves flat frequency response, though
the upper limit is dictated by:

- the FETs f. (solution: adopt non-uniform
DA design topology)

- the cutoff of the Gate line (solution: make
Cgs smaller)

- Drain line atten and loading (choose
cascode FET approach)

AML CommunicationsAML Communications
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Conventional DA T
- BW & Power Limits - T Do

« Schematic (aka Uniform Elements DA):

DRAIN LINE
TERMINAT ION

' L L
K L Lg L‘/i . 4/2 a/2

- = s

QUTPUT

A

INPUT GATE LINE
ﬁ[’ TERMINATION

« Gate and Drain lines are lossy, frequency dependent and loaded, ie both lines have a
cutoff freq, and power down the lines is attenuated,

«  Output power is also suffering (by 50%) because of the drain line termination,

« The load line for each cell is different due to unmatched capacitances thus power is
not maximized in each cell, and not delivered to the output,

« In addition, the power vs frequency is higher or lower from each cell, ie the DA can
not achieve a flat output power over the entire BW

AML CommunicationsAML Communications
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Non-Uniform DA TE

Lommumicaims

« Schematic

Z, Z,, Z,; Zon
| R,
L—' 9, jH— 9, jH— Q; [-‘ On %
Cgl l Cg-? I Cg-? l CgN
Z, Z, Z, - Zy %Rl,g

RFy

» Increase fc by adding capacitors in series w/ each gate
« Taper drain TL from cell to cell for optimum loads.

« Impedance tapering is to force the backward travelling current to
zero. In addition, adjust each drain TL length to add the forward

currents in phase
« Absorb each FET output capacitance into the TL

AML CommunicationsAML Communications
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Non-Unitorm MMIC DAz~
- exam p I e - S Lo

« Triquint TGA2570 : 1.5-17 GHz, 8W output
GaN MMIC, size: 2.27x5.54x.10 mm

. L

AML CommunicationsAML Communications
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Uniform 0.05-6 GHz DA zZm

(1.0x0.5x0.16 inches) Lommunitins

AML CommunicationsAML Communications
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0.05-6 GHz DA JNE

- RE performance _ Lommumicanns

e Gain & VSWR  NF & Power

.

CH1: A/R-M# + 22.32 dB [CH2:e B/R-M#  ~ 12.31 dB |

1.0 dB/ REF + 21.50 dB | 5.0 dB/ REF - .00 dB |
o AGE o 50 MHz to 6.0 GHz DA Performance
CAOD Gaw Vs FRRa@ +654 T KEZURN o5

(at 12V /470mA)

—————v—-»———-«-" —-—»-T—--— :'————T e R I D ——7:-‘—~—023,' 0 l 5
1 [ | 3 T-4é58 | | |
| | |
' 3 \W i * \ 145
1 i ; ‘ | 4 0
1 e e e ) ° \ |
‘ 1 qé g % e —— » 44
! { T g |*Pl
2 > £ 35S | P
o z
o 15 —— el
—q i 13
wor 10
125
5
| 0 )
I = = [
|

[ ‘ ? i 1 Freq (GHz)

{ | ‘ : [
r:d SO (e | | | N ] S
| : [ 1 [ | | [ | 0 1 2 3 4 5 6
i

| l ] | 8 l | | =
STRT + 10. OOMHz CRSR +3. 06848CHz STOP +8. O000GHz
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l ~
Low Phase Noise Amp’s Z%

« Facts and Theory:

- Phase noise derives from adding white noise to
the RF spectrum around the carrier.

- Amplifier phase noise is of 1/f type, referred to
as flicker noise and it takes place at the
microscopic scale

- By definition, phase noise Is the power spectral
density of the signhal phase fluctuations around
the fundamental carrier (PM fluctuations)

AML Communications
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1 J
Low Phase Noise Amp’s =
- des| gn - S Lol

Experimentation Is crucial

No dedicated CAD simulation exists since
the models are developed empirically and
not fully supported by experiments

Accurate measurements are mandatory

Phase noise designs require a
comprehensive understanding of the
active device

AML Communications
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Measuring techniques 4% __

* Residual Phase Noise single channel
Measurements for amplifiers up to

-155dBc/Hz at 1kHz (at X-Band)

* Dual channel Cross Correlation Phase
Noise method for amplifiers with a phase
noise expectation beyond the above
number

1000 Avenida Acaso * Camarillos Ca * 93010 46
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" ~
Single channel set-up 2% __

* Using one ODIN Rcvr form PSI

Delay Line Cable &
Trombone to get
Quadrature

\ ODIN Receiver

Signal
Generator at
your preferred v
frequency

Base Band Input
DC Coupled, then AC
Coupled

AML CommunicationsAML Communications
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Dual channel set-up 2%

» Using two ODIN Rcvrs from PSI

)
&
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X-Band: 163 dBc/Hz T
at 1 k H y4 = lommnicatins

PSI ODIN © 2006 Measured Spectrum
A 1 CH 182, PN XSpect. L(f), (Mag), dBcfHz, -, RBW:{1/10/100/1k/10k}, Filel

Over © Norrmal @ CH1

Over * pNormal © CH2 Directory Narn?l
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To Network (G:)
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AAZR0 ‘ To Network (1)
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Map/Unmap
MNetwork Drives
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[Hz]
Status: Saved Trace A as f:1,101223_100632.
Currently: [Directory Name Format: YYMMDD_HHM
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40GHz: 142 dBc/Hz at 1kHz ZE&

[ﬂ/ﬂ/ﬂlﬂ/fi/ﬂﬂf
PM noise of a PAIR of AML amplifiers (Model No.- 4040PNB1511) at 40 GHz
Pin=+6 dBm
04/15/2010
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) Noise floor
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-140 - —
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S
AML Reference Data 4%

* Practiced all designs and

 Maintains reference data on 2400
amplifiers at

www.amlj.com
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