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Outline s

Overview of approaches for improving efficiency at
power back-off

Supply modulation (envelope tracking)

 GaN PA design (10GHz carrier)

* Supply modulator (100MHz switching)

* |ntegration and modeling

Outphasing

 Quasi-MMIC isolated and non-isolated

* Measurements of load modulation internal to the PA
Measurement challenges and approach to nonlinear
measurements based on NI equipment in a LabView
meta-instrument environment
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* Challenge 1: efficiency drops as
output power drops

e Challenge 2: efficient PAs are
nonlinear

* Challenge 3: load can vary
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Supply modulation (envelope tracking)

 GaN PA design (10GHz carrier)

* Supply modulator (100MHz switching)

* Integration and modeling

Outphasing

 Quasi-MMIC isolated and non-isolated

« Measurements of load modulation internal to the PA
* Outphasing with supply modulation
Measurement challenges and approach to nonlinear
measurements based on NI equipment in a LabView
meta-instrument environment

Zoya Popovic, University of Colorado, Boulder, 2015



Supply-Modulated Transmitters <.

?D T T T T T T | A
—— P . - nalo
—&— Y 3% . Digital Q J
= 60 Vig: 28V Supply Modulator
= Vi 24V .
Z 501 ,
5 Vig: 20V !
= 40| Vg 16V b S ANy S 57 SR 4] A
= Vi 12V . S S : !
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AT I SO s 8dB PAR | : l
: X High-PAE PA
== : Processing ; ADC
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Output Power [dBm ]

High-efficiency PA (e.g. harmonically-tuned)

Improve maximum PA efficiency at a chosen power level with sufficient bandwidth for broadband signals
Efficient Supply Modulator

Maintain PA efficiency at average power by varying the drain supply voltage

Enable high slew rates for tracking broadband signals

Introduce minimal reduction in overall efficiency

Linearization
Restore linearity by identifying sources of distortion to simplify DPD

Integration and packaging
Integrate supply modulator with PA with minimal loading

Lf’??t-dI v rd rd ri
Thermal management PAE — fg fepr (V) - [Poutﬂ' j — Pin(V )] dV
Integration of various drivers fc:v'rmu fFDF‘(Vj ) PDC(T,;'jfﬂ,x'
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0 02r 04n 06m 08n = 1.2 14n l6m 18n 2n
Ideal class-A drain waveforms

vas/Vad

0 02n 04n 06:rt 08:1' T 1.2n 14n l.6m 1.8n 2n
Ideal class-B drain waveforms

Ids/ Tax

0 02 04r 06m 08t n  l12n ldr lox 18n 2n
Ideal class F drain waveforms with only 3 harmonics

Igg i Ida’ i
V v
Rm - -IF':;-H
PAE = IPT drain
'r-’ru.'." { | ‘%’ate :

g —
d R'{-:i I <__ Ziaad
Zsource Source
(13 s s 29

virtual drain

* Transistor power dissipation dominates
— Reduced conduction angle
— Avoids v,-i, overlap, power dissipation
* Waveform shaping (e.g. class F)
— \Voltage squaring, current peaking
— 2" harmonic short allows 2f, current
— 3 harmonic open allows 3f, voltage
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5Q Smith Chart

Imm

e 67.5%
46.2dBm

73.5%
459.'?(1]_3:1%

Consistent small-signal gain
contours indicate that correct
S-parameters were correctly
de-embedded from load pull
data after each cut.

3f »

(4]

5€2 Smith Chart

3f =

2" harmonic and 2"/3' harmonic load pull for the TGF2023-
10 GaN HEMT in chip/wire configuration biased at 28V drain
voltage and with 300mA quiescent current.

2nd Harmonic  2n9/3rd Harmonic

Output Power 31.6W 31.6W
Drain Efficiency 77% 85%

Power Consumed 41.0W 37.2W
Power Dissipated 9.4W 5.6W
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PA design has to take into account:

High-Efficiency PA Design for SM ag%

* small signal gain
» efficiency and

* output power over a range of supply P
voltages corresponding to an input 47.0dBm

envelope range

Use TriQuint 0.15um GaN: R

e 20VCW
e 100um SiC substrate
e  60um diameter vias

159 jloQ 1 150
Vad
""'-,"-Fﬂﬂ (11!!] at ¥ dg
Small S1 B\ <15dB

~15d \
Ng at Vg=28V \\'
81% ‘\\\
naat Va=36v 12
51%

g at Vg=20V

81%

ot Al f’;f,'{’F 36V

4724Bm

= = ¢ S
e 240, 300 and 1200 pF/mmA~2 T = T o
* 50Q/sq TaN resistors
Parameter Condition Typical .
IMAX Vds =20 V 1.15 A/mm * Modeling:
—— PT— 380 mS * Fit class Ab/B over a range of Vds
cak >m > " mS/mm * Pulsed IV at 25 and 85 deg C
Vp Ids = 1 mA/mm -3.5V * S-parameters at 5, 10, 15, 20 V for
BVGD lg < 1mA/mm 50V |dg=10 and 100mA/mm
Ft 20V-200mA/mm 38 GHz Load pull PAE and power tuned at Vd=20V
FMAX 20V-200mA/mm 140 GHz
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Example GaN15 reticle Sy

'm.

=

Class-E PA |
10W IDSM2
Class-AB PA Bootstrap
10W,
Class-AB Gsat=20dB
10GHz, 4W
Driver 20GHZ iDSM2 Pull-
HI-PA up
Test structures
10GHz + . .
20GHz PA IDSM2 Active
Hl-integrated mj pull-up
PA + = Outphasing
Cascode %‘ ' .
Modulator IDSM2 Active
pull-up

+|evel-shifter
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EM models for bondwires
included in MMIC design
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Examples of single PA X-band MMICs %’jﬁ

Circuit B: .Output power from 9.5 to 12GHz
2-Stage MMIC, combi | oo

four 10x90um.
3.8mmx2.3mm

SRR ol SRR [ T 1 R R SR N HOS——

. . E A—A Circuit D: £ =293
Circuit F i ; S |

1] T e e I {1 T b i B N b et

% Circuit F: P, <263

Single Stage' tWO 2%5 ]L':ID ]'L'Il'i ]]I'I} ]]:5 12.0
10x100um ' ' Frequency (GHz) ' B
2.0mmx2.3mm PAE from 9.5 to 12GHz

70

Circuits D/ E

Single stage,
10x100um
3.8mmx2.3mm

1 — cirwirs: e 2 [NV
A—h Circuit : /2, ~293

and e S T B
12%x100 5 *—% CircuitF: P, -26.5

x1ouum 1g3
20mmX23mm Frequency (GHz)
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Static Supply Modulation Performance %ﬁ

0 Circuit B - Drain Voltage Sweep 0 Circuit E - Drain Voltage Sweep

— V=200V
— V=180V ]
— V=160V ||

V,=14.0V
— V=120V [
—+ 1,=100V ||
— V=80V
— V6.0V H

-------------------------------------------------------------------------------------------------------------------------------

2|5 BIU 3IS 4IU
‘p.fwt (d Bm}

Circuit B D E F
Max PAE (%) 50.9 66.8 55.7 694
Max P,u: (W) 13.2 3.98 3.22 2.64
Gate size (mm) 3.6 2.0 1.2 1.0
W/mm 3.68 1.99 2.69 2.64
BW at PAE=45% (GHz) 1.6 0.77 1.88 1.95
AP, (dB) T AV . (V) 11/12.5 33/7 489 53/8
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® EGA4173C
® EG4173D

# EGO490E
:&_3. 50 EGO490B
[N}
< 45 ® EG04478
® Germany [1]
40 [2] Germany [2]
- HRL[3]
1 EGO447D
30 [1] . EG0447F
25
32 33 34 35 36 37 38 39 40 41 42 43 44

Pout (dBm)
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 Switchers with integrated gate

drivers

* 11 >90% , up to 200 MHz sw.
frequency, up to 15 W peak power
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Measured vs. simulated DSM gL%

GaN half bridge switcher Meas/Simul
22 | | T

—Simulation
201 —Measurement

—
08}
I
|

| | |
2 1 1.05 1.1 1.15 1.2 1.25

time (s) ¥ 10°°

?zi(vout,t — Vin,t)z v 1
n

RMS error = 100 X = 4.5%

(Vout_max - Vout_min)
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Gain and PDF of the output signal
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Single-Chip Integrated ET-PA @,@

Switcher drive inputs

RF VHF/UHF input SER SRRITN =<3 DC supply, modulator

X-band input
i X-band

modulated output

MMIC carrier board

Zoya Popovic, University of Colorado, Boulder, 2015 19



Supply modulator issues:

Power Spectral Density [dB]
&
=

Supply sensitivity
High slew rate
Dynamic load
Linearization

|

lime Alignment | I'wo-Level
L DDR DPD

Final
L | Signal Split SN f 2% I
h Mm
Reference ‘
2.13 2.14 2.15

Frequency [GHz]

1 -
N : Analog
Digital o 5
Supply Modulator
——
. ]
0 ;
B e et S e
+ '
: V suppl
. supply
sinl[ |3 . 2
—> Signal Split Delay [ Upconverter 1
LB
[ ;
X High-PAE PA
Processing ADC
DPD Feedback <
| RF
L
[ ]

SM modulator gain and phase distortion

RFPA gain variation with V.

Path delay difference between the vin and

Vsupply paths occurs when both v, and V.
are changing over time

Nonlinear memory
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Im(Zd) Ohms

50

-100

Measured static drain impedance, fixed VDD

Pin (dBm)

100

Pin (dBm)

200

Frequency (MHz)

500

I250

- 4200

- 1100

30

=440

- 1-60

--80

-100

-120

-140

- 150,

Vdd = 15V
Vg1=-2.8V, Vg2=-3.75V

Trends similar to simulations.

Real part is high at low
frequencies and decreases to
reach 1.5Q at 500MHz.

At saturation, the real part
remains under 20 Q.

At low power, the drain
impedance is highly
capacitive and becomes
almost purely real at
compression.

2015



Is it worth it? — S-band results

Drive modulated conditions

— Same W-CDMA signal Drive (A) Optimized Traj
— Same PA
— Constant 32V V, Peak/Average Power  40W /85W  40W /8.5W
— Achieves similar linearity REPA drain eff 30% 76%
* Power consumption '
— ETrequires SM efficiency N/A 69%
43% less power
— ET operates ACP at 5/ 10MHz -57/-58.3 dBc -55.7/-57.8dBc
75% longer from battery
«  Power dissipation Transmitter efficiency 30% 52.5%
~ ET system produces Supply power 28.3W 16.4W

61% less heat
— RF transistor operates
86% cooler

PA Dissipation
19.8W, 100%

EM Dissipation
5.0W, 25.3%
PA Dissipation
2.7W, 13.6%
Total Dissipation

: : : 7.7W, 38.9%
Drive Modulation  Envelope Tracking ’

Zoya Popovic, University of Colorado, Boulder, 2015 22
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Outline

 Qutphasing
 Quasi-MMIC isolated and non-isolated
* Measurements of load modulation internal to the PA
* Measurement challenges and approach to nonlinear
measurements based on NI equipment in a LabView
meta-instrument environment

Zoya Popovic, University of Colorado, Boulder, 2015



PA element for outphasing PAs @%

3 0 ©
o O O O

&)}
o
T T T T

out (dBm): Gain (dB)
=
o

ww €°¢

(%), P,
= N W
-

PAE (%),
2
o

Input Power (dBm)

* Single-stage * Vpp =20V, V;=-4.0V

* Biased in class-B * f,=10.1 GHz

* GaN MMIC PA * Peak PAE = 70%
(TriQuint 0.15 pum) « P.=27W

* 10x100 pm FET e Gain=7.2 dB
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_1OMHzRef.

Internal PA Load Modulation

Coupler

 Low-Loss Coupler

—=0)—] i r—-: M}P:glc._ﬁ
fo  Driver @ -------- ()
RF Switches
a R
ET
R 5
| )| ] 8
L
m 7 = o
. o
"""" O
4-channel receiver
Driver O R @
i LU SgMMIC g~
fo o Coupler *-------- - Low-Loss Coupler
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Isolated Outphasing PA

vev out,PA; — PO’U.t,PAg

-
o]
w
o
o

—~ _ ©eo OUt,PAl -
% 1.6— Pout.pa, 348
Peak PAE 2. ] Fas O
—Ilpa1 —Tpas ca 8 14— [ 2
% 4 L 34.4 'g
- 1.2 342 <+
m&i 1.0— —34.0 BU
GE) 05 —33.8 %
o ] - =
7 —33.6 —~
R 0.6— - o
*5 ] 334 O
% 0.4— —33.2 \_%
. _
O 02 T T T T T 7T T T 7T T T T T 1 T 7T T 1T T 7T T T T T T T 7T 1T T 7T 330
[ [ I [ I [ [ [
-200 -150 -100 -50 0 50 100 150 200 250

Outphasing Angle (6°)

* Finite isolation yields minimal load modulation
* PAs rotate in opposite direction around contours
* 0.4-1.7 dBinternal PA Pout imbalance caused by varying load
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Peak Power (6 = 6.5°)|

ANE P,

_ FPAl _ — . a vv v out,PA, — L out,PAs __34
|Mm Power (¢ = 180 )| = 10 000 Pyt pa, o
8 o5 Pout,PAg __33 g
— -+
5 0.0 —31 '-U
Q
st 05 —30 (‘SD
Peak PAE % 29
(0 =10.3°) il: 1.0 e /g_jf
/ = =
\ -OS —27

| O 204 | [ I ! | | | %

I

Outphasing Angle (6°)

* Load modulation shows slight CW rotation due to £1.5 dB internal
PA Pout imbalance

* Peak power occurs near peak PAE
* Minimum Pout of 3.6 dBm near edge of smith chart
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Comparison

Isolated Non-isolated
o PAEp,, x PAEpy; o PAEpy,; x PAEpa»
o Pout v PAEtotal Piso s P v PAE P.
6077 60-
50~ Jmongx 3o 50- :
40_. 40—_ o
20- 1 o
- 207 oF" o N N
10 7 v ' 10 ' W A
L 4 A
0 IIIIIllllllllllllllllllllll O_Wﬁlll|I|||||II||IIII|IIII|IIII'
-180 -120 -60 0 60 120 180 180 120 60 0 60 120 180
Differential Phase 6 Differential Phase 0°
* Peak Pout =35.8dBm /36.8dBm Peak Pout = 35.7 dBm / 37dBm
* Peak PAE=41.6% /59% Peak PAE =41.5% /60% (L=1.3dB)
* Integrated design: 1 dB less loss 8 % improvement in PAE at 4 dB OPBO

Zoya Popovic, University of Colorado, Boulder, 2015 29
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Effect of Power Unbalance

—L'pai
—'pa2

O \\
Optimal \
PAEX \

)

5+0.25 dB forced
available power
imbalance

2-9 dB internal PA Pout
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Outline

Overview of approaches for improving efficiency at power back-off
Supply modulation (envelope tracking)

 GaN PA design (10GHz carrier)

e Supply modulator (100MHz switching)

* Integration and modeling

Outphasing

 Quasi-MMIC isolated and non-isolated

e Measurements of load modulation internal to the PA
 QOutphasing with supply modulation

Measurement challenges and approach to nonlinear
measurements based on NI equipment in a LabVIEW
environment

Zoya Popovic, University of Colorado, Boulder, 2015 31



RF instrumentation in LabVIEW:

an equation to be solved =
nd THE UGLY

THE GOOD
e Build a GUI with two clicks ;
 Does not require any hard programming skills.
THE BAD
* LabVIEW code is difficult to read in big projects ;
* Mix of GUIs, algorithms and instrumentation drivers ;
* VISA interface is UNIVERSAL but...

* IVlis not:
* ManyDLLs;
* No universal handle manager in LabVIEW ;
* Open/Closing sessions not convenient.

Nevertheless, there is a hope...

RF instrumentation is based on a very limited number of instruments:
- Power meters ;

- RF Sources ;

- DC power supplies ;

- Scopes ; and

- just one big analyzer.

. b ‘nm]‘\ 4 L.
4 1 [

Zoya Popovic, University of Colorado, Boulder, 2015 32



Redefining RF and
Microwave Instrumentation

>> Learn more at i com/redefine

A LabVIEW “open instrument”

—

|

“Redefining RF and Microwave Instrumentation
with open software and modular hardware”

Existing approach on commercial PXI RF receiver

One single PXI module
PXI RF Signal Analyzer

Attenuator Mixer IF Amp IF Filter Digitizer
- , \ ADC &
DDC /
|

I(—)(;Zﬁ:ator & PC I >> :

= TS
" |EXPRESS' .@1 ﬂ

T

Each element is modular Versatile LabVIEW software

b\

Our approach for research and academics: open LSNA

Goal : improve flexibility and creativity for researchers and
academics in instrumentation.

Zoya Popovic, University of Colorado, Boulder, 2015
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LabVIEW for RF instrumentation

Available Instrumentation Device Uner Tgst

Simulation

\ Platform

e

or

user setup J

Arrays of Instruments Meta-Instrument

| PoWER METERs |

Zoya Popovic, University of Colorado, Boulder, 2015 34



Configuration | RFCalKit Instruments | LSNA | Measurement | About QuUIT

[ SOURCEMANAGER ] <— [ nmex (Sl cosepx

| BIAS MANAGER  1x]

e Some elements are
[ SCOPE MANAGE X already defined in
the array of ‘Sources’.

N

3!
& W& The array of ‘Power

= B EIjEf=

iy
By meters’ is currently
empty.
ONE VI ONLY
TO ACCESS
ARRAYS OF Some GUIs (Sources and Scopes) includes

INSTRUMENTATION Global Bemchui PXI session init and close on the fly.

Array can be deleted by clicking on the ‘X’.

Arrays of instruments

are defined by GUI
and located in a global variable.

Zoya Popovic, University of Colorado, Boulder, 2015 35



IM Example: CW sources

79 SOURCE c.. |
SE———
|
SOURCE Editor
Marme
RF Source 1.000000 -50,000000 -
LF Source 0.002000 0.000000 MNew Source Agflent E8257D
S ﬂ Agilent 332504
NI-FGEN Hu:ullmrnrth H53001 A (USE)
NI-RFSG — Agilent N9310A (USB)
‘iner[dEm] \Frequency[GHz] Wiltron
-] 70 0 I GPIB0:28: Anitsu
—
' HP
. . STOP HP 836504
Interactive control (useful with PXI o an0
sources). Open and Close PXI session on — Aeroflex IFR 3414
the fly if needed. VTD SWAP X-402 (External)
VTD SWAP X-402 (Frach)
List of instrumentation

_ o . previously defined in low-level
All instrumentation in a lab previously drivers.(Typedef file)

defined in low-level drivers. Here we have 3 Here is the list for VISA
driver families : VISA, NI-FGEN (LF PXI) and
NI-RFSG (RF PXI)

instruments.

36
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Here is the library

Make your own VI

+|c Elri

Calibration =

|BLAS_get_listbox ~|

Set Frequency =

Context Help

SCOPE
index
error in (no error)

SCOPEwi

=== SICOPE QUT
g e Waveform [V]
Spectrum [dBV]

error out

FILE
EXFORT

|Append MOIF =

Automatic

Write CITIFile

Write Generic MDIF File
W Append Generic MDIF

Read CITIFile

Generic MDIF file can be read by Keysight ADS Data Display and specific file formats for
AWR Microwave Office

Zoya Popovic, University of Colorado, Boulder, 2015
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@ SOURCE M=

e — e - Ready to
|Set F'l:uwa:r h |Measurlemént5 "] |I"-r1easurlemn.=:nt5 "] bUlId d
data set

Set Power Get All Get All
Driving Biases RF Power
Source

e Makes LabVIEW code lighter and clean ;

® Generic Library highlights concepts more than drivers and
acquisition protocol ;

e Data-set fully integrated to simulation platform for direct
measurement/simulation comparison ;

Zoya Popovic, University of Colorado, Boulder, 2015 38



Meta-instrument example: |
2-port LSNA bench S

£ . "ACUATION PLAN

Zoya Popovic, University of Colorado, Boulder, 2015



Bench example, 2 ports

Output | Frequency [GHz] | Power [dBm] {4 ] BIAS
Local Oscillator 0 )0 E 00 &
RF Source 1000000 -60.000000 51 = +4.6V +80m EDITOR
52 = +4.6V +80m
Sall = -5V -180m
o 53 = +4.6V +80m
utput Power[dBm]  Frequency [GHz] S = +4.6V +80m
) '9210.4 ’&!1
LsNA
<3 POWER_MGR.vi L j| | [OPE_MGR no_cditvi i —
JLSNA - 1P % =
SCOPE v ADC Downconverter
Manager ] £ 15000 15000000 1000000
Receiver Channel Active vFrequency (H2)
Autoscale Range[V] NoP Freq [Hz] i Scope USB NV 0 @ 49.99E+8
PN S e G rr— = J
ey | B Level (dBm)
ScopeUss  —| I3 Local Oscillator = | §10.4
LSNA MANAGER o CW Source

Name : RFSource | Level (dBm) o410 Start j.o_
: . £
ah
PSRN
| RF Switch ,‘SMP _ FFTBins
(’1 2
DELETE VISA Session Instrument Name Y i o s r‘HO 1000 2000
!
STOP s v None | B Ho

Unit
caugrate f [ meas. | oz —| Sl oo 000

CAL TEST LY

1E+9 2E+9

Zoya Popovic, University of Colorado, Boulder, 2015 40



(] ° :
L .’:" 0y
" - ‘; ”
IR
ST e
LSNA MANAGER  __m
-«
| I3 LSNA_CAL TESTwi

CALKIT Filename

=
=

B DELETE & C:\Users\tibo\Google Drive\NI-LSNANCU-Boulder\Setup\ CALKIT_SOLT4.dat
T
STOP Port AUX Port1

CALIBRATE

CAL TEST

CLOSE]

il
CALKIT File
% C:\Users\tibo\Google Drive\NI-LSNA\CU-Boulder\Setup\CALKIT_SOLT4.dat
PORT1 PORT 2 PORT AUX THRU Standard = | LOAD Standard =
= = RMS Error Calkit Name RMS Error Calkit Mame
_ Agilentss0s2C @6GH) | Agilentss0s2c 6GH) | Agilent 85052C (26 Ghz) < | Agilent 85052C 26 GHa) < | 00385643 Agilent 85052C (26 GHz) |0 Agilent 85052C (26 GHz)
' SHORT SHORT | @ [sHort | ‘
:J ]0 f. 0_ POWER
5 ° O O CAL
— —— ———
| O K @ TEST
, =
[0 o o 1o s
—— P—— p— E FORWARD
! " ) HPR j 9 HPR d HPR 5
: Measurements on progress () c_é
REVERSE
-0.6-

1o ] i |
0 5E-7 1E-6 1.5E-6
Time | )
RN potaux BN | HE ® |

Port1
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Application: outphasing PAs <.

Measurements of

5 | Co'uplcr MMIC - Low-Loss Coupler internal load
. fo Dive || O-PA-HD T modulation
| RF Switches
=
% 1 g | 3| Requires Three identical
£ T 1] | (2] (2] Eom[E 2-portRF LSNAS, but
% " SWAP [T 1 - 5 with different calibration
= | matrices and
Kl initialization scripts
o per ®.MMIC .@ s (to setup the RF
;/',, o Coupler PA_ ' Low-Loss Coupler SWitChES)
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3 o v S
- T —

LSNA MANAGER

N

4 [amo |

caLBRATE |

meas. |

caLTesT |

1. Create an LSNA and copy it twice

3. Each of the 3 LSNAs is calibrated

independently.

LOJ

LSNA

Name Setup VI

JLSNA - 1P * i

ADC Downconverter

Receiver Channel Active Frequency (Hz)

scopeUss  —1 1o 5 ] 4999E+8
Scope USB ~ 1 FracN
Scope USB ~ 2 Level (dBm)
Scope USB - 3 Local Oscillator =~ ] j 104

CW Source

RF Switch

RFSource |  Level (dBm) £ -10

y.Sud Freqlist (Hz)

Start
4
Step FFT Bins

!
.—Xo 1E+9 2E+9

VISA Session

Instrument Name

l% ~| None = !

a

2 ;
- 1 ! b
r” 0 H1000 2000

:‘ N;mberofpoints {—JT-W s
Unit Warning! !1000 2000
o | il oo

/

2. Update the field Setup VI with the script
to enable the correct RF-switch position.

4. All LSNA measurements are performed
sequentially in just one call.
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Chassis Controler Sampler Clock ADC (4 ch)
PXle-1062Q PXle-8840 PX1-5404 PXle-5922 (x2)
BW=6 MHz (24 bits)

ADC (4 ch)
PXle-5162

BW=1.5 GHz (10 bits)

] 11

FURAXA

InP HBT Sampler Downconverter (x4)
Clock: 5 MHz - 3 GHz
BW > 50 GHz

RF LSNA

1l

[ LF LSNA

)

LF Bias Tee I f

LF Source

O

LF Coupler

- Y £

. RF Coupler RF Coupler
RF Source RF Driver RE Bias Tee

GaN HEMT
(DUT)

VDD
m

RF Bias Tee

% RF Load-Pull

LF S-parameters under large signal condition is a minimal
configuration to optimize filter between the LF modulator (PWM

signal) and the RF-PA (Analog signal)
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I3 LSNA_MGR.vi

Create 2 different LSNAs. LSNA MANAGER @D

Mame ﬂ

One includes a
downconverter, the other
one doesn’t.

Each LSNA is related to its
calibration matrix.

CALIBRATE
CAL TEST

All LSNA measurements
will be performed

sequentially in a single Measurements performed in LF 1 port
LSNA Measurements” call LSNA + Power meters for the moment
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| Problem to solve:
W Transistor models do
L o .
not predict low-
frequency

(modulation) drain
terminal impedance

4
NI-PXle 5162
LF Source V> | Oscilloscope
Supply LF Coupler —] 0
Modulator |(8)
wo——————~ ©) (5)
) )
[ — 50MHz Crai
200} : i frain D— RF
@ 150} mx MHz DUT (4) LC Output
8 100f : ; FpEp e Re [Z4] RF ———— % -
ﬁs‘ so} ‘ l I t (2) I I -
&, S0MHz _}_npu @ | I (3) Focus Load  Bjas t
e i 1 L ias tee
£ S R S
—sof : : == } Im([Z] | } RF Tuner
100l ﬁ Focus Source I___{_]
. RF Tuner —
S0 3z 2 6 30 32 34
Py (dBm)
46
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LF drain impedance ET-PA
measurements/simulations

= @ LSSP
W PARAMETER SWEEP | m PARAMETER Sulf EEP | -"i":"'"
L55P
Param Sweep ParamsSweap OC HE1
Sweap Sweepi OC1 Freq[l FREQ1 Hz
Sweaptar="P_EK." S eepiar="DOC" Order[l]=5
Simrestance Mame[1F"Sweap1” SminstanceMame [l "DC1" VAT L55P_FreqfePort[l]=
Simremne: bame[iE SimnstaneeName fEHB 1" | it
Simrstance Mame[3F SmhstanceNanepE WOC=10
Simrestance Mame[4F SminstancelName HE =
Sim retance Mameaf5SE Simhstacebane BE W_BET07(F_ENVEZOHS)
Simretance Mame[§F SmnstancelNameBF F_EMES
Start=0 Han=2
Stop=12 Sop=20 @
= F‘_n'l'-:-r-z

Sep=1 Sep=2 PEET!

Murre1 An

Z=50 Thm dn1

Freq[1]=FREQ1 He dn1=zin(511, PortZ1)

RF Average Power DC VD sweep L Bl Epolaridbrton¢40)0)

compatible with LF VNA compatible with LF VNA P i
measurements measurements FREYI=Oe:
¥ DC_Block
DC_Black1
D T S-par
' . c
e g Lo r simulation
;m VI ! - mln performed
DRAIN_ MODEL OC. Fee . .
:-'ileﬁrﬂme:"ll:l_mrrple‘te‘l.t-f' DC-FETW ey Wlth
< LSSP block
RF Envelope Input (Harmonic
ke (volt) Balance)
under 50 ohms

S-par simul will not

take into account non-

linear Gd
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Example: Extracting a model...

Very simple circuit Very big capacitance
(transition between

— =iVl 9= DCG”dLF)/
V_envRF  ——V_drain| |—s—— o (A A
= A H A
8 Eesssessensanl SRR 5002 T TNF
L <v> E
-~ DRAIN_MODEL =~
S - T ) \;} \
~ Fllename="p_compiete2 " T N
\ N e
Table based model. {Prf(dBm) : compensation
It included —_0-5} : Output
. — 20
measured |Vm(v)‘ — 10 : capacitance
ID=f(Pav,vd) | Resonance
And extracted Gd : Non linear elements : (can be seen on
| real{y22})
|
\ ' ; N ' ,
EXTRACTED FROM I(V) '

EXTRACTED FROM S-par
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: i oy
Example: comparison S0l

Measurements:
Converted in Generic MDIF and loaded directly in the
data display Automatic
EHFI:'LIZIEF:T Write CITIFile
Write Genernic MDIF File
Append MDIF T" 4 Append Genenc MDIF

o o Read CITIFile

Simulations:

Performed for the same sweep range

4

Comparison in the simulation platform

m
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Example: results

Irn{Zdd}

Re{Zd)

B N B N B R B B B B N B N B I B

40
i E WD (V)
30— £ L .
L § 15— 16000
S 1w
o e
0 o T TTr T T "rr1irTa-T
= g W 12 14 16 1%
b RF POWER (dBm)
= 25
— L < 10
10 J '-Ul 15 6.000
o1
o8
O o
n T I T I T I T I T I T I T I T I T I T
00 20E 40E? 607 $0EF 1.0E3 1762 14E% 16EZ 18E% 20E8 12
Frequency o
1.0—
000
08—
3.75 = M__
-
0.4
7.50— |
n.?_’—"_‘_d—’_*—d
1.25—
= 00 T I T T I T I T I T
1 g 10 12 14 1% 18 20
i YD ()

| | |
00 2I0ET 40ET GO0EF S0ET 10EF 1.2E8 14E 16ES 18E3 10ES
Fraguency
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penplitude (684

8

8

Example: self-characterization £

Samplers characterized with NI PX1-5922 (15MS/s)

Data displayed in Keysight ADS — Goal is to display in AWR MWO (but this
needs improved Generic MDIF file format)gs_ I

Amplitude [dV]

[eTul

Lrnplitude

Amplitude [d8v

Ampitude GB\]

RF POWER IN [eBm]

=i

75
70

g = = b g =5}
L= = T W1 = W ] Ln
|

ULl 4
A

I
i

—

-70 -60 -50 -40 IBCI -20 -10

FPowerftone [dBm] I

CI3+
< "I CI3-
LIMIT= !
Dynamic of
PXI-5922
SAMPLER’s DYNAMIC

HIGHER THAN 80dB!!!
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Summary ok

 LAbVIEW-based LSNA under development

* Enables non-standard design-oriented
measurements in a modular flexible fashion

* Measurement capability already
demonstrated through several design
applications:

— Internal load modulation in outphasing PAs

— Low-frequency drain impedance measurements
under large-signal RF carrier excitation for a ET-PA
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