Time domain envelope characterization of power
amplifiers for linear and high efficiency design
solutions

P. Medrel, T. Reveyrand, A. Martin, Ph. Bouysse, J.-M. Nébus,
J. Sombrin

IEEE Wireless and Microwave Technology Conference
WAMICON 2013

April 08, 2013

%


http://www.xlim.fr

@ Measurement Setup
@ VSA-based measurement setup
@ Setup for Noise Power Ratio
@ Setup for Envelope Tracking
o Calibration
@ Time Domain Alignment

© Noise Power Ratio
@ Notch method

@ Equivalent gain method
o EVM method

© Envelope Tracking
@ What is ET ?
@ Gate and Drain dynamic laws
@ Optimization criteria and results

%


http://www.xlim.fr

Introduction
©000000

Introduction

Required Energy for Basestations in 2010 in
Germany =

H 3300 GWh in 2010

B This is 50%b of the small Nuclear Power Plant
Isar 1 (6200 GWh)

B This is 100% of the big Water Power Plants
O Altenworth (1970 GWh) and Greifenstein (1720 GWh)

B Urgent need for Basestations with improved efficiency %

data from Infineon [1] b 10
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@ Designing RF front-end

\,/ Antenna

application

Figure 1 Typical TIR Switch in a typical IEEES02.11

@ Base-station example

Typical Base Station Prx

Non Critical Equipments Radio Unit

=
75% Efficiency
0% Efficiency
WiMax-100W
UMTS-100W

75% Efficiency
Base Band Unit

0% Efficient

iin parallel power path

in series power path

n, [

Architecture and efficiency [2]

Power Amplifier incl.
Feeder

50-80% (65%) | Air Condition

10-25% (17.5%)

Signal Processing
(Analogue + igital)
Power Supply 5-15% (10%)
5-10% (7.5%)

Energy consumption = 6 kW [3]
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The framework of this talk focuses on High PA in T/R modules

Py Q//;I>
—{} A —{} DEMODULATOR
HPA

The criteria to take into account are :

Output Power

Power Gain

Gain
Signal Integrity

Efficiency

Integrity

Output Power %

Efficiency
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PA workforces focus on efficien

@ Doherty

Main PA

Quater Wave
Transmission Line

90° phase shift
1

Peaking PA

W
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PA workforces focus on efficiency

@ Outphasing

In-phase
PA Power Combiner

IN
AM-PM
D modulator
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PA workforces focus on efficien

o Envelope Tracking

Envelope
Detection

Envelope
Modulator

IN Delay

1Q

modulator

W
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PA workforces focus on efficiency

Most of design flow are performed according CW characterizations
and modelling.
But what about the Signal Integrity at the receiver?

o Instrumentation with modulated carriers stimulus
@ Measurements dedicated on linearity criteria

@ Discuss on a comparison criterion for the global TR chain
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Measurement Setup

@ VSA-based measurement setup
@ Setup for Noise Power Ratio

@ Setup for Envelope Tracking

o Calibration

e Time Domain Alignment
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VSA-based measurement setup

X '/'/A\gﬁ_.; ¢

" aeia” - }
© R

Agilent VSA-based measurement setup [4]
(photograph courtesy of CU-Boulder)
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VSA-based measurement setup

Rohde & Schwarz VSA-based measurement setup [5]

(XLIM) '
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Measurement setup for NPR : Principle [6]

Power
spectral . .
density output signal input signal
/ NPRcqsurea
input

notch /

IMD products

freqLEncy
>

Power
spectral EVM probe
density modulated

carrier

IMD products

/_" b>< frequ:ncy
>
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Measurement setup for NPR :

notch
(BW=5MHz)

Signal Modulation Unit
(SMU100A)
Rohde & Schwarz

Jeomputer OMHA A
Svach : i rese

Signal Modulation Unit
(SMU200A)
Rohde & Schwarz

input
envelope

16QAM channc]:
200KSymb/s -

IN/OUT switch

Vector Signal Analyser .
(FSQ8) reception :

Rohde & Schwarz block  :
(+computer):

k

Input RF envelop
measurement
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Measurement setup for ET : Principle

Baseband /
RF Up Converter

Envelops Signal

Baseband /
RF Up Convertar

http ://www.nujira.com/ %
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Measurement setup for ET : Bench

Arbitrary
Drain Bias Waveform
|  Control 77 =] Generator
’: Camnyton > {_tektronix AWG2005
Gate Bias Arbitrary :
Control Waveform envelope
_:» Computation Generator TraCRINg, Vas(t)
.. < eTeigzer il tcklmr?lx AWG2021) ] black. :
1 Signal Modulation Unit Milmegd
. Lincar RF
Computer|q (SMU200A)

Amplifier
Rohde & Schwarz

........... Base Band ... .£oneration block
input signal

i WO s 5

Vector Signal Analyser N :

(FSQ8) reception

10 M Rohde & Schwarz block :
Synch - N

Input RF envelop
measurement
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Calibration : Envelope correction

RF path

Xout(f) = sy Xmeas(f)

W
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Calibration : Validation

Power

20
wv— . Input Measurement (VSA)
E 107 ~——~Output Measurement (VSA)
:-g | ®—®InputMeasurement (Powermeter) - 10
v -
5 -107 5 ol
a ]
9 -207 &
2 S -107]
§ 30T 3
T 0] a -201
P H
2 £
2 -507 s a0
g -60 E
3 —704™ -407] L
-80 v‘ T T T T T T T T T -50 T T T T T T T T T
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20
RF source power (dBm) RF source power (dBm)
v
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Time Domain Alignment

o Correcting the envelope delay 7

without TDA with TDA

I I Bt

IS

PRI B R |

Input voltage (Volts)
o

Input voltage (Volts)
5

Output voltage (Volts)

o

0 50 100 150 200
samples samples
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Time Domain Alignment

In quadrature (Q)
)

Measurement Setup

O®00

o Correcting the local oscillator phase offset ¢

without TDA

N & »

- - »
- - -
@t

¥ -

In phase (1)

with TDA

ERE T N
i LI
0’5: - = » “
] L v -

In quadrature (Q)
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Time Domain Alignment with crosscorrelation function [7]

y(t) = %(t — 7).e %0

FFT {Ty5(t)} = )?(f)”2.e/'-(27r.f.—r+¢o)
Arg {FFT {Tyx(t)}} = 2m.f.7 + ¢o

5.0e+004

0.0e+0007

-5.0e+004+

-1.0e+005-

CCF argument(°)

-1.5e+005-

-2.0e+0051

-2.5e+005 ™ T T T ™
-15 -10 -5 0 5 10 15
envelope frequency(MHZ)

X(f) = Ximeas(f).e/-Cm-fT+¢0)
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Time Domain Alignment is necessary

power gain (dB)

20

@ Examples on intantaneous gain and PAE

without TDA

3

Input power (dBm)

power gain (dB)

with TDA

o
5

20 30
Input power (dBm)
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Noise Power Ratio
Noise Power Ratio

@ Notch method
e Equivalent gain method
o EVM method

W
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Properties of multi-channel signals

compen AT T"{}
Envelope ‘
i -

\

(r)}mjg

W
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Response of a power amplifier

One can use a band-limited gaussian noise

B

%]

How to measure the Signal-to-Noise ratio ? %
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The notch method [8]

)

&

&

Magnituds (dBm)
5
[

&
Magnitude (dBm)

7

&

13
£

Frequency (MHz) “Frequency ez

Intermodulation
products

\ Power Output signal
spectral
density k-
NPR s C+N
:;1::}: NP Rmeasured = N
C
>40dB Input signal NPR = N~ NPRmeasured — 1

Frequency
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The equivalent gain method [11]

y(t) = fu (X(t))
Bussgang theorem [9] [10]

X is a zero-mean stationary Gaussian random signal

y(t) = Ax(t) + n(t)

pX(e)

las.

Vo),

%
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The equivalent gain method [11]

)= R _ E(O% (1)
Ry E[)?(t);(*(t)]

E[(7(6)=n(t))(7(t)—A(t))*
NPR = § — EICO-HO)()n(o)]

with
A(t) = y(t) — A.x(t)

f§A||A-X(ﬁ)||2
NPR| 45 = 10logg > IY(F)-AX(A)

fiea

W
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The EVM method

= = 8 m
Power in-band Sl W % N
spectral . . — g ’
density | distorsion Sl o« e
A =
modulated | | -
w W W
carrier (e.g 16-QAM) d
in phase
\ AWGN noise Aiis equal to zero
/ IMD prod e gt
products
/ LA =0
+
f frfquency
v G is due to the in-band

uncorrelated part of IMD (AWGN noise)

%
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The EVM method

n quadrature (Q N
- (I)/ > (17+Q?)
+ MER = |+
5Q$O 2(5 2+§sz)
«<—> A
[y
i Q; 3
1 2 ?
+ | Nj;(él. +0Q; )
EVM =N\ =z —
» Inphase (I) -
2
) - ) Vmax
N = MER (m) with V=

NPR| 5 = 20log;o (EVM x V) — 10logyg (R)

N
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The EVM method

[ Modulation format | V|
BPSK 1
QPSK 1
16-QAM 1.341
H I 32-QAM 1.303
H ”| t T 64-QAM 1.527
50 12
sl ©
4 __ measured
A35 L NPR ~8
gl S
20 16
% r NPR derived from %
5 measured EVM 14
201
[ measured 42
15 __ - EVM
10 . . ! . ! . | . 0
-10 0 10 20 30 40

Output power (dBm)
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Envelope Tracking

@ What is ET?
@ Gate and Drain dynamic law

o Optimization criteria and results

Y
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What is Envelope Tracking ?

A CW drain bias law is tuned by
recording AM-to-AM profiles
under different VDS conditions.

The resulting ET PA shows a 6 =D

constant envelope power gain
while ensuring high efficiency due
to the compression operation.

http ://www.nujira.com/
%
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Proposed combined gate and drain ET on Class-B PA

Two-tones intermodulation modulated
excitation signal

linear
DC curve
no envelope

distorsion

NL

Vs
— time ‘-J ” ﬁ W
Rv
:::;33\\‘:::»‘» ideal class-B PA LA, 'L

GaN Ips (Vis) profile tends to be linear above the pinch-off point
class B theorically offers good in-band linearity since there is no
conduction angle modulation depending on input signal amplitude.
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Principle to target a constant gain for a class-B PA

Gain (dB)

Gate bias voltage (Volts)

Input power range 1

Input power range 2

variable drain

bias Vpso

constant Vggo=-3V

constant Vpgo=15V

illustration of
ate bias control

trajectory targetted

constant gain

®
Voso=15V

gate bias
function

{Py;=23dBm
T
12 16 20 24 28

drain bias

T T

function |-

* Pyy=23dBm
T T T T
12 16 20 24 28
Input power (dBm)

Drain bias voltage (Volts)

Both Vpsp and Vgso are
varied to ensure constant
gain. Input power range 1
corresponds to a Gate-ET
PA biased under
VDD=15V. The range 2
leads to have a class-B
drain-ET PA.

The corresponding biases
functions are clearly
separated which leads to
have a more simple
approach.

W
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Dynamic load-lines with gate and drain ET

2.57]
2.0
= ]
E 7
$1.5— oad Hne-a oaerate
s ] 06 eve
= ]
31.0—_ X
.5 : ‘ oadHi Ia high
1 ower leve
00_5__ v P
E oo Ve
0.0 LI I B B B B

30 40 50 6C
Draln -source voltage (Volts)
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Gate and drain bias trajectories extraction

AM-AM measurements of a CREE CGH27015-TB for a CW and a
16QAM (1 MSymb) at 2.5 GHz.

CW gain

Gain (dB)

. aivérage fitting of instantaneous
envelope gain

‘"_"“ instantaneous envelope gain

20 2‘2 2‘4 2‘6 2‘8 3‘0 3‘2 3‘4 3‘6 3‘8 4I0 4‘2 44 Y@
Output power (dBm)
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Multi-bias dynamic AM-AM measurements

Measured AM-to-AM profiles with the useful digital modulated
signal (16-QAM signal) under the 15V-28V Vpgsg range and for a
class-B operating point.

:constant gain . Voso=22V

| T TIN  H H T H  RBY A

Vpso=15V

High level range :
Veso has to be fixed
at the pinch-off point (-3V)
Vpso has to be dynamically
controlled from 22V to 28V

Low:level range :
Vpso has to be fixed to 22V
Veso has to be dynamically
pulled-up above the pinch off Vinth

-

TENEEN I A R I B

Instantaneous envelope gain (dB)

o

T T T T T T T T T T T T T T T T T T T

0 ) 02 04 0,6 0,8 1 Y@
Normalized instantaneous magnitude of the base band signal (Volts)
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Experimental optimization on the output voltage envelope

o 7
% 6 i il 2
v

: A P s

Om "L A \ WAV 1

3 NENASELEHES RS aNE

c s

2§ 3 > \ Iy { s

§° 2 AT LN [

c 2§ Non constant P 4

‘g 114 gain at low leveT nv‘ \ LI : l'l 6

= » o | 0
% 0z 04 08 08 1 0 40 80 120 160 200 240 280

o 127

aQ E3

S &1 iy el

o 10 { Constant 5 Vi / il 20

Soeli instantaneous gain RS J ral

o m g i \TANNAWAY 1

22 S P

8% Sih =y Y (R

g o4 2 U M,

2 VIV v

g 2 1 \'J A ]“I 6

£ oz 0 lo

0 02 04 08 09 1 0 40 80 120 160 200 240
Normalized instantaneous magnitude of the Samples

base band signal (Volts)

N
*
3

Visual criteria : dynamic AM-to-AM profile along with input/output
envelopes.At the PA planes, maximally flatness profile is reached. X
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Experimental optimization on EVM

2 T
inher constpllation |

| | | | |
s . i | —a— a—

| | | | |

| | | | | | |
—— Y - — —— —— —s— —a— —a—

| | | | | | | |

I | J | I | | |
—f— — = —F — —E— —— —— —a— —%—

| | | | | | | |

| | | | | | | |
—— —— —ig— —E— —— —f— —e— —a—

| | | | 1 | | |

Measured EVM=3.3% Measured EVM=2%

Second visual criteria : EVM measurement performed on the
demodulated signal at the PA output plane.
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Extracted gate and drain biases functions

25 29
-26] £
2 ] F-279
S -271 [ ©°
S F 262
o . drain bias N

()] A E
8 —284 function F25 8
g ] 9
] 24 o
8 299 gate bias Eo @
Qo ] . o e}
Py 1 function E23 ¢
® -3 - O
O 220
_3'1 . T T T | T T T | T T T | T T T | T T T : 21
0 0,2 04 0,6 08 1

Normalized instantaneous magnitude
of the base band signal (Volts)
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Scope captures of the biasing temporal waveforms

28V

drain bias voltage

drain bias voltage

gate bias voltage

2.6V 26V \/\
-3v gy WM. e W
input envelope at

low RFinput level

WYY

gate bias voltage

input envelope at
high RFinput level
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Comparison between convential class-B and our dynamic

gate and drain biased PA

65 10
60| Dynamic gate o
and drain biasing s Conventional
55| J
7 class-B

9 9
S50 6|
w s |
<C 45_| > 5]
o w
b 4
0| ) ]
Conventional 3]

35 class-B 5] Dynamic gate

1 and drain biasing
30 1

7T T T T T T T

3 # 35 36 37 38 39 40 41 3 Ed ES £ EZ E: » 40 41

Output power (dBm) Output power (dBm)

A
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Conclusion

@ Why modulated signals bench are so important ?
o Application on NPR
o Application on ET

%


http://www.xlim.fr

[1]

[2]

(3]

[4]

5]

6]

[7]

(8]

Helmut Vogler. Microwave components research and innovation in the eu — a company
perspective. 2008.

G. Koutias and P. Demestichas. A review of energy efficiency in telecommunication networks.
Journal TELFOR, November 2010.

L.M. Correia, D. Zeller, O. Blume, D. Ferling, Y. Jading, |I. Gédor, G. Auer, and L. Van Der Perre.
Challenges and enabling technologies for energy aware mobile radio networks. Communications
Magazine, IEEE, 48(11) :66—72, November 2010.

H. Jang, A. Zai, T. Reveyrand, P. Roblin, Z. Popovi¢, and D.E. Root. Simulation and
measurement-based x-parameter models for power amplifiers with envelope tracking. In /EEE
MTT-S Digest, IMS 2013, TU3F-1, Seattle, WA, June 2013., pages 1-4.

P. Medrel, T. Reveyrand, A. Martin, P. Bouysse, J.-M. Nébus, and J. Sombrin. Time domain

envelope characterization of power amplifiers for linear and high efficiency design solutions. In
IEEE Wireless and Microwave Technology Conference (WAMICON), Orlando, FL, April 2013.,
pages 1-4.

J. Sombrin. On the formal identity of EVM and NPR measurement methods : Conditions for
identity of error vector magnitude and noise power ratio. In European Microwave Conference
(EuMC), pages 337-340, Manchester, UK, 2011.

G. Nanfack Nkondem, J. Santiago, G. Neveux, D. Barataud, J.-M. Collantes, J. Portilla, J.-M.

Nébus, and A. Mallet. Characterization of Galileo signal correlation losses caused by non linear

power amplification with memory. In I[EEE MTT-S International Microwave Symposium Digest,
pages 1581-1584, 2008.

A. Mallet, F. Gizard, T. Reveyrand, L. Lapierre, and J. Sombrin. A new satellite repeater amplifier
characterization system for large bandwidth NPR and modulated signals measurements. In |[EEE Yé
MTT-S International Microwave Symposium Digest, volume 3, pages 2245-2248. -


http://www.xlim.fr

[9]

[10]

[11]

Julian J. Bussgang. Crosscorrelation functions of amplitude-distorted gaussian signals. Technical
report, Massachusetts Institute of Technology, 1952.

J. Minkoff. The Role of AM-to-PM Conversion in Memoryless Nonlinear Systems. |[EEE
Transactions on Communications, 33(2) :139-144, 1985.

S.-W. Chen, W. Panton, and R. Gilmore. Effects of nonlinear distortion on CDMA communication
systems. |EEE Transactions on Microwave Theory and Techniques, 44(12) :2743-2750, 1996.



http://www.xlim.fr

	Measurement Setup
	VSA-based measurement setup
	Setup for Noise Power Ratio
	Setup for Envelope Tracking
	Calibration
	Time Domain Alignment

	Noise Power Ratio
	Notch method
	Equivalent gain method
	EVM method

	Envelope Tracking
	What is ET ?
	Gate and Drain dynamic laws
	Optimization criteria and results

	Annexe

