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Introductory Note

Introductory Note

The following abbreviations are used in this application note for Rohde & Schwarz
products:

e The R&S®SMW200A vector signal generator is referred to as SMW.

e The R&S®FSW signal and spectrum analyzer is referred to as FSW.

e The R&S®FSW-K18 amplifier measurements option (application) is referred to
as FSW-K18.

e SMW instrument options, e.g. R&S®SMW-K540 are referred to as SMW-K540.

Overview

An increasing number of power amplifiers (PA) support the envelope tracking (ET)
technology in order to reduce power consumption and improve efficiency, for example
in smartphones and tactical radios. Typical setups to test PAs consist minimally of a
signal generator and a spectrum analyzer. Envelope tracking requires an additional
generator to provide the envelope signal for the DC supply modulator. Rohde &
Schwarz offers a compact solution for characterizing power amplifiers with envelope
tracking using the SMW vector signal generator and the FSW signal and spectrum
analyzer, effectively replacing complex test setups.

Equipped with the SMW-K540 envelope tracking option, the SMW generates both the
RF signal and the corresponding envelope signal. Since the envelope signal is
generated from the baseband signal in realtime, any user-specific 1/Q file or wireless
communications standard, such as LTE or WCDMA, can be used. Generating the RF
signal and the related envelope signal in a single instrument makes it possible to
precisely adjust the delay between the two signals in realtime. The SMW offers a high
bandwidth of up to 1000 MHz for the envelope signal and best spectral purity with a
typical noise of only —160 dBc.

When characterizing the performance of the PA, the power added efficiency (PAE) is a
key parameter. Analyzing the PAE requires time synchronous measurement of the
PA’s input and output power and corresponding power consumption. To address this
need the FSW offers synchronous RF and baseband measurement. When equipped
with the FSW-B71 option the FSW provides two additional baseband input ports for
voltage and current measurement via probes. The measurements are processed by
the FSW-K18 amplifier measurements option.

The envelope tracking technology is often used in conjunction with digital pre-
distortion. Equipped with the SMW-K541 AM-AM, AM-PM pre-distortion option, the
SMW applies digital predistortion in realtime to correct for AM-AM and AM-PM effects.
Again, any user-specific 1/Q file or wireless communications standard can be used.
Users can load their own pre-distortion tables or alternatively use the FSW to measure
the AM-AM, AM-PM distortion, automatically generate the pre-distortion tables from the
measured data, and send the tables to the SMW for immediate use.
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QOverview

The following table gives an overview of the required instrument options for envelope
tracking and optionally digital pre-distortion (minimum configuration).

Instrument options for envelope tracking and digital pre-distortion

SMW (minimum configuration)

Option Name Remark

SMW200A Vector signal generator

SMW-B103 Frequency option , RF path A, 100 kHz to 3 GHz More frequency options available

SMW-B13 Baseband main module, one I/Q path to RF SMW-B13T for two 1/Q paths
SMW-B13XT for two wideband I/Q paths

SMW-B10 Baseband generator with ARB (64 Msample) and SMW-B9 wideband baseband generator

digital modulation (realtime), 120 MHz RF bandwidth | available for wideband applications

SMW-K16 Differential analog 1/Q outputs SMW-K17 when using SMW-B9

SMW-K540 Envelope tracking

SMW-K541 AM-AM, AM-PM pre-distortion Only if DPD is required

FSW (minimum configuration)

FSws8 Signal and spectrum analyzer, 2 Hz to 8 GHz More frequency options available

FSW-B80 80 MHz RF analysis bandwidth More RF analysis bandwidth options available

FSW-B71 Analog baseband inputs

FSW-B71E 80 MHz bandwidth for analog baseband inputs

FSW-K18 Amplifier measurements
Please see reference [1] for the full list of SMW instrument options and details.
Please see “R&S®FSW Signal and Spectrum Analyzer” data sheet for the full list of
FSW instrument options.
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Envelope Tracking Basics

3 Envelope Tracking Basics

The digital modulation schemes used for the modern communication standards such
as LTE involve high crest factors. The crest factors, i.e. the peak-to average power
ratios are in the range of several dBs.

RF envelope power Peak envfelope power \

Power Crest
i factor

Average power

Time

The instantaneous signal power of an LTE signal varies significantly over time which
prevents operating the PA in saturated state. This means a loss of efficiency, since
PAs are most efficient when operated at their peak output power. At low instantaneous
powers the PA is forced to operate way below its peak output power. As a result, a
significant amount of power is dissipated as heat.

Efficient Inefficient

Constant
supply voltage Energy dissipated as heat

Varying RF
envelope

To overcome this, envelope tracking is applied. The idea of ET is to dynamically adjust
the supply voltage of the PA according to the envelope of the RF input signal. By
modulating the supply voltage to track the input signal’s envelope, the PA’s efficiency
is significantly increased. This yields less overall power consumption. For example, for
battery-powered PAs this means longer battery lives, which is desirable for all kinds of
mobile devices.

The basic principle of ET is shown in the following figure in relation to the conventional
approach.
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Envelope Tracking Basics

< Q?,'?,Y?'T nal PA O Constant Constant —»- o
DC supply supply voltage Energy dissipated
y Varying RF
Q| Up- RF envelope
Baseband " | converter
(Envelope tracking PA 0 Constant Modulated -_
DC supply supply voltage ™ No wasted energy
Envelope ~ | Supply |
detector modulator Varying RF 1 | |
7y — LT AU WL DL
envelope ! 1u '

IQ Up- |RF
Baseband " | converter »

The 1/Q signal generated by the baseband is upconverted to the RF and fed to the PA.
In addition, the 1/Q signal is used to calculate the RF envelope according to
A=1%2+Q? . The envelope signal is sent to the supply modulator that modulates the

DC supply voltage of the PA accordingly.

Typically the direct magnitude signal A is not the most ideal to modulate the DC supply
voltage and is usually modified by shaping, for example to optimize the PA’s
performance with regard to efficiency or linearity (see section 5.4 for details on
shaping).

Envelope |A=/1?+Q? Supply
detector modulator

The modulated supply voltage and the RF input signal have to be aligned in time at the
PA. Even small time deviations in the ns range have a substantial influence on the
quality of the RF output signal. For example, the EVM can increase significantly. (See
section 5.6 for details on time alignment).

Synchronization Modulated
required supply voltage

RFin > RF out

For more basics and details on envelope tracking please refer to reference [3]. This
white paper gives an excellent and comprehensive introduction on ET.

1GP104_2E Rohde & Schwarz Envelope Tracking and Digital Pre-Distortion Test Solution for RF Amplifiers 7



Test Solution Overview

4 Test Solution Overview

4.1 Complete Solution

The test solution from Rohde & Schwarz for testing envelope tracking power amplifiers
is extremely powerful and yet very easy to use. It consists of the high-end vector signal
generator SMW and the high-end signal analyzer FSW. All challenges involved with

testing ET PAs are addressed in a user-friendly way to ease and accelerate the testing
process.

Vsupply

\

Supply
modulator

Envelope signal

voltage & current
measurement

RF signal

TE-eace 0 1110 65

e Simultaneous RF and envelope ¢ RF analysis (ACLR, Rx band noise,
signal generation EVM, harmonics, etc.)
e Realtime pre-distortion « Distortion analysis (AM-AM / AM-PM

conversion)
e PAE analysis

4.2 RF and Envelope Signhal Generation out of One Box

Other test solutions use separate signal generators for generating the RF signal and
the envelope signal. The latter is usually generated via an ARB waveform file. A big

challenge with this approach is the synchronization of the two signals/generators which
is absolutely crucial for ET.

The user does not face this problem when using the SMW because the instrument
generates the envelope signal automatically in realtime based on the set RF signal.
Additional time alignment on the picoseconds to nanoseconds scale is easily possible.

Vsupply
SMW
Envelope signal Supply
—_—  »
modulator

RF signal

e RF and envelope signals out of one box
e Synchronous signals with adjustable delay
e Allin realtime
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Test Solution Overview

The SMW calculates the envelope signal directly from the baseband I/Q signal and
outputs it at the analog I/Q connectors.

Baseband Up-converter

IIQ Meod A RF A

= v RFA RF signal Pin
= 5 =

A

cc
—\IQAnalogA| Envelope signal
2 DIFF
=lo> Wa ouT 1 > SUpp‘y
e modulator

Y

Envelope
detector

The SMW supports signal generation for all important mobile communications
standards and for user-specific data via the ARB. The envelope signal is calculated
automatically in realtime, i.e. it is immediately adjusted when the user changes the
baseband/RF signal characteristics. This means, the user can reconfigure the
baseband/RF signal settings as desired and the envelope signal adapts accordingly
without any user-action — there's no easier and quicker way.

Please see section 5 for details on the envelope tracking feature of the SMW.

Conventional approach: Dual ARB method

When equipped with a second instrument path (path B), the SMW comprises two
complete signal generators in a single box. The two internal ARB/baseband sources
can be easily synchronized. The user can therefore use the SMW also in the
conventional way by generating the envelope signal via the ARB generator in the
second instrument path (i.e. via path B). With this method time alignment with
adjustable delay on the picoseconds to nanoseconds scale is also possible and
straightforward on the SMW.

This application note however focuses on the realtime approach using the SMW-K540.
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Envelope Tracking with the SMW

5 Envelope Tracking with the SMW

5.1 Overview

In an envelope tracking test setup, a single SMW provides the two required test signals
(RF and corresponding envelope) for testing the PA in combination with the DC supply
modulator. The envelope signal can be shaped in a flexible way and a time delay can
be applied to achieve perfect synchronization of the two signals at the PA inputs.

Vsupp\y

i

|
I — RF
Baseband Up-converter Leveling > PA

The envelope signal is output at the analog I/Q output:

o at the “I” connector (single-ended)

o atthe “I” and “l inverted” connectors (differential)
The envelope signal stimulates the DC supply modulator which then provides a
modulated supply voltage (Vcc) to the PA.

Y

RF signal Envelope signal

Scli 400 m/div
Cpli DC 1MQ
Dec:Sa | TA: Off

The following sections give more information about the individual blocks shown in the
logical block diagram above.

5.2 Baseband Signal

Any baseband signal can be used. The envelope tracking function works with all
available digital standards (such as LTE, WLAN, etc.) and ARB waveforms. Downlink
as well as uplink signals can be used for base station and user equipment test.
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Envelope Tracking with the SMW

5.3 Envelope Calculation
The envelope signal is calculated directly from the I/Q signal accordingto A = /12 1 Q% .

The envelope signal is calculated in realtime. It adapts immediately and automatically
to setting changes of the baseband/RF signal.

Envelope calculation is enabled by checking the “RF Envelope” check box in the “I/Q
Analog Outputs” menu.

1/Q Analog Outputs A

Q General { Envelope Settings TO gll;aping 1

State

RF Envelope

5.4 Shaping

The pure magnitude signal A gives a simple linear relation between the envelope-
modulated supply voltage (Vcc) and the RF input.

Ve Veo

Linear
Pin P out relation
Vin Vin~/Pin

This perfect linear relation is not used in practice. For example, real envelope signals
usually do not track down to zero volts.

RF signal

Envelope signal

> w\ A A

/
o

This modification of the linear relation is called envelope shaping. Shaping is an
essential part of ET and makes it possible to optimize the PA’s performance. The
shaping of the envelope signal determines whether the PA is optimized for highest
efficiency or maximum linearity (see reference [3] for more details).

With the SMW shaping is easily possible in a very flexible way. The SMW offers the
following configurable shaping functions:
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Envelope Tracking with the SMW

Linear (Voltage) and Linear (Power)
Lookup table

Polynomial

Detroughing

The shaping is applied in realtime with immediate effect on the envelope signal.

Linear

The shaping function shows the linear relation but with configurable clipping levels and
pre- and post-gains (in manual mode — see section 5.5.1).

170 Analog Outputs A —_| X
2 Shapi
e O,
Shaping Linear (Voltage)
Pre-Gain 0.00/dB -
Post-Gain 8.00/dB - L0
£
Clipping Level: 20% .. 80/% - 5 :
E

0 81 07 03 04 05 06 07 08 03 1
Vin / Vmax

Lookup table

The shaping function is defined by a table of user-specific value pairs (up to 4000). A
linear interpolation can be applied in between the specified points to smooth the
shaping curve.

_ x
O General | Envelope Settings O Sh#Ping

Shaping From Table

Shaping Table... LuT

Interpolation Linear (Valtage)

' Graphic Configuration
Scale Voltage .

See section 11.1 for details on the file format.

B 0.4 0.45 0.5 0.55 0.5 065 0.7 075 0.8 0.05 09 095 [
Vin AV -sqrifPin])

Polynomial
The shaping function is defined by a polynomial. The order of the polynomial function
can be selected — up to 10t order is supported with definable polynomial coefficients.
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Envelope Tracking with the SMW

T~
L]

(O General | Envelope Settings () Sh2Ping

Shaping Palynomial

Polynomial Coefficients...

Graphic C
| ]
Scale Voltage ] 0.4 045 0.5 0.55 0.6 065 0.7 0.75 0.6 0.85 0.9 0.95 [

Vin V' {-sqriiPini)

Detroughing

The shaping function is defined by a detroughing function. Three different detroughing
functions can be selected with configurable detroughing factors (see screenshot
below).

Detroughing prevents Vcc to drop down to zero volts, i.e. it ensures that a minimum
supply voltage is present at the PA.

Trough,
ie. minimum

T Detroughing

The detroughing factor d determines the shaping curve and the minimum clipping level
via the (selectable) detroughing function.

T S |

O General | Envelope Settings O Sh#Ping

Shaping Detroughing
Detroughing Function  2: f(x) = 1 - (1 - d) - cos(x - T1/2) =

Detroughing Factor (d) [ | Coupled with Vee | 0.150)

1:f(x) =x+d - e*(-x/d)

Graphic Configuration ¥ .
Scale Voltage I rrarrarrary o7 00 03 D 3:f)=d+(1-d)-x®

If the check box “Coupled with Vcc” is enabled, the detroughing factor is calculated
from the Vcc values entered in the “General” tab (see section 5.5) according to
d = VCCmin/ VCCmax.
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Envelope Tracking with the SMW

5.5 Envelope Voltage Adaptation
It is important that Vcc and the RF input signal are closely aligned in magnitude at the

input of the PA. For this reason, gain and offset adjustment of the envelope signal must
be possible.

Magnitude alignment

important X\/
b RF out

RFin —|

With the SMW, the user has the choice between manual and automatic adjustment of
the envelope magnitude.

5.5.1 Manual Envelope Voltage Adjustment

RF Envelope On

Envelope Voltage Adaptation Manual ‘

In manual mode, the user can set pre- and post-gains and define upper and lower
clipping levels for the envelope signal (via the “Shaping” tab).

o1
1IQ _|@
ol

@RF

In addition, the maximum output voltage, a bias and an offset can be defined.

Maximum Output Voltage (EMF) ‘ 1.000 0|V ‘
| Settings

Bias (EMF) 0.0|mV

Offset (EMF) ‘ 0.0|mV v‘

The user can therefore adjust and optimize the magnitude of the envelope signal for a
single RF input signal level.

If the level of the RF signal changes, the envelope signal level needs to be adapted
accordingly. The SMW is able to do this automatically as explained in the following
section.
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Envelope Tracking with the SMW

5.5.2 Automatic Envelope Voltage Adjustment

All power amplifiers are tested over a range of different RF input levels. This can be
achieved by varying the mean RF level of the signal generator. When sweeping the RF
input level it is important that the magnitude of the envelope signal scales with the
mean RF level. In the SMW, the user can define ranges for the RF input level and Vcc
which he intends to apply to the PA, and the SMW automatically adjusts the magnitude
of the envelope signal according to the current RF level. This feature provides an
enormous testing time reduction compared to other solutions on the market.

RF Envelope On

Envelope Voltage Adaptation Auto Power

In automatic mode (“Auto Power” and “Auto Normalized”), the user can enter the
physical characteristics of the used DC supply modulator and the PA under test.
Design parameters such as RF input power (Pin), Vcc, DC modulator gain, etc. can be
entered via an intuitive graphical user interface (see section 6 for further details). The
parameters are used in the SMW to determine the required output voltage level (Vou)
at the analog I/Q outputs.

SMW
Vou Max 500|mV ;
DC Modulator
Vou Min 50/mV | | Vpp Max 2000V - EMF Rin 0 Q -
Envelope
Bias 0.0mV ;| |Gain 0.00/dB - Termination |Wire to Wire
Offset 0.0jmV -| | V. Offset 0/mV - Bipolar Input E] On

Ve Max 1000V -
Power Offset 0.00{dB -

100|mV -

PEP;, Max 15.00/dBm *

Pin Pout

PEP;, Min 5.00{dBm ;.

The magnitude of the envelope signal is scaled automatically based upon the specified
parameters and the set RF power level.

1

- 2.00/e&n -
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Envelope Tracking with the SMW

RF signal Envelope signal

RF level
increases

Envelope signal
is scaled
automatically

When changing the mean RF level, the envelope voltage level is automatically
adapted. This is a great benefit for the user, because time-consuming adjustments of
parameters for different RF levels are no longer necessary.

User input:

PA + supply modulator

"~ characteristics "
i
I
o Envelope signal
¢ Envelope voltage"
—adaptation

RF Leveling RF signal

The automatic magnitude scaling of the envelope signal is especially beneficial during
RF level sweeps. Here, it can provide enormous time savings compared to the manual
method.

5.6 Time Delay

Itis crucial that Vcc and the RF input signal are aligned in time at the input of the PA.
For this reason, delay adjustment of the envelope signal must be possible.

Synchronization
crucial Vee

RFin » RF out

The SMW offers the possibility to adjust the delay between the RF and envelope signal
in a range of £ 500 ns with a resolution of 1 ps. The delay adjustment is done in
realtime with immediate effect on the signals. This allows the user to perfectly
synchronize the signals at the input of the PA, compensating e.g. cable delays — quick
and easy.
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Envelope Tracking with the SMW

1/Q Analog Outputs A —_ X

w Envelope Settings | O 3h#Pin9

Envelope to RF Delay 50.000/ns . l

RF signal

The importance of synchronization becomes obvious when looking at the ACLR of the
PA’s output signal, i.e. at the power in the adjacent channel. The ACLR increases
already significantly if the RF input signal and the envelope-modulated supply voltage
(Vec) deviate from the optimum by a few nanoseconds.

ACLRvs delay
3700 T
-38,00
-39,00 -
-40,00 ~

-41,00

ACLR /dB

-42,00 -

-43,00

-44,00 T T T T T 1
-6,00 -4,00 -2,00 0,00 2,00 4,00 5,00
Delay (delta) /ns

The same behavior is observed when looking at the EVM, i.e. at the modulation
accuracy of the PA’s output signal. (See also section 9.2.)

5.7 Up-Conversion & Leveling

The baseband signal is upconverted to generate the RF signal.

The user can set the mean RF level via the “Level” parameter.

2,00 1

As described in section 5.5.2, this setting influences the voltage level of the envelope
signal (when automatic envelope voltage adaptation is enabled).
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Envelope Tracking with the SMW

5.8 Properties of the Envelope Signal

The following table gives an overview of some important properties of the envelope
signal generated by the SMW.

Overview of envelope signal properties

Baseband generator /
diff. analog I/Q outputs

SMW-B10 / SMW-K16

SMW-B9 / SMW-K17

(measured, LTE signal, see
below)

Bandwidth 80 MHz max. 1000 MHz max.
Sample rate 200 MHz 2400 MHz
Noise < -148 dBm/Hz -160 dBc

(typical, 10 MHz sine wave
at 1 MHz offset, see [1])

The specified bandwidth of the analog I/Q outputs (SMW-K16) is 80 MHz. The
following figure shows the bandwidth of the | signal with an AWGN signal as source.

Multiview | Spectrum

Ref Level 0,00 dBm
® Att
DC
1 Frequency Sweep

5dB ® SWT 13 VBW

@ RBW 200 kHz
2MHz Mode Auto Sweep

TRm Clrw

M3[1]  -92.88 dBm
152,700 MHz
-10d M1[1] -33.55 dBm
80.000 MHz
-20 d
-30 d -
I R x, %
-40 d
50 d
-50 d \
70 d \
-80 d \
50 d o
VE———— X
CF 104.0 MHz 1001 pts 19.5 MHz, Span 195.0 MHz
2 Marker Table
_ Twmoei"Rer | lrc | X-vaitie | Y-Value | Function | Function Result |
(M1 1 80.0 MHz -33.55 dBm
2 1 94.94 MHz -36.51 dBm

The specified bandwidth of the wideband analog 1/Q outputs (SMW-K17) is 1000 MHz.
The following figure shows the bandwidth of the | signal with an AWGN signal as

source.
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Envelope Tracking with the SMW

Ref Level 0.00 dBm RBW 3 MHz SGL
@ Att 0dB ® SWT 100 ms  VBW 10 MHz Mode Auto Sweep
1 Frequency Sweep W
M2[1] -38.29 dBm
1.18180 GHz
-0 MI[1] 3533 dBm
1.00000 GHz
20 d
-30 d 0
-40 d
50 d \
60 d \
70 d \
&0 d [mmpnrires |
R
90 d
CF 1.0 GHz 1001 pts 200.0 MHz Span 2.0 GHz
2 Marker Table
Tupe|"RKer | Trc | X-vaiue Y-Value Function Function Result |
M1 1 1.0 GHz -35.33 dBm
[ 1 1.1818 GHz -38.29 dBm

A large bandwith is important since the envelope signal can have a two to three times
greater bandwith than the corresponding RF signal — and even greater. For LTE
signals with a maximum bandwith of 20 MHz, the envelope signal can have e.g.

60 MHz bandwith, which is well within the 80 MHz analog I/Q bandwidth of the SMW-
K16. The following figure shows the | signal of a 10 MHz LTE signal (blue) and the
corresponding envelope signal (black) making the difference in bandwidth evident.

MultiView | Spectrum 1

Ref Level 0.00 dBm @ RBW 200 kHz
Att 10dB ® SWT 15 VBW 2MHz Mode Auto Sweep
DC

TFrequency sweep

CF 60.078 MHz 1001 pts 12.0 MHz/ Span 120.0 MHz
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Envelope Tracking with the SMW

Due to the fact that the envelope signal bandwidth is larger than the RF signal
bandwidth it is not sufficient to use the same sample rate for both signals. For
example, using a sample rate of 30.72 MHz for a 20 MHz LTE signal is appropriate for
generating the RF signal, it is however not enough for generating the wider envelope
signal. For calculating the envelope signal, a higher sample rate must be used. With
the SMW the user is on the safe side, since the envelope signal is generated at a
sample rate of 200 MHz (SMW-B10) or 2400 MHz (SMW-B9) — enough for the
supported 80 MHz (SMW-K16) or 1000 MHz (SMW-K17) analog I/Q bandwidth, which
equals 160 MHz RF bandwidth or 2000 MHz, respectivly.

The slew rate of the analog I/Q outputs is greater than 100 V/us. The following figure
shows the | signal with a rectangular signal as source.
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The analog I/Q outputs of the SMW offer high spectral purity as can be seen for
example in the following figure (SMW-K16 signal). It shows the | signal of a 10 MHz
LTE signal and two noise markers which read nearly 150 dBm/Hz.
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Multiview (1| Spectrum 1 =

Ref Level -7.00 dBrm @ RBW 200 kHz
& Att OdB® SWT 1s  VBW 2 MHz Mode Auto Sweep
-10 dl M2[1]
60.0000 MHz
M1[1] -95.50 dBm
-20d 20.0000 MHz
30 \
40 d

ML -
PRI SOV | PR PRISIIPIY ST ATy A
-100d
CF 50.0 MHz 1001 pts 10.0 MHzZ, Span 100.0 MHz
2 Marker Table
Type | Ref | Trc | X-Value | Y-Value Function Function Result
M1 1 20.0 MHz -95.50 dBm Noise -148.58 dBm/Hz
M2 1 60.0 MHz -96.16 dBm Noise -149.41 dBm/Hz

The following table lists some fundamental properties of the analog I/Q outputs.

Properties of the analog I/Q outputs

Baseband generator / SMW-B10 / SMW-K16 SMW-B9 / SMW-K17

diff. analog I/Q outputs

Slew rate > 100 V/us > 100 V/ys

Impedance 50 Q (single-ended) 50 Q (single-ended)
100 Q (differential) 100 Q (differential)

Voltage range 0.02 Vto 2 V (V,, single-ended) 0.02 Vto 1V (V,, single-ended)
0.04 V to 4 V (Vyp, differential) 0.04 V to 2 V (Vpp, differential)

Please see reference [1] for the full specifications of the analog I/Q outputs such as
bias and offset voltage ranges, etc.

1GP104_2E Rohde & Schwarz Envelope Tracking and Digital Pre-Distortion Test Solution for RF Amplifiers 21



Operating the SMW

6 Operating the SMW

6.1 Quick Start Guide

This section briefly lists the steps required to configure the SMW for ET testing.

RF part
e Configure and turn on a baseband signal in the “Baseband” block.
e Set RF frequency and level.
e Turn on the RF output.

Envelope part
e Click on the “I/Q Analog” block and open the “I/Q Analog Outputs” menu.

“General” tab

¢ Inthe “General” tab, enable the “RF Envelope” check box.

o Select the desired “Envelope Voltage Adaptation” mode, e.g. select “Auto
Power”.

e Select the desired “I/Q Output Type”, e.g. select “Differential”.

e Select the desired “Envelope Voltage Reference”, e.g. select “Vcc” (default
setting).

o Start first with defining the parameters of the “DC Modulator” (properties of the
external DC supply modulator).

o Define a bias (and offset) for the analog I/Q output signal Vout.

e Then, define the parameters for Vcc (i.e. the modulated supply voltages to be
applied).

e Define the parameters for Pin (i.e. the RF input powers to be applied).!

— The defined parameters are used for determining the magnitude of the analog
I/Q output signal Vout (envelope signal) for the currently set mean RF level.

“Shaping” tab

e Switch to the “Shaping” tab and select a shaping function, e.g. “Detroughing”.
o Choose a detroughing function.
o Define a detroughing factor.

— The resulting shaping function is graphically displayed.
“Envelope Settings” tab
e Switch to the “Envelope Settings” tab and adjust the “Envelope to RF Delay”

(time delay) as required.

— This parameter is used to compensate a possible time delay between the RF
and the envelope signals at the PA.

1 The set mean RF level (in “RF part”) should be within the defined P;, range (in “Envelope part”).
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See also reference [2] for details on the individual setting parameters and the graphical
display of the shaping curve.

6.2 Configuring the DC Modulator Settings

Many DC supply modulators on the market are compliant with the eTrak specification.
The MIPI alliance has defined a specification for an analog reference interface for
envelope tracking (abbreviated as eTrak) to support the deployment of ET. The eTrak
interface is the standardized analog interface between the transmitter (SMW in this
case) and the DC supply modulator (termed ET power supply (ETPS) in the
specification). The eTrak interface uses differential signaling. The specification
includes three interface voltage classes: 2Vep interface class, 1.5Vep interface class
and 1.2Vep interface class. In the following example, the DC modulator settings are
configured for an eTrak-compliant DC supply modulator with 2Vep interface.

eTrak
interface Vsupply

— //
Analog I/ | out )

e Inthe “General” tab, set the “I/Q Output Type” to “Differential”.
— Differential signaling.

1/Q Output Type Differential
Envelope Voltage Reference Vee

Vour Max 250mv -

DC Modulator

Vout Min -250mV - | Vi, Max 2.000v - EMF D Rin 1000/Q -
Envelope

Bias 900.0mV - (Gain 7.00/dB - Termination |Wire to Wire

Offset -1000.0mV - [V, Offset 2.700|V - BipolarInput On

o Set the “Vpp Max” parameter to 2.0 V.
— 2Vpp interface class. Differential voltage Vit can be between + 1 V.
e Enter the gain of the DC supply modulator.
— The gain describes the amplification of the differential input voltage by the
DC supply modulator. The gain is device-specific and not specified by the
eTrak standard. It is typically different from zero.
e Specify the input impedance (Rin) and the termination of the DC supply
modulator.
— The impedance is device-specific and not specified by the eTrak standard.
¢ Enable “Bipolar Input”.
— The “Offset” parameter is automatically set to Offset =— 0.5 - Vep Max.
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e Adjust the “Vcc Offset” parameter.
— The Vcc Offset is the output voltage of the DC supply modulator when Vit is
0 V. The Vcc offset is device-specific and not specified by the eTrak standard.
The Vcc offset can be determined by applying 0 V differential voltage at the
input of the DC modulator and measuring the output voltage.

e Set the “Bias” parameter to 900 mV.
— The common mode voltage is 900 mV as requested by the standard.

The parameters “Vep Max”, “Gain”, and “Vcc Offset” determine the possible Vcc range
according to the following formulas:

Vdift, min = — 0.5 - Vpp Max
Viff, max = + 0.5 - Vpp Max

Vce, min = Vec Offset + Gain - Vaiff, min
Ve, max = Ve Offset + Gain - Vi, max

The parameters “Vcc Max” and “Vee Min” in the “General” tab can be used to further
limit the Vcc range if required by the PA under test.
6.2.1 Example

The following figure shows a simplified schematic of a DC supply modulator and the
corresponding settings in the GUI.

Envelope P
225V 0aVioaV
1000 ﬂ \’:D /AR > oA
Envelope N 1V differential
* Herenta Ve 08Viod45V
>V Max =2V
225V 273V >V, Min=08V
>V, Max =45V
= Gain=-7.04dB > V.. Offset =275V
DC Modulator
Vip Max 2000V - EMF( ] R, 100.0Q -
Gain 7.04/dB - Termination |Wire to Wire
Ve Offset | 2.750)V - Bipolar Input §/)on
Ve Max y 4800V -

I Ve Min 800|mV -
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/ Envelope Tracking with the FSW

The FSW is the ideal high-end analysis platform for characterizing the performance of
an envelope tracking PA. It supports conventional RF measurements such as
modulation accuracy (EVM) and spectral purity (e.g. ACLR) and in addition ET-relevant
measurements such as power added efficiency (PAE).

The high measurement speed of the FSW reduces testing times. For example, the
instrument can analyze the EVM of a WCDMA uplink signal in 23 ms (one slot). Its
very high dynamic range of 88 dBc for WDCMA makes it possible to perform receive
band noise measurements without additional filters which simplifies the setup.

For envelope tracking, a FSW equipped with analog baseband inputs (FSW-B71)

allows to measure the RF signal and the supply voltage/current signals in parallel using
probes (see section 7.2 for details).

Baseband inputs (2 ports for 2 independent voltages)
RF input

— Simultaneous operation of RF and baseband inputs
for instantaneous PAE measurements

The on-instrument FSW-K18 application supports measurements such as AM-AM, AM-
PM distortion analysis, PAE calculation, raw EVM and ACLR measurements, and
more. The FSW-K18 can control the SMW via LAN, e.g. to send/receive a signal
waveform. By comparing this reference waveform with the measured signal sample by
sample, the FSW-K18 can determine the mentioned measurements (raw EVM, AM-
AM, AM-PM distortion, etc.). In addition to the reference waveform, the FSW-K18
needs to know the output power of the SMW (user input).

7.1 AM-AM and AM-PM Distortion Analysis

The AM-AM, AM-PM distortion analysis is an important measurement to characterize a
PA. AM-AM and AM-PM conversions are a measure of the PA’s nonlinearity.

Output power Compression
A

»  Input power

AM-AM conversion
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To perform this measurement the FSW must have knowledge of the ideal signal
waveform. This waveform serves as a reference for calculating the distortion. There
are three possibilities:

(1) The FSW can transmit a known waveform (from a file) to the SMW and the SMW
plays back this signal via its internal ARB generator. The supported file formats are
*.ig-tar, *.wv, *.iqw.

LAN Waveform

file
from disk

ARB RE RE RF RE FSW-K18
. — Synchro- Results
generator generation frontend A
nization

(2) The FSW can generate an OFDM-like multicarrier signal with user-settable
parameters such as signal bandwidth, length, target crest factor, pulse duty cycle, etc.
The carriers have equal levels with variable phases. The user can insert a notch with
definable width and position. The generated signal waveform is transmitted to the
SMW and the SMW plays it back via its internal ARB generator.

LAN Signal

generation
FSW-K18

RE RE FSW-K18
ARB RF . — RF Synchro- Results
generator generation frontend A
nization

(3) The FSW gets the waveform directly from the SMW by saving the currently used
signal to a waveform file and downloading it. The currently used signal on the SMW
can be a realtime signal or an ARB signal — that makes no difference. The file length
(e.g. in frames) can be set in the SMW.

LAN
ARB
waveform

! RE RE FSW-K18
Re_alume RF . — RF Synchro- Results
signal generation frontend A
nization

The FSW can then measure the RF output signal of the PA and compare the
measured waveform with the reference waveform to calculate the distortion.
Instantaneous as well as averaged AM-AM, AM-PM distortion is calculated. See
section 9.5 for an example measurement. The obtained AM-AM and AM-PM curves
can be exported, e.g. to the SMW for use with the SMW’s pre-distortion feature (see
section 8 for details).

The FSW-K18 application can be used to
e send/read a signal waveform to/from the SMW
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e perform the AM-AM and AM-PM measurements

e calculate pre-distortion tables from the measurements (done automatically)
and transfer the tables to the SMW

e enable pre-distortion on the SMW

7.2 Instantaneous PAE Analysis

The baseband input ports of the FSW can be used together with probes, e.g. with
oscilloscope probes from Rohde & Schwarz, for measuring the supply voltage (Vcc)
and the supply current. The supply current can be measured by means of a shunt
resistor (see section 7.2.1 for details).

The simultaneous measurement of supply voltage and current gives the power
consumption of the PA. With knowledge of the RF input power to the PA (via reference
waveform) and the RF output power (via RF measurement) the PAE can be calculated.
See section 9.8 for an example measurement.

Pout.. — Pin
PAE = E)FI n R % RF power in ——| RF power out
DC

The RF input power is hot measured but determined based on the signal waveform
and the average power of the input signal (user input). Thus, the FSW must have
knowledge of the signal waveform (reference waveform). As mentioned in section 7.1,
the FSW can send a waveform file to the SMW for playback or alternatively the FSW
reads the currently used signal waveform directly from the SMW.

The PAE is an important parameter when characterizing envelope tracking PAs since
this value directly indicates the gain in efficiency achieved through ET.

7.2.1 Probing the Supply Current

The supply current can be measured by means of a shunt resistor. A resistor with
small known resistance, e.g. 0.1 Q, is included in the circuit between the DC supply
modulator and the PA. A measurement of the voltage drop over the resistor gives the
desired current signal.

Resistor
e.g.0.1Q

-
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There are several challenges when measuring the current [4]. The common mode
rejection of the probing device must be very high over the whole measurement
bandwidth. The modulated supply signal can have a two to three times greater
bandwith than the corresponding RF signal. For LTE signals with a maximum bandwith
of 20 MHz, the measurement bandwidth can therfore be up to 60 MHz. A high common
mode rejection is necessary because the voltage excursions are significant at both
sides of the resistor and they vary fast. However, the voltage drop to be measured is
very small due to the small resistance value. In addtion, the probing device must not
introduce significant impedance into the line, i.e. the impedance seen by the PA must
not increase significantly. To achieve highest measurement accuracy, users utilize
special (custom) circuitry for probing the current.

In many cases, a voltage probe is used to measure the voltage drop over the resistor.
For example, a Rohde & Schwarz RT-ZD differential voltage probe can be directly
connected to the FSW for this purpose. The FSW converts the measured voltage
signal into a current signal.

1GP104_2E

Rohde & Schwarz Envelope Tracking and Digital Pre-Distortion Test Solution for RF Amplifiers 28



Digital Pre-Distortion

8 Digital Pre-Distortion

The shaping of the envelope signal can be adjusted to achieve maximum linearity of
the PA, i.e. constant amplifier gain. Such shaping yields low AM-AM distortion [3]. If the
applied shaping rather aims at achieving maximum efficiency (compared to linearizing
the PA), the amplifier gain can vary with output power. Such shaping causes AM-AM
and AM-PM distortion, which can be compensated however by digital pre-distortion
(DPD).

8.1 Basics

DPD is applied to linearize the PA to correct for AM-AM and AM-PM effects and to
increase the efficiency by pushing the compression point to higher output powers.

The following figure illustrates the performance of an unlinearized PA. At a certain
input power the PA begins to compress and finally goes into saturation. The wanted
signal, e.g. a LTE signal with a crest factor in the order of 10 dB, must be entirely
within the linear region of the PA transfer curve. Otherwise clipping of the signal peaks
takes place which results in degraded EVM and ACLR performance.

QOutput power
A 7
7 Real PA ,

Saturation ——-——— /. Al
/" (no DPD) y
Y y

V4
Y 4

Ideal

»  Input power

Without predistortion —
unlinearized performance

DPD can be used to

e improve the linearity in the linear region (amplitude and phase).

e increase the linear region by compensating the compression.
To reduce the overall distortion (including linear and nonlinear regions) at the output of
the PA, DPD uses the following principle: The digital baseband signal is intentionally
distorted such that the pre-distorted RF signal at the PA’s input results in a correct
(undistorted) signal at the output of the PA.
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Baseband OPD RF Output
signal > » signal

Intentional inverse Signal Undistorted
distortion distortion signal

The following figure illustrates the effect of DPD on the PA’s transfer curve.

QOutput power

A 7
/
Saturation - - - —— £

Ideal

| Real PA
(with DPD)

» Input power

With predistortion —
linearized performance

DPD allows the PA to operate more close to its saturation point. The linear region
extends. DPD therefore leads to additional (linearized) output power.

Please note that there is an intrinsic limit to any predistortion solution: the PA’s
saturation level. DPD cannot correct signals whose peaks extend much past the
saturation point because the amount of signal clipping gets too significant. The
consequence of clipping would be poor signal ACLR and EVM.

DPD can be implemented as “open loop” DPD or “closed loop” DPD. Open loop
systems typically apply a lookup table that contains correction values for amplitude and
phase derived from AM-AM and AM-PM measurements. In contrast to this static
approach, closed loop systems apply a receiver for measuring the PA’s output signal
that is compared with the ideal signal to find the correction values. Closed loop DPD is
adaptive, i.e. the correction values are constantly updated based on the measurement.

There are two types of DPD: “memoryless” DPD and DPD “with memory”. Memoryless
DPD corrects amplitude and phase of an I/Q sample on the basis of the current sample
only. In contrast, DPD with memory corrects amplitude and phase of an I/Q sample on
the basis of several previous samples and their interdependencies. The response of
the PA generally does not only depend on the current signal amplitude but also on the
amplitudes of the previous samples. This memory effect in not taken into account by
memoryless DPD. The advantage of memoryless DPD is however that it can be
implemented relatively straightforward as a lookup table, whereas DPD with memory
involves much higher computational complexity.
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8.2 DPD in the SMW

The SMW is capable of applying AM-AM and/or AM-PM predistortion in realtime. The
pre-distortion feature works with any baseband signal, i.e. with all digital standard
signals (such as LTE, WLAN, etc.) and ARB waveforms. DPD works for all signal
bandwidths, i.e. 160 MHz RF bandwidth at maximum with the SMW-B10 and

2000 MHz RF bandwidth with the SMW-B9. DPD is applied on each I/Q sample, i.e.
from sample to sample.

The SMW applies memoryless DPD in an open loop system.

DPD can be activated via the “I/Q Mod” block. AM-AM and AM-PM pre-distortions can
be enabled separately or simultaneously. Either AM-AM or AM-PM predistortion can be

applied first.
Digital Predistortion Diitd Peditocion AM/AH, AH/PMA | — X
General | Predistorton Setiings
AM/AM, AM/PM... e Rl
State Off (D On
Level Reference Before DPD 1 AM/AM First @ On

PEP 338|¢Bm PEP SBB‘HBM

Level .mn|aa.n — 425‘:15.“

liQge

Crest
Factor

10.SB| dB BAEZ‘ dB

DPD alters the signal statistics and the signal level. The user can therefore define if the

set mean RF level shall be the signal level before or after applying DPD. See section
8.2.1 for details.

The user can define the pre-distortion curve in the following ways:
e viatable

¢ via polynomial

Table

The pre-distortion function is defined by a table of user-specific value pairs (up to
4000). There are two separate tables, one for AM-AM and one for AM-PM distortion. A
linear interpolation can be applied in between the specified points to smoothen the
curve. The specified delta power and delta phase values can be inverted. (Note that
not every curve is mathematically invertible. The inverse function of the curve must be

uniquely determinable. Therefore, only strictly monotonic increasing/decreasing data
can be inverted.)
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Digital Predistortion AM/AM, AM/PM A — X

() General Predistortion Settings
AMZAM + AMPM | From Table

Shaping From Table
EE
AM/AM Table... AMcurve ga
{\
AM/PM Table... PMcurve | 27
Interpolation Linear (Voltage) WHA N2 A UG 64 20745
AM/PM
Invert Correction Values [Jon .
H
Input Range (PEP,): | -30.00/dBm- ..  5.00 dBm- 82
2
H
2
L]
30 28 26 24 22 20 18 16 M 12 10 B 6 4 2 0 2 45
Pin /dBm

See section 11.2 for details on the file format.

Polynomial
The pre-distortion function is defined by a polynomial. The order of the polynomial
function can be selected — up to 10t order is supported with definable polynomial
coefficients.

Digital Predistortion AM/AM, AM/PM A — X

O General Predistortion Settings
AMEM + AMPM | Polmomial

Shaping Polynomial

Polynomial Coefficients...

Input Range (PEP;;): -30,00‘d5mv = 5,0ﬁ‘d5m'

4 02 03 04 05 06 OF 08 09 1
Pin/PEPinMax

AM/PM

o 01 02 03 04

05 06 07 08 09 1
Pin/PEPinMax

In table mode, the user can load his own AM-AM and AM-PM tables or he can use the
FSW-K18 to directly generate and load the pre-distortion tables (see also section 7).
In the latter case, the AM-AM, AM-PM data measured with the FSW is approximated
with a polynomial curve fit. (The parameters of the polynomial fit such as the order can
be adjusted by the user.) These AM-AM and AM-PM curves are then inverted and
saved as pre-distortion tables for direct use in the SMW.

Data points Ideal Fitted curve

| i
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See also reference [2] for details on the individual DPD setting parameters and the
graphical displays.

8.2.1 Leveling with DPD

The user can define if the set mean RF level shall be the signal level before or after
applying DPD.

1.950 000 000 000/st= -| 8 o s _-7.00#n -

Before DPD

The set mean RF level is taken as the level reference before DPD. The actual RF
output level will differ from the set level. The resulting RF level parameters after DPD
are displayed.

Set RF output level Actual RF output level

_-1.00n

DPD

PEP ‘ a,ss
Level ‘ -T.Dﬂ@
lgg — |

Crest
Factor 1038' dB I

PEP B.H
Level 4.£

Crest 4B }

'Qppo

9.62

Factor

V

DPD alters level
parameters

After DPD

The set mean RF level is taken as the level reference after DPD. The actual RF output
level will be very close to the set level. The remaining level error is displayed
(parameter “Achieved Output Level Error”).

Set RF output level Actual RF output level

_-1.00n

S

Pep  atacem
Lml| -G.BIFBm

———iQorp

Crest m_wl . ]

Factor

V

DPD alters level
parameters

PEP n.
Level -9.75%3"1
legg ————

Crest
Factor

10.38‘ dBJ
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The SMW has to perform several iterations (level measurement and adjustment) to
approach the RF output level set by the user. This process is a trade-off between
speed, i.e. number of iterations and level accuracy, i.e. remaining level error. The user
can therefore define the maximum number of iterations to perform. In addition, he can
define the maximum allowable level error. The iteration process stops when the
defined number of iterations is reached. It will stop earlier if the defined maximum level
error is already reached. (If the defined number of iterations is not enough to reach the
desired level error, the user needs to increase the number of iterations.)

Maximum Output Level Error 0.10/dB A Maximum Number of Iterations 3

Achieved Output Level Error 0.09dB

The actual RF level parameters after DPD are displayed.

8.2.2 DPD Interaction with ET

When digital pre-distortion is used in combination with envelope tracking, the user can
set if the envelope signal is calculated from the original baseband signal or from the
pre-distorted baseband signal.

This selection can be made in the “I/Q Analog Outputs” menu:

Calculate Envelope from Predistorted Signal D On

.
Lot
Nl O

Calculate Envelope from Predistorted Signal On

-
Lot
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9 Measurements & Results

The following measurements were performed with an ET evaluation board that is
controlled via an RFFE interface module from a PC. The board includes a DC supply
modulator and a PA. The following figure shows the used demonstration test setup.
The FSW provides a 10 MHz frequency reference signal to the SMW for instrument
synchronization. If external triggering is desired, the SMW can provide a “restart”
marker signal to the FSW.

DC supply
Differential i
envelope signal FSwW
. Voltage probes
Evaluation board for Ve an Ve

—1
>

with integrated

modulator and PA | RF out - , ]

I

|

|

‘ RFFE

[ ) Control Control
\ interfface [+ PC

|

|

| ———
|

|

|

|

|

|

I

10 MHz reference

Trigger signal (optional)

Some of the measurements presented in the following sections were performed using
the FSW-K18 application. The FSW-K18 needs to know the
e Reference waveform (generated from the SMW realtime signal using the FSW-
K18).
e Output power of the SMW (set via FSW-K18 and transferred to SMW).

9.1 ACLR

The ACLR measurement is one of the basic measurements for PA characterization.
This measurement of the PA’s RF output signal requires only the RF port of the FSW.
The following figure shows a 10 MHz LTE uplink signal at 1.95 GHz. The time delay
between the envelope signal and the RF signal is adjusted to the optimum.
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[Ampiifier Measurements [« ]| ‘_J

MultiView Spectrum [
Ref Level 21.03 dBm  Offset 10.00 46 = RBW 100 kHz
o At 0B SWI__ S0ms & VBW 1 MHz_ Mode Auio FET
Tl
o den i s
ot
ELE
20
an
a - T —
LY [
Ve = 1 LAk i
|CF 1.95 GHz — 1001 pts 5.1 MHz, - Span 51.0 MHz |
7 Result Summary EUTRA/LTE Square
Channel L Bandwidth L Offset 1 Power | |
xl (Ref) 9.015 MHz 21,32 dBm
Tx Total 21.32 dBm
Channel Bandwidth, Offset Lower. 1 Upper: |
Adj 9.015 MHz 10,000 MHz -48.64 dB -49.30 dB
Al 9.015 MHz 20,000 MHz -50.53 dB -49.75 dB

9.2 EVM

The EVM is a measure for the modulation accuracy. This measurement of the PA’s RF
output signal requires only the RF port of the FSW. The following two figures show the
EVM of a 10 MHz LTE uplink signal at 1.95 GHz. In the first case, the envelope signal
and the RF signal are not perfectly aligned resulting in a significant increase of the
EVM. In the second case, the delay between the envelope and RF signals is adjusted
to the optimum.

(MultWiew ISpe:trum ﬁ[ZJ] LTE &1 l

Frame Count 5 of 6 (1)

3 EVM vs Carrier ®1 Avge 2 Mines Max |[5 Power Spectrum ®1 Clrw
¥ T T
e — | 58 damy
26 dam 16 66 demit
14 <74 b
0 - by W
“ad'de H 1 B i [ -98 dem/i
34 dB 6 % 1 106
46 dB 4 % 4 114
-58 de: 2 Yy —l:;L {
0.0_ms .01 ms/ 20.1ms [ -7.68MHz 1,54 MHz/ 7.68MHz || -7.68 MHz _ 1.54 MHz/ __ 7.68 MHz
2 Result Summary nstellation

Limit_| Max | Min_| ~

Frame Results 5/6 Mean,
EVIM FUSC

3.40 342 3.38
y 21.42 21.10 21.71
Sampling Error (pol
10 Offset (dB 71.38 -67.05 81.45
1) Gain [mbal 0.00 0.00 0.00
10 Quadratur °) 0.02 -0.00 0.04
Povier (dBm) 10.75 1075 1075 |~
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[Multi\lim [ Spectrum [L]] LTE [I] [+

Frame Count 3 of & (1)
B 3 EVM vs Carrier @1 Avoe2 Mines Max (5 Power Spectrum e1 Cirw
T T

i i
s o I ! i
58 2

? TP YTy Y
0.0 ms 2.01 ms, 201 ms | -7.68MHz___ 1.54 MHz/

2 Result Summary
Frame Results 3/6

68 MHz
4 Constellation Diagrs

1.54MHz/  7.68 MHz

Max | Min_| «

0.57 0.55

1.09 1.08

21,20 21.51

0.03 -0.05

(o)l 75.68 -91.11

13 G 0.00 -0.00

10 Qusdrsture Erro 0.00 0.01 0.01
Pover (dBm) 10.80 10.80 10.80 |7

This measurement is based on data demodulation of unknown data, i.e. no reference
waveform is required for this measurement. The EVM is calculated as stipulated by the
LTE standard specification.

In contrast, the FSW-K18 application provides a measurement of the raw EVM. That
measurement is based on data demodulation of known data, i.e. a reference waveform
is required. The measured signal is compared to the known reference signal to
determine the raw EVM (independent from any standard specification). This method
makes it possible to determine a raw EVM measurement for virtually any signal, i.e.
also for non-standardized signals.

9.3 Receive Band Noise

The noise generated by the PA in the receive frequency band is an important measure
when characterizing the performance of the PA. This measurement of the PA’'s RF
output signal requires only the RF port of the FSW.

FSW:

Due to its very high dynamic range the FSW can measure receive band noise without
an external notch filter. Other analyzers usually require a filter to absorb the transmit

signal. The FSW can do low-noise measurements even in the presence of the strong
transmit signal. As a consequence, a higher measurement speed can be achieved.

No filter
required
RF RF V/
. Notch

filter

The following figure shows a noise measurement in the receive band (at 2.14 GHz for
a transmit frequency of 1.95 GHz). The average output power of the PA is 16 dBm.

1GP104_2E

Rohde & Schwarz Envelope Tracking and Digital Pre-Distortion Test Solution for RF Amplifiers 37



Measurements & Results

Em  Offset 10.00d6 » RBW L MHz
o8 & SWT 15 WBW 10 MHz _Mode futo Sweep

14000000 GH

0 dem

0 dom
2ndbm = = === e e == ==
o0 a8m

0 dom
-100
110

120
130
CFz.13Ghz 1001 pts 1.0 MHz Span 10.0 Mz
2 Marker Table

Type | Ref | Tre | X-Value 1 ¥-Value 1 Function | Function Result

bt 1 2.14 GHz -70.88 dBm Noise -131.31 dBm/Hz

The noise at the RF input of the PA must be extremely low to truly measure the noise
generated by the PA. To improve the noise of the RF source an external RF filter can

be used between the SMW and the PA.

,,,,,,,,,,,,

i SMVW  —— ] Filter —»

9.4 Time Domain

The following figure shows the Vcc signal (dark green) and the RF output signal of the
PA (blue) in the time domain. This measurement requires the RF port of the FSW (for
measuring the PA’s RF output signal) and the baseband input ports of the FSW (for
measuring the Vcc signal). The Vcc signal is measured using a probe connected
directly to the FSW.

&0

5.926855469 ms 30859375 ms
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By connecting a second probe to the FSW the current signal can be measured also in
parallel. The simultaneous capture enables the calculation of the instantaneous PAE.
Furthermore, the data capture in a single instrument avoids jitter between the RF and
the baseband captures.

9.5 AM-AM and AM-PM

The AM-AM and AM-PM measurements belong to the essential measurements for PA
characterization. These measurements require only the RF port of the FSW. In
addition, the signal waveform must be known (— reference waveform) for determining
the distortion. The user can simply use the FSW to query the current signal waveform
from the SMW. In this example, the SMW generates a 10 MHz LTE uplink signal in
realtime. The FSW controls the SMW to generate a waveform file from the realtime
signal and directly downloads this waveform file.

4 AM/AM i 1 Clrw @2 Mod @ Idealline
30 dBm

| e

2‘0 dBrm ’ﬁ/

10 dBm

0 dermn

-10 dBm

-48.0 dBm 12.0 dBm
18 Tdealline

209

_og @
-48.0 dBm 12.0 dBm

The measurement shows relatively low AM-AM distortion and some AM-PM distortion
which is characteristically for ET power amplifiers.
A fitted polynomial curve is shown in black. The dark green curve is the ideal line.

9.6 Effect of Shaping

The following AM-AM and AM-PM measurements are obtained with the “Linear
(Voltage)” shaping function, i.e. no real shaping is applied. The AM-AM distortion is
already very low. The AM-PM measurement shows some distortion.
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TCIrw - 2 POlyFIE
|10 dBm iy k.
|0 dBm yﬁ
[
-23.9 dBm 5.0 dBm
6 AM/PM @1 Cirwe2 PolyFit
10 .
. LT
4] 3 gloe:

o R

-10 ) -

-54.0 dBm 6.0 dBm

By using a special shaping function this AM-PM distortion can be further improved. The
following AM-AM and AM-PM measurements are obtained with a lookup table
containing a shaping curve that linearizes the PA.

20 dBm
pd""&"—‘
MW

- 10 dBm .
L0 dBm =

i Bl
4 I
-23.9 dBm 5.0 dBm
6 AM/PM @1 Clrwe2 PolyFit

10

-10
-54.0 dBm

In contrast to DPD, shaping does not alter the RF input signal. Shaping modifies only
the envelope sighal — mostly with the aim to optimize the PA’s efficiency.

9.7 Effect of DPD

DPD is applied with the aim to linearize the PA. In contrast to shaping, DPD influences
the RF input signal. Optionally, it can be applied to the envelope signal, too. (See also
section 8.2.2.) While envelope shaping is a must for ET, DPD may not be applied in
every ET-capable device.
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The following AM-AM measurement is obtained without pre-distortion. The PA exhibits
compression at high input powers.

28 dBm -

»
-15.5 dBm 12.0dBm

The distortion caused by the PA can be minimized by applying DPD. The user can use
the FSW-K18 to first measure the AM-AM and AM-PM distortion, secondly generate
pre-distortion tables from this measurement, and finally transmit these tables to the
SMW and activate DPD. The generation of the predistortion tables requires just one
button click. The file transmission to the SMW and the activation of DPD happen all
automatically at a further button click on the FSW.

The following measurement is obtained with activated pre-distortion (memoryless). The
linear range is extended by about 4 dB towards higher powers and the overall linearity
of the PA is improved. At the highest input powers the DPD reaches a limit because
the PA’s compression is too significant to correct for.

1T Clrw =2 PolyFit

28 dBm fﬂ.

| B

DPD is also beneficial when the PA is not operated in compression but in its linear
region. Also here DPD can improve the performance as shown in the following
example.
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The following measurement is obtained without pre-distortion. The measured ACLR is
around -48.99 dB for the adjacent channel. The PA is not in compression.

Without DPD

g

e VA

[CF 1.95 GHz 1001 pts 5.1 MHz/ Span 51.0 MHz |

2 Result Summary | " EUTRA/LTE Sq\]lare I
Channel Offset Eﬂ.ﬂf
Tx1 (Ref) 9.015 MHz 21.33 dBm
T Total 21.33 dBm
i | Oifset L 1
Adj G.015 MHz 10,000 MHz - E
Altt 9,015 MHz 20,000 MHz -50.56 dB -49.75 dB

Activated pre-distortion (memoryless) yields the following measurement. The
measured ACLR is around -53.86 dB for the adjacent channel — an improvement of
almost 5 dB.

With DPD

21081 dém

)

g Ak

CF 1.05 GHz 1001 pts 5.1MHz/ Span 51.0 MHz
2 Result Summary EUTRA/LTE Square
Channel 1 |
Tl (Ref) 9.015 MHz : m
Tx Total 21.37 dBm
width, | set Il
Adj 9.015 MHz 10,000 MHz -53, g
Al 9.015 MHz 20,000 MHz -54.74 dB -53.88 dB

B

In the measurements above, DPD was applied to both, the RF signal and the envelope
signal.

-l

4
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9.8 PAE

The following figure shows the RF output signal of the PA (blue), the Vcc signal (dark
green), the current signal Icc (orange), and the resulting DC power Poc = Vcc - Icc
(violet) in the time domain. All traces are normalized to zero. This measurement
requires the RF port of the FSW (for measuring the PA’s RF output signal) and the
baseband input ports of the FSW (for measuring the Vcc and Icc signals).

B

5.92734375 ms .930338542 ms

The Vcc signal is measured using a Rohde & Schwarz RT-ZD differential voltage
probe connected directly to the FSW. The Icc signal is measured using a second RT-
ZD probe. The second probe measures the voltage drop over a 0.1 Q shunt resistor.
The measured voltage signal is multiplied by factor 1/0.1 to obtain the corresponding
current signal according to Ohms law | = U/R. The user can input the resistance value
directly on the FSW.

Modeling - PA Envelope/Supply

PAE Measurement Settings - T /—\\
Current Icc (Baseband Input I) DG R&S FSW
Multiplier rl 0 ] Eresre
= J DC
R (Ohms) E— BB f - [Vadnptier
esistor|r | T x| lec
- ~ BBg
Offset (Volts) |-0.019 3 {i6drplierb Voo
L J
Qffser
Voltage VYcc (Baseband Input Q) RFrof PA RFin RE
ref = meas
e )
Muiltiplier 1.0
- ) L DUT. \ )
- N .
Offset (Volts) :0.02 ] P TER A\,‘,,,;P,m.
- . Ve =W g + Offset) % Muitiplier
Power Consumption{PC) PAE Settings \_ J
PC Formula: (A x Ve x Icc)-(B x Vccn2)
r ~
Parameter A | 1.0
Parameter B | 0.0
L J

In addition, the user can correct for an offset caused by the probe, 0.019 and 0.020 in
this example. The offset can be determined by shorting the differential probe and
reading the measured offset from the result summary (parameter “Baseband Input
Voltage”; see section 9.9).
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The external attenuator and cable loss (i.e. output losses) can be compensated by
setting a reference level offset in the FSW. The input losses can be compensated by
setting a power offset in the SMW.

The measured time-averaged PAE of the PA is 52 % in this example. This value is
calculated from the time-averaged input RF power (user input), output RF power
(measured), and input DC power (measured).

The following figure shows the measured PAE over input RF power. The red color
indicates high density of data points.

4 PAE vs Input Power
100 %

20

a0

40

20

-52.5 dBm 22.5dBm

9.9 Result Summary

The following figure shows the result summary with the results for e.g. raw EVM, input
and output power and resulting amplifier gain, measured voltage and current, average
PAE, and many more.

Mod, Acc. i

Min Current Max Unit
Raw EVM 2.224 2.224 2.224 %
Raw Model EVM 0.033 19.363 417.928 %
Frequency Error o -0.007 — Hz
Power Min Current Max Unit
Fower In -44.16 -0.00 6.14 dBrm
Fower Out -28.93 26.28 30.51 dBrm
Gain 26.28 26.28 26.28 B
Crest Factor Out - 4.23 - dB
AMSAM Curve Width - 0.082 — dB
AMPM Curve Width - 0.279 — o
Voltage/Current Min Current Max Unit
Baseband I Input Voltage 0.021 0.038 0.054 Yolt
Baseband Q Input Voltage 0.778 2155 3.378 Wolt
Voltage (V_cc) 0.030 2.134 0.702 volt
Current (I_cc) 0.757 0.378 3.357 Amp
Power (V_cc * I_cc) 0.050 0.808 1.792 Watt
Average PAE — 52.457 - 9%

The average PAE value is calculated from the time-averaged input RF, output RF, and
input DC powers.
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10 LTE TDD Applications

For LTE TDD applications, the overall power consumption can be further reduced by
disabling the DC supply modulator and the PA during the non-active downlink
subframes. To test this, the DC supply modulator and the PA need to be controlled
with proper timing.

LTE TDD frame example
10 ms

i -

[ ooeek] | [ o [[ |

<+ - " ot
-t | - ot >

PA off PA on PA off PA on

The SMW provides various marker outputs. For example, the SMW can be
programmed to send a trigger pulse at the start of each frame of a LTE signal. Such
marker signals can be used for control of other equipment and instruments (e.g.
oscilloscope). The marker signals are output at BNC “USER” connectors on the front
panel. For example, the SMW can be configured to provide the following marker
signals:

e USER 1 connector outputs marker 1 signal. Marker 1 will pulse at the start of
each frame LTE frame, e.g. to trigger oscilloscope

e USER 2 connector outputs marker 2 signal. Marker 2 will be high during the
active uplink sub-frame of a LTE TDD signal, e.g. to trigger external equipment
for TD-LTE applications

EC N | %
{0 Generalllrjgﬂ '“w Marker | Clock Ilnfo w

Marker Mode -
Marker 1 Radio Frame Start Rise Offset 0| Samples -
Fall Offset 10 000| Samples -.
Marker 2 Frame Active Part -‘ Rise Offset -100| Samples -.
Fall Offset 0| Samples -
Marker 3 | Subframe .‘ Rise Offset 0| Samples -
Fall Offset 0| Samples -

The settings for marker 1 and 2 in the “Marker” tab of the LTE menu as shown above
will create the following signals:
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TB:2ms T:0s

uto_CH:
[OoH 1v=0 ST X = i s

User 1indicates

start of frame Falling edge has
offset for better
visibility on scope

User 2 marks
the active parts

For TD-LTE applications, the user can use the SMW’s USER output (marker 2 in this
example) to trigger external equipment such as the SCOUT SC4410 (USB-to-
GPIO/serial adaptor) from Signal Craft Technologies. This device supports RFEE-like
interface for communication with MIPI RFFE devices. It can be used to trigger RFFE
commands to the DC supply modulator and the PA for TDD operation.

SC4410

USB

- RFFE control

Trigger in

The user can load appropriate MIPI RFFE commands into the SC4410. For example,
one command to enable the DC supply modulator and the PA and one command to
disable them. The enable command is triggered on the rising edge of the marker 2
signal, the disable command is triggered on the falling edge of the marker 2 signal.
When triggered, the SC4410 sends the corresponding RFFE command to the
connected DC supply modulator and the PA.

To provide enough time for the enable procedure, the rising edge of marker 2 can be
advanced by selecting a negative rise offset. In the example above, the marker signal
will go high 100 samples before the uplink subframe actually begins. This leaves
enough time for sending the enable command such that the DC supply modulator and
the PA are operational when the uplink subframe starts.

By disabling the DC supply modulator and the PA during the non-active downlink
subframes the overall power consumption can be further reduced. This is illustrated in
the following figure.
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Parallel RF and Vcc time domain traces

1 Magnitude Capture RF

Ref, 20,000 dBmr |

RF Ll il
25.0 ms
6 Magnitude Capture Q @1 Clrw
3.5
3
2.5
2
15
: - |
500 m 1
o
-500
00s 25.0ms
PA disabled durin
I S R L7 TOD frame 9

downlink subframes

Side note:

Users can use the R&S®RTO digital oscilloscopes to look at the RFFE protocol
contents. This analysis requires the R&S®PRTO-K40 “MIPI-RFFE trigger and decode”
option on the instrument. Please see the R&S®RTO product website at
www.rohde-schwarz.com for details.
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Appendix

11 Appendix

11.1 Shaping Table Format for ET

There are two ways to create a shaping table:

o Internally using the built-in table editor.
e Externally using custom tools.

The file format is very simple. It is basically a comma separated value (CSV) file with a
short, optional header and special file extension. The simple file format assures that
the conversion of user-specific table formats to SMW format is straightforward. For
example, many third-party tools such as MATLAB and others support data export in
CSV format.

The file extension “*
modes. The file extension

.iq_lutpv” is used for tables in “Auto Power” and “Auto Normalized”
“*.iq_lut” is used for tables in “Manual” mode.

*.igq_lutpv file format example:

# Rohde & Schwarz - 1Q Output Envelope Shaping Table
# Power[dBm], Vcc[V]

0, 0.02

1,0.1

2,02

3,0.35

4,0.55

"Power" is the instantaneous RF power (Pin).

*.ig_lut file format example:

# Rohde & Schwarz - 1Q Output Envelope Shaping Table
# Vin/Vmax, Vcc/Vmax

03,04

0.35, 0.45

0.56, 0.55

0.4,0.5

0.6, 0.65

The header is optional and can be omitted. The file content is a list of comma
separated value pairs. The pairs are separated by a newline. The file may contain up
to 4000 lines.

The file formats are also described in reference [2].
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11.2 AM-AM and AM-PM Table Format for DPD

There are two ways to create an AM-AM or AM-PM table:

o Internally using the built-in table editor.
e Externally using custom tools.

The file format is very simple. It is basically a comma separated value (CSV) file with a
short, optional header and special file extension.

The file extension “*.dpd_magn” is used for AM-AM tables. The file extension
“* dpd_phase” is used for AM-PM tables.

*.dpd_magn file format example:

# Rohde & Schwarz — Digital AM/AM Predistortion Table
# Pin[dBm], deltaPower[dB]

0.0, 0.02

0.1,0.1

0.2,0.2

0.3,0.35

1,0.7
"Pin" is the instantaneous RF power. “deltaPower” is the power difference to the
instantaneous Pin.

*.dpd_phase file format example:

# Rohde & Schwarz — Digital AM/PM Predistortion Table
# Pin[dBm], deltaPhase[deg]

0.0, 0.05

0.1, 0.07

0.2,0.12

03,12

1,147
The header is optional and can be omitted. The file content is a list of comma
separated value pairs. The pairs are separated by a newline. The file may contain up

to 4000 lines.

The file formats are also described in reference [2].
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12 Abbreviations

ACLR
AM-AM
AM-PM
ARB
AWGN
DC
DPD
DUT
ET
EVM
IIQ
LTE
PA
PAE
PEP
RF
RFFE
TD
TDD
VCC

Adjacent channel leakage ratio
Amplitude-to-amplitude modulation
Amplitude-to-phase modulation
Arbitrary waveform generator
Additive white Gaussian noise
Direct current

Digital pre-distortion

Device under test

Envelope tracking

Error vector magnitude
In-phase/quadrature

Long term evolution

Power amplifier

Power added efficiency

Peak envelope power

Radio frequency

Radio frequency front end
Time-division

Time-division duplex

Voltage at the Common Collector
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14 Ordering Information

Please visit the Rohde & Schwarz product websites at www.rohde-schwarz.com_for
comprehensive ordering information on the following Rohde & Schwarz instruments:

R&S®SMW200A vector signal generator
R&S®FSW signal and spectrum analyzer

1GP104_2E Rohde & Schwarz Envelope Tracking and Digital Pre-Distortion Test Solution for RF Amplifiers 50


http://www.rohde-schwarz.com/

About Rohde & Schwarz

Rohde & Schwarz is an independent group
of companies specializing in electronics. It is
a leading supplier of solutions in the fields of
test and measurement, broadcasting,
radiomonitoring and radiolocation, as well as
secure communications. Established more
than 75 years ago, Rohde & Schwarz has a
global presence and a dedicated service
network in over 70 countries. Company
headquarters are in Munich, Germany.

Environmental commitment
e Energy-efficient products
e Continuous improvement in
environmental sustainability
e |SO 14001-certified environmental
management system

ertified Quality System

1S0 9001

Regional contact

Europe, Africa, Middle East

+49 89 4129 12345
customersupport@rohde-schwarz.com

North America
1-888-TEST-RSA (1-888-837-8772)
customer.support@rsa.rohde-schwarz.com

Latin America
+1-410-910-7988
customersupport.la@rohde-schwarz.com

Asia/Pacific
+65 65 13 04 88
customersupport.asia@rohde-schwarz.com

China
+86-800-810-8228 /+86-400-650-5896
customersupport.china@rohde-schwarz.com

This application note and the supplied
programs may only be used subject to the
conditions of use set forth in the download
area of the Rohde & Schwarz website.

R&S® is a registered trademark of Rohde & Schwarz
GmbH & Co. KG; Trade names are trademarks of the
owners.


mailto:customersupport.asia@rohde-schwarz.com
mailto:customersupport.china@rohde-schwarz.com

