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Pulsed IV characterization is similar process as implemented in DC analyses and produces sim-
ilar curves for drain current when gate and drain voltage levels are stepped over time but ac-
quired under isothermal conditions (pulsed) at a given quiescent point defined by its quiescent
control voltages. This means the base of the pulses have a non-zero value for both gate and
drain voltage, often referred to as the operating point or quiescent (qg) point.
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Fig. 1 Pulsed IV characterization
(we need to change change this picture in Auriga format)
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Fig. 2 Pulse Profile

For accurate pulsed characterization short pulse length should be used to provide IV measure-
ments in isothermal and isodynamic conditions. The duration of pulse period should be larger
than pulse width to make sure the device should return to its steady state conditions after each
measurement pulse. This eliminates self-heating and traps to some level.
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Auriga AU5

Auriga PIV system is a full featured characterization platform that can do both DC and pulsed IV
characterization. The pulser head circuitry due to its low profile can be moved closer to the DUT,
which helps to preserves the integrity of the pulsed signal by reducing the effects of the transmis-
sion lines on the measurements. The external pulser heads are interchangeable and available in
different configurations from 20V - 100mA to 2000V - 100A

Fig.3 Auriga PIV setup

AU5 Hardware Schematic

The Timing Control block (Digital Delay Generator, or DDG) is the fundamental controlling ele-
ment for the Digitizers and for the electronic switches that connect the four DC supplies. The AU5
provides the ability to adjust the leading and trailing edges of both the Gate voltage pulse and the
Drain voltage pulse. The alignment of these edges is important in keeping the DUT transitioning
smoothly between the "Q" and "NQ" states. For Pulsed RF measurements, the Timing Control

block also provides timing signals for the Network Analyzer.
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Fig. 4 PIV system schematic
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The assignment of the four DC supplies is:

« DC Supply 1 and DC Supply 3 provide the "Q" voltages.

They are connected simultaneously during the "Q" segment of the signal applied to the DUT.
DC Supply 1 provides the "Q" Gate voltage through the Gate Pulser. DC Supply 3 provides the
‘Q" Drain voltage through the Drain Pulser.

« Similarly, DC Supply 2 and DC Supply 4 provide the "NQ" voltages.

They are connected simultaneously during the "NQ" segment of the signal applied to the DUT.
DC Supply 2 provides the "NQ" Gate voltage through the Gate Pulser. DC Supply 4 provides
the "NQ" Drain voltage through the Drain Pulser.

« DC Supply 2 and DC Supply 4 are not used when the AU5 is making DC-IV ("Continuous’)
measurements.
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Fig. 5 DC supply definition in PIV system

Pulse Timing

Figure 10 shows the timing of the Gate Pulser and Drain Pulser signals. All of theAU5's timing
is based on a sync signal, labeled tO, which is generated by the DDGC.

« D1 this is the delay from tO which defines the leading edge of the Gate Pulser signal. This
leading edge defines the moment at which Gate Pulser switches from the "Q" to the "NQ"
segment.

« W1 this is the width of the "NQ" segment of the signal for Gate Pulser.

« D2 this is the delay from tO which defines the leading edge of the Drain Pulser signal. This
leading edge defines the moment at which Drain Pulser switches from the "Q" to the "NQ"
segment.

o W2 this is the width of the "NQ" signal for Drain Pulser.

« D1, W1, D2 and W2 are all independently adjustable for both the Gate Pulser and the Drain
Pulser.

4

AN76 - AU5 PIV

www.focus-microwaves.com



@ FOCUS MICROWAVES GROUP

_ W,
- R
*
Valtage
D
1
Drain Bias
B 5c N \
lime
Gate Bias
® | D 0
i - >
W,

Fig.6 Gate and Drain pulse timings

Misalignment

Improper timing settings can cause momentary transitions to intermediate states, which are
neither the "Q" nor "NQ" state. Usually, these intermediate states are benign, but there is one
circumstance in which the intermediate state can be destructive to the DUT. The following
analysis explains how these intermediate states occur, and why they need to be understood.

This analysis is broken into two cases.

«Vd"Q" < Vd "NQ"
«Vd'Q" > Vd "NQ"

For the two cases mentioned above there can be three possible settings for delay D1 and
D2. All these delays settings are device dependent and the maximum power settings depend

upon ratings of device under test.

o D2>D1
o D2<D1
o D2=D1
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Fig.7 Gate and Drain pulse timings when Vd "Q" < Vd "NQ"

For a FET with unequal delay settings for gate and drain, all the transitions states, which are
when pulse switches from "Q" state to the "NQ" state and vice versa the intermediate current
flows during the transition state. This current because of lower drain quiescent voltage always
stays in safe operating region. The third setting where D2 is equal to D1 is termed as ideal state
as no intermediate transition current flows through the device.
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Fig.8 Gate and Drain pulse timings when Vd "Q" > Vd "NQ"
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For second case, care must be taken when defining the gate and drain delay values. In this con-
dition when D2 is greater than D1 a huge current can flow during the transition state due to high
quiescent drain voltage and can damage the device. For D2 less than or equal to D1 the inter-
mediate current is close to quiescent current which is in safe operating region and has no effect.

Aperture Settings

Measurement Apertures are those segments within a set of digitized points that are returned
as measured values. The digitizer samples points across the portion of the waveform which is
displayed on the scope. Figure 9 shows the derivation of the measurement apertures for the "'Q"
and "NQ" segments. Based on the same sync signal, labeled t0O, the Digitizers perform the A/D
conversions, for both Gate Pulser and Drain Pulser as follows:

« QW: This is the width of the digitization aperture for the "Q" segment.
« NQW: This is the width of the digitization aperture for the "NQ" segment.

Note: QW and NQW are all independently adjustable for both the Gate Pulser and the Drain
pulser.

Note: When DC-IV Measurements are being made, the AU5 acquires and saves data for both the
quiescent Aperture and the Non-Quiescent Aperture. The Quiescent data and the Non-Quies-
cent data will be essentially the same because no pulse is being generated.
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Fig. 9 Gate and Drain aperture settings
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Duty Cycle and Pulse Repetitation Frequency

AUS PIV system offers to set the duty cycle which is the ratio of pulse-width to pulse-period,
from 0.01% to maximum of 100%. Narrow pulse widths and low duty cycles are desired to slow
down the process like self-heating and trapping and give enough time to recover from tempera-
ture transients that occur during the pulses. Similarly pulse repetition frequency plays an import-
ant role to quantify the emission time constant. For pulser heads the maximum PRF is based on
the capability of the pulse head and is limited by thermal dissipation within the head

Calibration of AU5

The pulsed IV setup needs calibration to correct for all voltage related errors that can affect the
measurements. These calibrations need to be performed in a circuit environment that is identi-
cal to the circuit environment that will be used for testing the DUT. These voltage errors can be
introduced due to environments temperature variation over time, any physical disconnection of
the pulser heads or any changes applied to pulse settings that includes, pulse width, pulse rep-
etition rate, delay values or aperture settings. All fixturing, BNC adapters and bias tee should be
part of calibration process. This calibration is performed by using pre-calibrated set of resistors
provide with the system. These calibration resistors must be placed directly at the output of the
pulse head (with a tee), not the end of the chain. Based on the maximum voltage and current
settings a user interface guides through this calibration routine. Once the calibration process is
completed a dialog box appears where the calibrated voltage and current scale factors for each
pulse head are compared to the nominal values found in each pulse head EEPROM. If the cali-
brated value is outside a tolerance to the nominal value, it is recommended to verify the settings
and recalibrate the system.

Pulse Parameters

The key to accurate pulsed measurements is using high-quality pulses. An ideal pulse is repre-
sented in Fig. 9. The rise and fall times are instantaneous (requires zero time to fully turn “on”
and “off"). Immediately after the rising edge, the maximum voltage is instantly achieved. That
is, the pulse doesn't continue above the maximum voltage (an undesired condition known as
‘overshoot’). Once the maximum or minimum voltage is achieved, the value is held constant for
the duration of the pulse. There is no dampened oscillation (known as “ripple”) or reduction in
voltage over time (known as “droop”).
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Fig. 10 Ideal Pulse
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Pulses cannot turn "on” and “off" instantaneously, therefore pulser heads are designed to mini-
mize rise time and fall time. Figure 10 shows a perfect pulse with fast rise and fall times. Gener-
ally, this quality is only important when narrow pulse widths are required. For example, a 20 ns
rise time on a 500 us pulse width is insignificant (0.004%), but it is significant on a 100 ns pulse
width (207%).
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Fig. 11 Rise and fall time of pulse

The trade-offs with fast rise and fall times are overshoot and ripple. The faster the rising or fall-
ing edge, the greater the overshoot and the longer the ripple will be. Auriga’s proprietary pulser
technology leads the industry in minimizing these effects. Figure 11 shows a typical Auriga pulse
featuring fast rise and fall times, minimal overshoot, quick settle time, and minimal ripple. This
enables data measurement closer to the rising edge for better isothermal analysis and a wider
sampling time for improved averaging
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(b) (c)

Fig.12 (a) 1us pulse measured using AU5 measured with 500hms load
(b) Rise and (c) fall time of Auriga Pulser head

As pulse widths become increasingly narrow, a rounded pulse shape naturally forms. Fig.12 ex-
plains this phenomenon, which is a real 200ns pulse generated by Auriga pulser head it is seen
that due to fast rise and fall time of 50ns a narrow measurement window appears at the peak of

the pulse. This flat region is where measurements can be made. Narrow pulses are often desired
to isolate thermal and trapping effects.

Fig.13 200ns Pulse with 50ns rise and fall time

As pulses become faster and narrower, voltage naturally overshoots the target, comes down, and
continues below the target. This is known as “undershoot.” The voltage oscillates above and below
the target before finally settling. This effect is known as ripple and is shown in Figure 13. Measure-
ments should never be taken while the pulse is rippling, because data will not be accurate. Data
acquisition should begin once the pulse has settled.
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Fig. 14 Pulse with ripple issue

From measurement it is noticed that the pulse ripple is very much dependent upon the load im-
pedance and parasitic inductance introduced in the setup due to cables and bias tees. To properly
measure such a short pulse width, short cables (to reduce parasitic inductance) and optimized
setup is required to reduce the transient effects. AU5 modular pulser heads with small footprint can
be placed very close to the DUT and all these unwanted effects can be minimized.

Pulse |V Measurement

Every pulse IV characterization is specific to its application and measurement settings are based on
the Pulser head and its specifications. For every pulser head following conditions must be verified:
* Minimum specified pulse width
« Maximum voltage and current output capability
« Maximum Pulse repetition frequency
« Maximum output power

Specifications FHGZD FHOLDD PHDZ20-2 PHDZ220-10 FHD220:-30 PHDE00-5 PRD1200-10 PHDI200-100 PHD2000-10  PHDZO0O-100
Max Voltage Pl +E00Y Fra b Fry L v 0w L0 Y 00 ¥ 2000V 2000V

Max Cuwrrent Pulsed 00 mk TR TA ELT Y oA o WA [a =l Y & 1043 &

Max Current D 100 1883 il DBSA 174 SO 10& LOA LA BlA QA

Max Error 1K ai % 01 % ool X a0 x o K ae % 0l X X oMY

May Power W Agw 0w MW 1000 W R ek W 5000 W Shoow OO0 W

Mirs Pulse Width Ml ra Tl e DR e T s 1000 g 204 g 1us bus dut At

Max Pulse RE‘DQ‘"':II}FI S0 Mot B 2B D M0 @ 200 v 00 Wy i 200 W Iz @ 200 W BOIGHT @ 200V I8 Mz O g 2 Wz Y dep T8 iz ¥ dep 8 s 6 dep
Frequency (PRF) B @100V BOKMEA LSOV B0 KHD@ WSOV L4 i @ 1200 LANHZ @ 1200% L0 KMz 3000W L0 0KHZ @ 2000V
Mir Qulput RigeFall 3 ra M s R T 0 55 B4 m B4 e T T

Test Port Conmnector  BNCE B BRC f BHO BRC ML I e I SH I S i LH I

*all pulse parameters tested under open load conditions.

Table.1 Specifications of each pulser head
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After setting of the pulse parameters and pulsed IV measurement capability, the user can set
a Quiescent ("Q") point, at which the DUT spends most of its time. The "Q" point is generally a
point at which the DUT is dissipating relatively low power. The user can also specify a series of
Non-Quiescent ("NQ") points, to which the DUT goes, for very short time periods, before re-
turning to the "Q" point. The benefit of this method is that the DUT does not heat up as much
as it does with conventional DC-IV measurements because it spends most of its time at the "Q"
point. The Pulsed IV method becomes increasingly important as devices get larger and power
handling capability increases.

Below is explained the steps that are followed to perform an IV measurement.

« Set the Gate voltage and Drain voltage for the target "Q" point.

« The "Q" point for both gate and drain are a single fixed bias point and does not move during
the measurement cycle.

« Considering the sweep settings of gate and drain NQ voltages levels, for each gate NQ volt
age the drain NQ voltage is swept from maximum to minimum value (or customized sweep).

« All Current and voltages levels for quiescent and non-quiescent state are measured.

 During the off state all voltages levels return to the "Q" point. This is where the DUT cools.

» The process is repeated until the entire sweep is completed which means all gate NQ values
are also swept.
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Fig. 15 Pulse IV curves
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Fig. 16 Pulse IV measurement flowchart

An important point to be stated here is that all the components between the DC supplies and
the output of the pulse head have a certain resistivity (wires, switch ON resistance, measurement
resistor, etc). The addition of all those parasitic resistors, make the output impedance of the pulse
head which varies from 10hms to 5 ohms across different pulser heads. When current is flowing,
that output resistance creates a voltage drop (under ohm’s law). Thus, the voltage measured at
the output is not the same as the set point provided by the DC supply. This phenomenon does
not affect the system performance as the all voltage levels are measured after these voltages drop
and the measured value is the true voltage applied to the DUT.

Servo Mode

The measurement circuitry in the PIV setup may cause some voltage drop which reduces the de-
livered voltage applied to the measurement reference. For some applications it is important that
the precise voltage is applied to the device. AU5 offers a feature called Servo that can be applied
at both gate and drain. This feature allows precise voltage settings at the measurement reference.
This feature is an iterative process where the DC supply voltage is adjusted till the measured val-
ue at the measurement reference corresponds to the requested value in the sweep list provided
by the user. The iterative process continues till the measured value at DUT reference is within a
specified tolerance limit.

The advantage of the Servo feature is that measured non-Quiescent Drain and gate voltage values
closely match the requested values. However, the disadvantage of this feature is that it increases

the execution time of the Test Plan. =
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Sequencing Mode

The measurement sequencing option allows the user to load a series of instrument states and
then perform measurements as defined in each state. The pulse condition in each state can be
enabled by user with different safety, pulse timing, sampling time, Measurement Aperture etc.
A calibration is performed for each state and both state and cal. files are saved. For each state
different measurement conditions can be defined like NQ sweeps, different Q values for both
gate and drain etc.

Once all the states are defined and calibrated the user can call each state in a defined order. A
separate file for each state measurement is saved.

Safety And Interlock

AUS5 system is fully compliant to European (CE) and US safety standards. It is also equipped with
an Interlock, which is a safety mechanism to protect the user from the dangerous voltages gen-
erated by the system. All the high voltage parts are contained within an “enclosure”. The door of
the enclosure has an interlock switch connected to the system. At any time, if the switch is open
(operator is within the enclosure) the DC supplies are zeroed and the pulse head are rapidly dis-
charged to prevent electrocution of the user.

Measurement Hardware

AUS pulsed IV setup is a complete characterization setup which enables both pulse generation
and pulse measurement capabilities. Apart from pulsed DC measurements AU5 system can ac-
quire complete time domain pulsed waveforms for both current and voltages at gate and drain.
This measured signal is plotted as the DUT's current and voltage response versus time that al-
lows to notice any time varying changes occurring due to self-heating or trapping. The AU5 is
equipped with a state-of-the-art oscilloscope with 16bit resolution, 200MHz sampling rate and
maximum record length of 10’s of million points. The 16bit resolution offers high dynamic range
and a superior signal integrity attribute, which provide a better representation of your signals
under test. The fast-sampling rate of 200MHz (5ns) is very important parameter to capture every
aspect of the time changing waveform and fully capture the DUT response.

The embedded scope offers to set the sampling rate of the measurements between 200MHz
and 1KHz. Using this option together with memory depth the captured time frame can be in 10’s
of seconds.

Measurement Enhancement Mode

Auriga MEMT™ is another enhanced pulsed IV function which increases the current measure-
ment resolution to an indus—try-leading 0.01% of maximum current. This feature is implemented
because the fast-sampling scope do undergo some significant drift and jitter. The MEM uses a
DMM to correlate the jittery oscilloscope measurement with a very stable DMM measurement
thru advanced calibration algorithms. This feature results in very stable measurements and main-
tains calibration integrity for a longer period and al=lows temperature independent measure-
ments impervious to en-vironmental temperature changes.
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Users Interface And Data Viewer

The new AUS user interface is much easier to use, more intuitive and offers both a standard
graphical user interface and an Application Programming Interface (API). This interface can be
used to fully control all Auriga measurements in a wide variety of programming platforms in-
cluding C#, C++, LabView, Matlab Python and any other NET or COM compatible platforms.
Additionally, both local and remote control is supported.

The advanced Data Viewer provides features to organize and visualize the data measured during
the experiments. The measured data can be presented in different ways and system allows the
user to post-process the measured data in a variety of ways. This includes both standard math-
ematical methods (smoothing/averaging) as well as IV specific data processing, which includes
filtering and accounting for parasitic effects

Fig. 1/ Pulse IV data display
As represented in Fig.1/ the data viewer allows different views to represent each set of data.
These data viewers offered are as follows:

IV View: The IV View shows the IV characteristics of the current test plan being executed or a
previous measurement data. The IV View is enabled by default in the Data Viewer.

Selected Points: The Selected Points option allows the user to view the Quiescent and Non-Qui-
escent voltage and current values of the selected measurement data point from the IV View or
the Resistance View.

Resistance: The Resistance option enables the Resistance view (R vs Voltage) in the current test
plan or previously measured data.

Scope: The Scope View enables the scope chart in the current test plan or previously measured
data.

S-Parameter: The S-Parameter option enables the S-parameter view in the current test plan or
previously measured data.
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Pulsed S Parameter Measurement

The principle of pulsed S-parameter measurements consists of superimposing the RF signal on
each instantaneous bias point (VNQ___, VNQ_ _ ) of the pulsed I-V network and perform the ac-
quisition of S-parameters. The setup for this measurement includes pulsed |-V system that it is
coupled to a vector network analyzer (VNA), that enables to pulsed S parameter measurements.
The PIV system being the primary trigger module triggers the VNA. This synchronization is done
to make RF measurement (S-Parameters) within the instantaneous |-V pulse. Enough delay is
added in VNA to avoid RF measurements in any unstable region or the transients of IV pulse.

Vector Metwork Analyzer
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Fig. 18 Pulse IV and S-parameter setup

In the measurement stage at each instantaneous point (VNQ__ . VNQ _ ) of the entire |-V char-
acteristic, a S-parameter file is measured over the frequency bandwidth. Indeed, each of these
S-parameter files measured in pulsed mode gives the actual response of the device at the quies-

cent bias point (VQGate, VQ_ )

Drain”*
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Fig. 19 Pulse IV and S-parameter measurements
(we need to change this picture in Auriga format)
Pulsed LP

The pulsed -V measurements presented in the previous sections illustrate the importance of
measuring the transients of drain currents with respect to voltages, i.e. electric field and tem-
perature. Such measurements also outlined the asymmetry of trap capture and emission phe-
nomena through their very different scale of time constants. These effects need to be consid-
ered in high-frequency large signal operation when the device is excited with large RF voltages.

Most of the communication signals are continuous which means that the amplitude (AM),
phase (PM) or frequency (FM) of the RF signal might change with time but the RF signal is
always present up to some extent. For high power non-linear devices, the self-heating and
memory effects discussed previously severely affect the performance parameters of power
amplifier when excited in the continuous wave mode. During on wafer measurements of pow-
er amplifiers devices, heat sinks are difficult or even impossible to implement and this limits the
range of measurement power levels. Using pulsed stimulus signals, the device can be charac-
terized at the higher peak power levels up to saturation to which the devices will be subjected
in their intended use. If the devices are excited in pulsed mode, they can be operated at higher
peak power level at a reduced risk of device breakdown and a better control of operating tem-
perature. A pulsed RF signal consists of a burst (pulses) of RF signal where no RF signal present
in between the bursts.

In this context, a pulsed RF signal for loadpull measurements becomes a very useful tool. In
such measurement system the pulsed RF and pulsed dc capabilities are combined, which en-
able the possibility of a deep insight into the influence of low-frequency dispersive effects on
power performances of transistors. Such a system proves to be an efficient tool in providing
valuable information and minimize nonlinear memory effect in large signal device characteri-
zation. All this information leads to a better amplifier design.
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A pulsed load-pull test bench comprises of pulsed bias tees, a primary DC pulse generator, RF
source synchronized to a pulse generator, and digitizing scope. The digitizing scope is used
to monitor the Pulsed DC characteristics within the pulse. All passive components of the test
setup (including the programmable tuners) are wideband enough to let the pulsed signal pass
without any distortion. Measurements are made using the Vector Network Analyzer receivers
which are synchronized with the primary pulsing instrument
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Fig. 20 Pulse Loadpull setup using AU5 PIV system
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