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Janine Sullivan love
Senior editor

janine.love@ubm.com

t
his June 17–22 marks the 60th anni-
versary of the IEEE MTT-S Interna-
tional Microwave Symposium 
(IMS2012), or as we old hats refer to 
it, MTT. This year, the show is being 
held in Montreal, Canada, and I 

must admit I am looking forward to that. It looks 
like a fantastic venue (and an opportunity to dust 
off my French). 

My first MTT show was in 1995, and the show 
still had its roots firmly in the military/defense 
market. Many were whispering, though, about 
the promise of commercial applications and the 
growth of a new commercial application that was 

being referred to 
as “wireless.” 
There was plenty 
of chuckling about 
how this was not a 
new term, as the 
first radio was 
called a “wire-
less,” but none-

theless, there was a ray of hope in a challenged 
market. How far we’ve come! 

Those of you who know me know that I am a 
bit of a history buff, so I’ve been looking into the 
history of the show. Yes, MTT is a fabulous place 
to see all the latest test and measurement equip-
ment and software and learn about some of the 
newest techniques for speeding time-to-answer 
and for testing the latest protocols, but it is also 
a show with a rich history. 

The first show, simply called the Symposium 
on Microwave Circuitry, was held in 1952, and 
the first recipients of the “Annual Prize” were 
Nicholas Sakiotis and Herman Chait from the 
Naval Research Laboratory in Washington, DC, 
for their paper, “Properties of Ferrites in Wave-
guides.” In 1961, the year the first digest was 
published, there were 20 papers presented at 

the show. This year, there promises to be more 
than 600.

Of special note to those of us involved in test 
is a technical session on Wednesday, June 20, 
called “Unconventional Measurement Tech-
niques” that will highlight research work being 
done for contactless measurements, on-wafer 
scattering-parameters measurements, chemical 
sensing, microwave impedance measurements, 
and a calibration technique for free-space appli-
cations. Engineers who want to know more 
about MIMO can attend a panel session on 
Thursday titled, “The Mathematics and Physics of 
MIMO.” Also on Thursday, there will be a techni-
cal session called “Nonlinear Measurement Tech-
niques” that promises to cover a range of topics 
from phase-noise measurements to intermodular-
distortion phase analysis at high frequency.

On Friday, June 22, the 79th Automatic RF 
Techniques Group (ARFTG) Microwave Measure-
ment Conference will also take place in Mon-
treal. This year’s theme is nonlinear measure-
ments, and the technical program looks packed.

If new test techniques are what you are look-
ing for, then in addition to what’s on offer at 
IMS2012 and ARFTG, this issue of Test & Mea-
surement World is a great resource for you. Our 
cover story from Ron Press at Mentor Graphics 
offers a cell-aware automatic test-pattern-genera-
tion method that aims to define and target faults 
within an IC’s gates. For those of you working in 
wireless, Aeroflex’s Robin Irwin has provided an 
article reviewing manufacturing test requirements 
for the IEEE 802.11ac WLAN standard. In addi-
tion, Surbhi Bansal and Sameer Saran from Free-
scale Semiconductor have done a nice job laying 
out a design-for-test technique for on-chip fre-
quency measurements. 

I hope you enjoy the issue. And I hope you 
make it to Montreal. If you see me there, please 
stop me and say, “Bonjour!” T&MW

If new techniques 
are what you’re look-
ing for, this issue of 
T&MW is a great re-
source for you.

editor’S note 

Taking the measure of a new era
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In my May column (“5060-9436”), I briefly 
mentioned the inevitable demise of user-repair-
able test instruments due to age and the dwin-

dling numbers of parts-donor instruments. Unfortunately, current-
generation instruments include custom ICs (ASICs), and many 
manufacturers no longer offer service manuals or schematics. All this 
points to a future in which hardware hackers will find it increasingly 
difficult to equip a traditional test bench with used and repairable 
instruments at modest cost. So, what’s next?

I’ll speculate that in the not-too-distant future, an impoverished 
experimenter’s test bench might resemble a kitchen counter replete 

with a collection of inexpensive 
purchased modules assembled and 
interconnected for the task at hand. In 
size and shape, these modules might fit 
into the flip-top tinned steel boxes that 
contain Altoids mints.

Amateur-radio practitioners and 
electronics hobbyists pioneered the prac-
tice of stuffing home-brewed electronics 
into mint tins, but a few manufacturers 
now offer products that rival the 
performance offered by many traditional 
test instruments and also fit comfortably 
in these small containers.

For e xample, Valon Technology’s 
Model 5007 Dual Synthesizer (photo) 
delivers two independent RF outputs 
spanning 137.5 MHz to 4.4 GHz at 
selectable RF levels 7, 4, 1, –2 (+8 to 0 
dBm). Measuring 2-by-2 in., the 5007 

derives its control signals from a USB interface and vendor-supplied 
PC and Macintosh software. Drivers are available for Linux and 
National Instruments’ LabView. At $29, the 5007 is an inexpensive 
solution to many requirements for dedicated RF signal sources.

And now for dessert: Based on a 700-MHz ARM processor and 
offered as an inexpensive teaching aid, the under-$40 Raspberry Pi 
computer from the Raspberry Pi Foundation runs a Linux operating 
system and is said to be capable of desktop-PC performance. Add a user 
interface and a USB connection to a test module, and a Raspberry Pi 
computer running Linux and open-source data-acquisition and control 
software could serve as the heart of a low-budget test system. (The 
Raspberry Pi is currently back-ordered, but other microcontrollers may 
serve as well.)

Bon appétit! T&MW

The tasteful test bench
elecTronics in minT Tins
Given cellphones’ ubiquity, fitting an en-
tire radio transceiver in one’s pocket 
may seem old hat, but amateur radio 
projects also include SWR (standing-
wave ratio) meters, antenna-impedance 
matching networks, and RF amplifiers in 
mint tins:
longlist.org/Altoids+Transceiver

This site describes a basic video-display 
and audio-frequency tester:
bit.ly/M41yne

Here’s an audio amplifier module in a 
mint tin:
tangentsoft.net/audio/cmoy-tutorial

…and a Part 15 FM-broadcast test 
transmitter:
bit.ly/KVD4qK

WhaT else fiTs in a minT Tin?
Clever hands have packaged survival 
kits, Ouija boards, and miniature diora-
mas in mint tins:
pinterest.com/jonadair/altoids-tins

raspberry pi noTes
The Raspberry Pi computer’s capabili-
ties and modest price has sparked con-
siderable interest:
www.raspberrypi.org

Can’t wait for the Raspberry Pi? Check 
out the Menta, an Arduino-family micro-
controller that fits into a mint tin:
bit.ly/J5t0KY

oTher fruiT
Although mint tins offer electrostatic 
and magnetic shielding, they’re not as 
rigid or as easy to machine as die-cast 
enclosures, such as those offered by Po-
mona Electronics (incidentally, Pomona 
was the ancient Roman goddess of fruit 
trees):
bit.ly/Jjy0PL

Brad Thompson  
conTriBuTing Technical ediTor  

brad@tmworld.com
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extech introduces 
2-in-1 insulation 
tester and multimeter
The new MG300 from Extech Instru-
ments is a true-rms multimeter with a 
built-in insulation resistance tester. The 
instrument’s wireless data streaming pro-
vides added safety to users, who can 

monitor real-time 
readings on a laptop 
or computer screen 
from up to 30 ft away.

By adding insula-
tion-testing capabili-
ties to a DMM (digital 
multimeter), Extech 
has made it easier for 
electricians to make 
insulation testing a 
more routine part of 
predictive mainte-

nance. The waterproof combination me-
ter includes a digital insulation-resistance 
tester (or megohmmeter) with four test 
voltages for measuring resistance up to 
4 GΩ with 0.001-MΩ resolution. The 
full-function DMM includes duty-cycle 
measurements and milliamp readings 
for analog 4–20-mA current loops in 
industrial analog process controls.

The MG300 meter includes a remote 
USB receiver and Windows-compatible 
software and is available with NIST-
traceable certification. For users outside 
North America, Extech has introduced 
the MG302, which transmits data at 433 
MHz instead of 915 MHz. www.extech.
com/mg300. 

Frost honors Agilent

Market-research firm Frost & Sullivan 
has awarded Agilent Technologies with 
the 2011 Global Frost & Sullivan Award 
for Company of the Year. Frost presents 
this annual award to the company that 
“demonstrated superior entrepreneur-
ial ability in its industry during the 
research period.”

Teseq has introduced a development kit that automotive technicians 
and engineers can use to design their own pulse networks. The kit 
combines Teseq’s fLX 5510 development board with the company’s 
nsG 5500 automotive eMC test system. engineers and technicians 
working in automotive eMC laboratories can use the kit to design 
test pulses that meet specifications such as pulse impedance, peak 

voltage, pulse width, and 
pulse-width under load. 

Compatible with all nsG 
5500 systems, the fLX 5510 
contains two DiY 5510 sub-
modules, one with a fully 
functional example circuit and 
one with an empty circuit 
that’s ready to use. Plugging 
the DiY submodule into the 
fLX 5510 lets users design a 

pulse network that meets a specific need. 
engineers can use the development kit for conducted immunity 

testing, engineering investigations, quality control, fault analysis, and 
weak-spot analysis. The fLX 5510 produces pulses with peak currents 
of 300 A, a maximum voltage of 660 V, and a maximum pulse width 
of 30 ms. A software wizard lets users design custom pulsed wave-
forms. The fLX 5510 also works within Teseq’s Autostar 5 immunity 
software.

Teseq, www.teseq.com.

Teseq kit helps users develop  
interference test pulses
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In announcing the 2011 award, Frost 
noted that Agilent has worked to be 
a market leader through its introduc-
tion of products in all segments of the 
oscilloscope market. Agilent introduced 
the Infiniium 90000 X-Series for the 
high-end segment and introduced the 
InfiniiVision 2000/3000 X-Series for 
the mainstream segment. Agilent also 
designed and developed the high-per-
formance ASICs that are at the heart of 
its oscilloscopes. In addition, the com-
pany has adopted indirect distribution 
channels for its mainstream oscilloscopes 
product line, which has played a role in 
the company’s growth. 

“The introduction of highly innova-
tive products, the breadth of its portfolio 
that enables the provision of applica-

Although different models of camera 
phones may offer identical image reso-
lution, they can produce images of vastly 
different quality, and vendors and con-
sumers lack standardized metrics for 
comparing handsets. To remedy this, the 

Ieee works on  
camera-phone image 
quality

tion-specific solutions, and the move 
toward indirect distribution channels for 
its mainstream oscilloscopes are some of 
the key reasons for Agilent’s success,” said 
Frost & Sullivan Industry Director Jessy 
Cavazos. www.frost.com.



The total calibration services market 
in North America reached revenue of 
$948.2 million in 2011. The market is 
expected to witness a compound an-
nual growth rate of 5.4% from 2011 
to 2018, although TSPs (third-party 
service providers) are expected to 
witness higher growth than OEMs 
(original equipment manufacturers) 
and in-house laboratories. By 2018, 
total revenue for the market is ex-
pected to reach $1373.5 million. 

Factors expected to have an im-
pact on market growth include the 
stricter compliance environment and 
increased competition in key indus-
tries, which will increase the focus of 
customers on quality.

The growth in installed base of 
test and measurement equipment, as 

well as the increasing complexity of 
equipment, will also have a positive 
influence on the market. Suppliers of 
calibration services should beware, 
however, of the growth of modular 
instrumentation. Modular instrumen-
tation has reached a significant share 
of the general-purpose test equip-
ment market in North America, and 
customers can calibrate these instru-
ments more easily than they could 
calibrate traditional instruments. 

As the mix of products at cus-
tomer locations has become more 
heterogeneous, the demand for cali-
bration services for various types of 
equipment at one location is ex-
pected to further increase over the 
forecast period. Companies are striv-
ing to increase their capabilities 

both organically and through part-
nerships and acquisitions. (See the 
complete article at bit.ly/JhiJSJ.)
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Elektrobit’s new EB Propsim F32 radio channel 
emulator is designed for mobile broadband 
testing, including 2G/3G, 3GPP LTE, and LTE-
Advanced technologies. The instrument offers 
32 channels, which Elektrobit reports is up to 
eight times more than other emulation systems 
on the market. For users who do not yet require 
this many channels, the emulator is available in eight- and 16-chan-
nel versions that can be upgraded to 32 channels if necessary.

Like all EB Propsim emulators, the F32 is designed to replicate 
wireless environments such as fading, noise, and spatial channel 
conditions. The emulator addresses the test requirements of multi-
antenna technologies, such as spatial multiplexing, beamforming, 
and spatial diversity, and it enables testing scenarios for multi-RAT 
and multiband as well as 3GPP Rel 10 and 11 carrier aggregation, 
CoMP, and Relaying. The EB Propsim F32 also includes a setup wiz-
ard and 24/7 automated testing features.

Elektrobit, www.elektrobit.com.

EB radio channel emulator 
claims highest capacity

Calibration services market on the rise
By Jessy Cavazos, Industry Director, Measurement & Instrumentation Practice, Frost & Sullivan

In the North American calibration  
services market, the percentage of  
revenue for TSPs has grown since 2004. 
(All figures are rounded.) Source: Frost & Sullivan

Market Trends

IEEE (Institute of Electrical and Elec-
tronics Engineers) has created the IEEE 
P1858 working group to develop meth-
ods and metrics for measuring and test-
ing CPIQ (camera-phone image quality). 
The goal of IEEE P1858 is to create a 
CPIQ rating system that consumers can 
use to identify the camera phones that 
best meet their needs.

The P1858 working group will base 
its efforts on work that has been initi-
ated by the I3A (International Imaging 
Industry Association). The I3A spent 
five years developing a comprehensive 
set of image-quality metrics and testing 
methods for camera phones. The IEEE 
acquired the I3A’s CPIQ program and 
other assets and hopes to define tools 
and test methods that will facilitate 
standards-based communication and 
comparison among carriers, handset 
manufacturers, and component vendors. 
standards.ieee.org.
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LeCroy pushes RT DSO bandwidth war to 65 GHz,  
works on 100 GHz for 2013

On April 24, only 13 days after Agi-
lent Technologies had announced the 
availability of 63-GHz bandwidth in its 
Infiniium 90000Q RT DSO (real-time 
sampling digital-storage-oscilloscope) 
line, LeCroy revealed that its 10Zi 
series of LabMaster modular DSO 
systems would henceforth offer a 
65-GHz bandwidth acquisition mod-
ule. A mere two months 
earlier, LeCroy had brought 
forth the 10Zi line with an 
industry-leading maximum 
bandwidth of only 60 GHz.

The company ascribed 
its ability to offer the 
even-higher bandwidth to 
better-than-expected per-
formance of the proprietary 
Si-Ge (Silicon-Germanium) 
ICs on which the 10Zi’s op-
eration depends. Perhaps 
even more significantly, 
LeCroy accompanied its 
announcement of the 
increased bandwidth with 
the news that it is working 
toward offering a 100-GHz 
bandwidth LabMaster 
acquisition module in 2013.

A 100-GHz LabMaster 
would not be LeCroy’s 
first scope to achieve such 
bandwidth. It would, how-
ever, be its first (and pre-
sumably the industry’s first) 
real-time DSO with such 
bandwidth. Approximately 
five years ago, LeCroy introduced 
the WaveExpert sequential-sampling-
scope system, which offers 100-GHz 
bandwidth—but only for repetitive 
(albeit not necessarily periodic) 
signals.

In addition to what had been the 
only DSO bandwidths greater than 33 
GHz, sequential-sampling instruments 
allow very high vertical resolution—
typically 14 bits nominal, whereas 
ultrawideband RT DSOs generally 
offer only eight bits nominal. But 
because sequential-sampling DSOs 
usually require a new iteration of the 

input waveform for each data point 
they capture, measurements often 
take more than 1000 times as long 
as equivalent measurements with 
RT DSOs. The torpid pace of wave-
form acquisition therefore frequently 
frustrates signal-integrity engineers 
and electro-optical-communications-
system designers who, until recently, 

had no alternative to 
the sequential-sampling 
instruments.

LeCroy may believe 
that it can get a 100-GHz 
RT DSO to market in less 
than 20 months because 
of its use of a proprietary 
frequency-domain-based 
architecture called DBI 
(digital bandwidth inter-
leaving.) The company’s 
two major competitors, 
Agilent and Tektronix, 
have historically relied 
upon a technology that 
can be called TDI (time-
domain interleaving) 
or pipelining of ADCs. 
On paper, TDI is more 
straightforward than DBI, 
but implementing TDI 
in a system that must 
acquire a new sample 
approximately every 4 ps 
is anything but straight-
forward.

The beauty of DBI is 
that it divides a broad-

band signal into multiple frequency 
bands before simultaneously convert-
ing all bands from analog to digital 
and then merging the several streams 
into a single stream whose data rate 
is equal to the sum of the rates of 
the individual streams. The 65-GHz 
system uses two streams, each work-
ing with signals whose bandwidth 
is approximately 32.5 GHz—half of 
the input signal’s 65-GHz-bandwidth. 
One signal is at baseband from the 
outset; the other is translated down 
to baseband before analog-to-digital 
conversion. 

Each ADC converts at a rate of 
80 Gsamples/s so there is no alias-
ing. The processes that merge the 
streams are not intuitive, but they 
result in a stream that, for the 65-GHz 
system, is indistinguishable from 
the stream you would create with 
pipelined converters operating at a 
combined rate of 160 Gsamples/s 
(see bit.ly/J9fMTK for LeCroy’s expla-
nation of the DBI process).

Extending the bandwidth to 100 
GHz requires three streams, each 
with approximately the same band-
width as that of each of the 65-GHz 
system’s two streams. The effective 
conversion rate for the 100-GHz 
system is thus 240 Gsamples/s. An 
advantage of some three-stream DBI 
systems is that, without interleaving, 
the hardware modularity is based 
on four-channel groups. Three of 
those channels join to produce one 
maximum-bandwidth (in this case, 
100-GHz) channel. Sometimes, it is 
possible to provide user access to the 
fourth channel, which, in this case, 
could process signals having 36 GHz 
bandwidth. 

LeCroy says that it is still too early 
to predict whether its 100-GHz sys-
tem will offer users a 36-GHz chan-
nel side-by-side with each 100-GHz 
channel, but because the LabMaster 
system accommodates as many as 
20 acquisition modules, the company 
expects to be able to offer systems 
that users can configure for eighty 
36-GHz channels, forty 65-GHz 
channels, or twenty 100-GHz chan-
nels. Such high channel counts are 
especially useful in work on multilane 
optical-communications systems.

Prices: LabMaster 10-65 acquisition 
module (65 GHz on two channels, 36 
GHz on four)—$355,000; LabMaster 
10-60 acquisition module (60 GHz 
on two channels, 36 GHz on four)—
$315,000; LabMaster MCM-Zi master 
control module—$96,900. A working 
system requires one MCM and at 
least one acquisition module. LeCroy, 
www.lecroy.com.

By Dan Strassberg, Contributing Technical Editor

A LabMaster system 
that provides twenty 
36-GHz-bandwidth 
channels or ten 65-
GHz channels fits in 
a single “tower.”
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The incredible shrinking $199 DSO
I recently purchased a small digitizing oscilloscope, the “DSO 
Quad,” from Seeed Studio. While this instrument may seem to 
merit consideration as a toy or, at best, a conversation piece, 
some of the specs are certainly worthy of the $199 price. I’m 
impressed that the entire product, plus the rechargeable LiPo 
(lithium polymer) battery, fits into such a small package.

The unit, which is slightly larger than a standard business 
card, comes with two Mueller 10:1, 100-MHz probes with 
tiny MCX RF coax connectors. The DSO Quad has two ana-
log channels and two digital channels. The sampling rate is 72 
Msamples/s. I measured a bandwidth of about 3 MHz. 

The vertical scale is adjustable from 20 mV/div to 10 V/div 
(8-bit resolution), and the horizontal sensitivity is 0.1 µs/div 
to 1 s/div. Input coupling is AC or DC, and triggering is Auto, 
Normal, and Single. There are several trigger modes: rising/
falling edge, pulse width, and level.

The DSO Quad uses an ARM Cortex-M3 (32-bit) proces-
sor and integrated FPGA with a high-speed ADC. There’s an 
internal 2-Mbyte USB-connectable RAM for waveform stor-
age and instrument setups. The 3-in. screen displays channel 
and setup information along the top and displays automatic 
measurements (VMIN, VMAX, VPP, VDC, VRMS, and VBATT) along 
the right side. The unit can also perform channel math func-
tions such as A+B and A–B. The user can control all of these 
instrument configurations through toggle switches and a row 
of buttons along the unit’s top edge.

In addition to being a digitizing oscilloscope, the DSO 
Quad is also a signal source. It has two built-in signal genera-
tors, an 8-MHz variable-duty-cycle square-wave generator, 
and a 20-kHz function generator (sine, triangle, and sawtooth). 
These signals come out through a separate connector.

The DSO Quad is available through www.seeedstudio.
com/depot (under “Hacking & Measurement”). The DSO 
Quad’s firmware is open source, and an active group of beta 
testers and other hobbyists develop additional functionality 
and make bug fixes. You can download periodic firmware up-
dates from the user group page and load them through the 
unit’s mini-USB connector (bit.ly/KKHykt). A YouTube 
video demonstrates the basic operation (bit.ly/IJk5o0).

Ken Wyatt, Wyatt Technical Services

The DSO Quad oscilloscope is just about the size of a 
standard business card and only about 13 mm thick.

O P - A M P  T e s T

Understand key ADC specs
ADCs are the engines that drive digitized measurements. These 
devices are found in test and measurement products as well as 
equipment such as industrial and medical instrumentation. So, 
even if you don’t design measuring equipment but just use it, 
you should have an understanding of the specs that affect an 
ADC’s performance.

Noise, ENOB (effective number of bits), and effective reso-
lution are three important ADC parameters. These parameters 
become more significant as measurement products and systems 
move from SAR (successive-approximation register) ADCs, 
which typically produce 12 bits and 16 bits, to sigma-delta 
ADCs, which produce up to 24 bits.

As the number of bits increases, noise plays an increasingly 
important role, because the voltage range of each bit shrinks. A 
given noise level that has essentially no effect on a 12-bit ADC 
has a significant effect on a 24-bit ADC. On top of that, ADCs 

run at ever-smaller voltage ranges, and they may need PGAs 
(programmable-gain amplifiers), which amplify noise as well as 
signals. Noise, therefore, reduces ENOB and effective resolu-
tion, which are defined as:

and

Sigma-delta ADCs oversample a signal, then apply filtering 
and data decimation to achieve their final outputs. That tech-
nique, shown in the figure, lets the converter reduce noise. A 
designer can optimize the ADC by making tradeoffs between 

ENOB = log2 
Full-scale voltage range

ADC full-scale noise � �12

E�ective resolution = log2 
VIN

VRMS NOISE
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A sigma-delta ADC oversamples a signal, then ap-
plies digital filtering and data decimation to produce 
the final digitized representation of the analog input.
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Build a circuit to test ADCs
Today’s 20-bit to 24-bit ADCs need low-distortion signals for testing how well 
the ADCs digitize analog signals. Distortion in the source signal will add to any 
distortion that the ADC produces. Thus, low-noise signals are critical.

When he couldn’t find an oscillator with sufficiently low distortion, Vojtech 
Janásek, an engineer at Janascard in the Czech Republic, built his own. The fig-
ure shows the oscillator, which produces distortion that’s more than –140 dB 
below the oscillator’s fundamental output signal. In addition, Janásek designed a 
notch filter that removes the oscillator’s fundamental frequency. That lets him 
view the distortion produced by the ADC.

The oscillator uses an in-
verted Wien-bridge topology 
with amplitude stabilization 
through an LED-driven CdS 
(cadmium-sulfide) photocell 
isolator. Using SPICE simula-
tions before building the circuit, 
Janásek showed how the oscilla-
tor’s voltage noise-spectral den-
sity is highest at its resonant fre-
quency, then falls at higher 
frequencies.

To verify the performance of his oscillator and filter, Janásek connected the 
final test signal to a data-acquisition system and frequency-analysis software. This 
particular module has a 14-bit ADC with a 400-ksamples/s sample rate. The 
module averages eight samples to reduce sampling speed to 50 ksamples/s and 
takes 128 ksamples to perform spectral analysis. Janásek’s measurement showed 
that the circuit’s THD (total harmonic distortion) is –145 dB.

The online version of this article (www.tmworld.com/2012_06) contains a 
link to Janásek’s article “Low-distortion oscillator tests measurement circuits,” 
which includes schematics for both the oscillator and filter circuits, plus plots of 
their performance.

Martin Rowe, Senior Technical Editor

A low-noise oscillator is made from discrete 
components and op amps.

sampling speeds and 
noise performance 
when  s e t t i ng  t he 
oversample rate. To 
learn more, see “Un-
der standing noise, 
ENOB, and effective 
resolution in analog-
to-digital converters” 
by Steve Logan of 
Maxim Integ rated 
products in the online 
version of this article: 
w w w. t m w o r l d .
com/2012_06. 

Martin Rowe, Senior 
Technical Editor
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Using cell-aware automatic test-pattern generation and 
simulation, you can find defects that other methods might miss.
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T
raditional IC pattern-generation methods focus 
on detecting defects at gate terminals or at in-
terconnects. Unfortunately, a significant popula-
tion of defects may occur within an IC’s gates, 
or cells. Many internal defects in cells can be 
detected with traditional test methods, but some 

require a unique set of stimulus to excite the defect. A cell-
aware ATPG (automatic test-pattern generation) method 
characterizes the library cell’s physical design to produce a set 
of UDFMs (user-defined fault models). Thus, the method uses 
the actual cell-internal physical characteristics to define and 
target faults.

In addition to explaining how cell-aware ATPG works, I’ll 
also use published simulation results from two major IC com-
panies to highlight the test method. Production silicon test 
results using cell-aware UDFM have shown notable improve-
ment in DPM (defects per million) beyond what stuck-at and 
transition patterns detect. As a result, cell-aware UDFM is 
garnering attention from manufacturers in the semiconductor 
industry.

A brief history of IC test
“Defects” are the actual problems or production issues that 
cause an IC not to function properly. “Faults” are models that 
try to represent defects with simple properties that correlate 
to defects and are easy for ATPG tools to use.

When ICs were first developed, their functions were fairly 
simple, and tests simply checked the IC’s functional operation. 

An engineer would design a “functional test” that checked 
whether the IC functioned as intended.

As IC technology advanced, it became impractical for an 
engineer to manually create a thorough functional test for the 
device. Increasing sequential logic such as flops and latches 
within ICs further complicated functional test. It could take 
many tens of thousands of clock cycles to propagate data at 
the IC’s input through the sequential logic, so it became al-
most impossible to create a functional test that could execute 
in a reasonable time and provide a high level of detection for 
all possible defects.

The solution was to implement scan DFT (design-for-test) 
structures within the device. Scan logic essentially turns se-
quential logic into shift registers, which are control-and-ob-
serve points that a tester can load and observe. The remaining 
test problem is the combinational logic between the sequen-
tial logic. Thus, the entire design is turned into many sets of 
small combinational logic surrounded by virtual control-and-
observe points. This situation lends itself to automation using 
scan ATPG tools. Scan testing is considered a “structural test,” 
because the logic gate segments are tested without specific 
tests of the intended function of the IC.

ATPG circumvents the need for detailed knowledge of the 
IC design. The scan structure also produces very high defect 
detection. Standard scan testing is based on a stuck-at fault 
model that considers a potential stuck-at-0 and stuck-at-1 
fault at every gate terminal. The stuck-at fault model verifies 
that gate terminals are not “stuck” at logic-0 or logic-1 states.

semicondUctor test
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Somewhere between the times when 130-nm and 90-nm 
process technologies were developed, new timing-related de-
fects occurred that demanded special at-speed tests. One type 
of at-speed scan test, called transition patterns, was used to 
target and detect the timing-related defects. Like stuck-at scan 
tests, transition tests use scan cells as control-and-observe 
points. After a transition test loads the scan cells, however, it 
puts the IC in functional mode and applies two or more at-
speed clock pulses.

Stuck-at and transition scan tests, therefore, are the founda-
tion of most production test methods; they can be automated 
within ATPG tools, and they can achieve high test coverage 
because of their structural nature. In recent years, newer scan 
tests have been introduced to target defects that escape stuck-
at and transition tests. Examples include timing-aware ATPG, 
deterministic bridge, multiple detect, and hold-time methods 
(Ref. 1). Each of these methods provides some amount of 
improved defect detection.

All of these scan test methods use fault models that define 
fault sites at the IC gate boundary. Stuck-at-fault models, 
however, also detect the majority of production defects such 
as bridges, opens, and even many defects within the gates. 
With more recent fabrication technologies, the population of 
defects occurring within cells is significant, perhaps amount-
ing to roughly 50% of all defects (Ref. 2). Thus, it is important 
to ensure that you properly define fault models that target 
these “cell-internal” defects.

Cell-aware ATPG
To target the cell-internal defects, test engineers can now use 
the physical design of gate cells to drive ATPG. This involves 
performing a library characterization to determine where 
defects can occur and how they would affect the operation of 
each cell. The result of the characterization is a UDFM that 
describes all the cell inputs and responses necessary to detect 
the characterized defects. A cell-aware UDFM file would be 
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produced for a physical library for a 
particular technology. Then, any de-
sign using that technology library just 
needs the corresponding cell-aware 
UDFM file for cell-aware ATPG.

UDFM is a term used to describe an 
ATPG tool capability that lets you cus-
tom-define fault models. You might 
want to use a UDFM for ATPG if there 
is a particular type of pattern that you 
want to apply to a library cell, to an in-
stance, or between instances. The defi-
nition of the UDFM is similar to stuck-
at and transition patterns. You state the 
values at the cell or instance inputs and 
indicate what the expected response is 
for any number of desired cycles. Once 
the ATPG tool loads the UDFM file, it 
can target the custom-defined faults. 
UDFM provides the framework for 
many types of custom fault types.

Cell-aware 
characterization flow
The first step in creating cell-aware tests 
is to characterize the cells within a tech-
nology library. First, you must perform 
extraction on the physical cell layout library. Then, you can 
use the parasitic capacitances and resistances to locate poten-
tial sites for bridges and opens. (Capacitors represent potential 
bridges, and resistors represent potential opens.) Next, you 
define the type of defects you want to model. For example, a 
basic hard short can be modeled by a 1-Ω resistive bridge at 
the capacitor locations. Studies have shown value in modeling 
several resistive bridge values (Refs. 3 and 4).

With the definitions in place, you can perform an analog 
fault simulation with the desired defects, such as a 1-Ω bridge. 
The simulation is performed on all possible input combina-
tions with one defect site at a time. The results are compared 
to the defect-free responses. If any of the responses differ from 
those for the defect-free case, then that sequence is said to 
detect the particular defect. Once you perform the analog 
simulation for all cell-input sequences, for all defects being 
modeled, and for all cells in the library, you will have a defect 
matrix. Finally, you can use the defect matrix to generate the 
actual cell-aware UDFM file used by ATPG. Figure 1 shows 
the cell-aware characterization and ATPG flow.

Cell-aware ATPG makes a difference
Why is cell-aware ATPG necessary for finding defects that 
stuck-at and transition patterns presumably miss if production 
tests based on stuck-at and transition have been effective for 
many years? The need for cell-aware ATPG arises from the 
increased use of complex cells and the growing distribution of 
defects occurring within those cells.

Many library cells won’t see any advantage to performing 
cell-aware ATPG compared to normal stuck-at or transition 

ATPG. For example, a buffer, an AND gate, or an OR gate 
needs no special inputs to detect cell-internal defects. Con-
sider a 3:1 mux gate. Table 1 shows the logic table for the 
mux. These are the values that are needed to detect all stuck-at 
faults (stuck-at 1 and 0 at each cell boundary pin). (continued)

FIGURE 1. A cell-aware characterization generates a user-defined fault model for 
an ATPG flow.
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0 0 0 – 1 0

1 0 – 0 1 0

0 1 1 – 0 0

1 1 – 1 0 0

Table 1. Logic table for 3:1 mux.

Table 2. Cell-aware values necessary to 
detect a bridge at R4 (see Figure 2).
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Figure 2 shows the logical view that the ATPG uses along 
with the physical layout of the cell. In this layout, a bridge at 
location R4 could cause a short from S1 to D2. If a value on 
D2 dominates over S1 in the presence of a bridge, then the 
logic-test patterns might not detect the bridge at R4.

Although the pattern set in Table 1 will achieve 100% 
stuck-at coverage for the mux, it doesn’t ensure that R4 or 
several other cell-internal bridges will be detected. In this case, 
the patterns in Table 2 would be needed to detect the R4 
bridge. Other complex gates would have similar situations.

Industrial results
Several IC companies have used cell-aware ATPG to improve 
defect detection. NXP Semiconductor used a cell-aware 
UDFM tool to perform cell library characterization and re-
ported expected cell-internal detection improvement (Refs. 3 
and 4). Published results can help you determine whether to 
model hard bridges such as a 1-Ω resistance or a variety of 
bridge values (Ref. 4). Cell-aware fault simulations on the 

1-Ω bridge case showed an average of 1.2% cell-internal fault 
coverage improvement compared to stuck-at tests for 10 de-
signs. 

Bridges are the most popular type of modeled defect, but 
there are many types of defects that you can model using the 
cell-aware characterization. Another defect that some users 
are modeling is the internal opens defect (Ref. 4). 

AMD published test results based on applying cell-aware 
patterns to 600,000 ICs using a 45-nm process (Ref. 5). The 
results showed that cell-aware patterns detected defects in 32 
devices that passed stuck-at and transition patterns. That cor-
relates to a 55 DPM improvement, which is significant for 
many production environments. More significant DPM im-
provements have been observed on a 32-nm process IC using 
slow-speed and at-speed cell-aware patterns.

Choosing the best tests
With cell-aware and other types of fault models and test types, 
you may have trouble deciding which and how much of each 
to use in production. Most IC test sets have stuck-at and tran-
sition patterns as a baseline. There are a few methods for 
choosing an effective pattern set. Effective and efficient pro-

duction results require 
good data about the de-
fect distribution and ef-
fectiveness of tests. Often, 
such data is not clear, be-
cause defect distributions 
vary with technology 
nodes, operational fre-
quencies, slack margins, 
and design-for-manufac-
turability rules.

Here are two methods 
for determining an effec-
tive test set. Each requires 
some investment to apply 
the tests and determine 
their value: 
• Using field returns. 
Field returns are devices 
that passed production 
tests and were shipped as 
functional, but that later 
failed. If you have a popu-
lation of such devices, you 
can use them to find the 
value of additional tests. 
As a first step, retest the 

parts to ensure they didn’t break after shipment.
You can apply a full set of tests for any type of potentially 

valuable test pattern. Then, use the percent detection and pat-
tern set size to equate a relative value of the test type. For 
example, if you have 300 field returns from a production of 
100,000 parts, then detecting 50 devices with cell-aware 
ATPG would imply you could improve DPM by 500 DPM, 
if cell-aware ATPG was part of production test. You can use a 

semiconductor test

FIGURE 2. A 3:1 mux logical view (top) 
and layout (bottom) show a  
potential bridge defect. 
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similar approach if you have a thorough system-level test 
that finds defective parts that passed production test.
• Adaptive tests for production. Another approach is 
to add a set of additional patterns to the existing stuck-at 
and transition pattern sets. Often, there is not much spare 
room to apply new pattern sets in production. The ad-
ditional patterns need not be complete sets. You can add 
1000 patterns for each pattern type that you are inter-
ested in. After some volume of production test, you can 
observe the number of unique detects from each of your 
additional patterns. You can use these results to increase 
the pattern types that are detecting more defects and de-
crease the size of less-effective patterns.

Data from these tests gives you some insight into the 
defect distributions based on the DPM detection of tests 
and their calculated test coverage. From that, you can 
extrapolate the value of a full pattern set or the detection 
value of using a smaller pattern set.

The test pattern types that have shown the most 
promise beyond stuck-at and transition patterns are tim-
ing-aware and cell-aware. Gate-exhaustive tests apply 
every combination of inputs to each cell. They have 
good detection but are unreasonably large pattern sets. 
Cell-aware is a subset of gate-exhaustive patterns that 
only include stimulus combinations that can cause the 
modeled defects to be detected.

The new cell-aware ATPG flow allows test engineers 
to target subtle shorts and open defects internal to stan-
dard cells that are not adequately detected with the 
standard stuck-at or transition fault models. Cell-aware 
testing has been proved to increase the quality of manu-
facturing test by providing higher defect coverage and 
lower DPM. t&mW

reFerences
1. Lin, X., et al., “Timing-Aware ATPG for High Quality At-
speed Testing of Small Delay Defects,” 2006 Asian Test Sym-
posium. www.ieeexplore.ieee.org.

2. Sharma, M., et al., “Faster defect localization in nanometer  
technology based on defective cell diagnosis,” International 
Test Conference, 2007. www.ieeexplore.ieee.org.

3. Hapke, F., et al., “Defect-oriented cell-aware ATPG and fault  
simulation for industrial cell libraries and designs,” Interna-
tional Test Conference, 2009. www.ieeexplore.ieee.org.

4. Hapke, F., et al., “Defect-oriented cell-internal testing,”  
International Test Conference, 2010. www.ieeexplore.ieee.org.

5. Hapke, F., et al., “Cell-aware analysis for small-delay effects 
and production test results from different fault models,” Inter-
national Test Conference, 2011. www.ieeexplore.ieee.org.

Ron Press is the technical marketing manager of the Design 
for Test products at Mentor Graphics. The 25-year veteran 
of the test industry has presented seminars on DFT and test 
throughout the world. Press co-authored a patent on clock 
switching and reduced-pin-count testing and received the 
Raytheon Co. inventor’s award. Press is a member of the 
International Test Conference Steering Committee, and 
he earned his BSEE from the University of Massachusetts. 
ron_press@mentor.com.



Infi niiVision 2000 & 3000 X-Series

From extreme value to extreme performance.

Whether you need the fastest real-time oscilloscope on 
earth with the highest measurement accuracy anywhere, or 
something a little more basic, Agilent oscilloscopes outperform 
in every category. That’s why discerning engineers have made 
Agilent the fastest growing oscilloscope company in the world 
since 1997. Like you, we’re working on what’s next.

That’s thinking ahead.  That’s Agilent.

See the fastest real-time scope

www.agilent.com/find/90000QSeriesSee the 90000 Q-Series 
http://goo.gl/ngThk 

New Infi niium 90000 Q-Series
The fastest real-time oscilloscope with 63 GHz bandwidth

© Agilent Technologies, Inc. 2012 

Infi niium 90000 Q-Series

u.s. 1-800-829-4444     canada 1-877-894-4414

www.agilent.com/find/90000QSeries
http://goo.gl/ngThk


By SurBhi BanSal and Sameer Saran, FreeScale Semiconductor

test & measurement World | june 2012 | www.tmworld.com 
–28–

On-chip frequency 
measurements 
reduce test time

On-chip frequency measurements allow for concurrent, 
parallel, and faster frequency measurements.

S
hrinking geometries and 
efficient design techniques 
are helping to reduce die 
sizes, which lowers the 
cost of semiconductor de-
vices. Despite these im-

provements, increased competition and 
smaller gross margins are forcing semi-
conductor companies to reduce the 
overall cost of IC production even 
more. One of the major contributors to 
total device cost is the cost of testing.

For the digital portion of ICs, DFT 
(design for test) techniques have signifi-
cantly reduced test complexity and test 
times. Unfortunately, testing the analog 
portion of an IC is much more com-
plex. As a result, most engineers still 
perform analog measurements using 
conventional methods, such as bringing 
the analog output to a package-level pin 
and performing the measurement using 
external instruments. This approach has 
its disadvantages, especially in terms of 
time and cost.

Fortunately, there is a way to reduce 
the test time spent on clock frequency 
measurements. By performing on-chip 
frequency measurements, device manu-
facturers can reduce their dependency 
on external instruments and can per-
form concurrent, parallel, and faster fre-
quency measurements without adding 
any significant silicon area. In fact, one 

study has shown a reduction in test time 
of more than 50%. For devices with 
many clock sources, this can lead to sig-
nificant test cost savings.

Test challenges for ICs
As semiconductor geometr ies have 
shrunk, manufacturers have reduced the 
test time for the digital portion of their 
devices through the use of DFT tech-
niques, which have led to increased scan 
compression and high scan-test cover-
age. Analog test time, however, remains 
high, because manufacturers typically 
still use conventional methods for ana-
log tests. 

For example, most MCUs (microcon-
trollers) now have internal on-chip os-
cillators and PLLs (phase-locked loops). 
In addition to measuring static parame-
ters, engineers must test the chip’s fre-
quency output during production. 

Engineers have traditionally measured 
frequency by bringing the output clock 
of the device through some clock divid-
ers on an SOC (system-on-chip) pin 
output. Using the external frequency 
counters on ATE (automated test equip-
ment), designers would measure the fre-
quency, and the chip would pass or fail 
based on design specifications. This 
method has several limitations.

design fOr test

TimerFrequency
generator IP

(oscillator, PLL, etc.)

Counter

Target
count

register

Compare

Output clock

Measured
value

Expected
value

Pass/Fail

FIGURE 1. Frequency measurements can be performed using on-chip timers



First, there is a frequency limitation 
of design. Since design I/O pads are 
usually low frequency, engineers must 
divide the output clock to be measured 
before exposing it to (or bringing it out 
to) the pin pad. Next, in order to 
achieve an accurate measurement, the 
test requires a significant number of 
clock cycles to be counted. Therefore, 
measuring a slow clock on ATE would 
mean longer test times. External test 
equipment also has a settling time, 
which influences the time to answer. In 
addition, some ATE platforms need a 
dedicated pin to be configured in fre-
quency counter mode, rendering that 
pin useless for any other purpose in the 
test. Finally, the actual measurement res-
olution depends on the tester period.

You can overcome these limitations 
and reduce test time by eliminating the 
dependency on external equipment and 
by implementing faster frequency-mea-
surement methods. To do that, you first 
must understand how an external tester 
performs a frequency measurement and 
then try to mimic this behavior on-chip. 

The specific implementations of fre-
quency measurements vary from tester 
to tester, but the typical measurement 
works by counting the number of rising 
edges of clock over a period of time and 
averaging it to find out the actual output 
frequency. The simple equation is:

frequency = count/period

where: 
count = the number of r ising edges 
counted in the specified period, and 
period = time span of the test.

To eliminate dependency on pin-
based measurements using external test 
equipment, you must find a way to 

count the number of rising edges of 
output clock inside the chip, and then 
store, post-process, and decide on a 
pass/fail result.

DFT technique
Most MCUs are equipped with real-
time counters, timers, or high-bit posi-
tive-edge detectors. In our proposed 
frequency-measurement method, we 
strap the output clock to the on-chip 
timer input and then set the required 
time duration in timer registers (target 
count register). The on-chip timer 
counts the target clock rising edges 
during the specified period. 

After the timer counter reaches the 
time duration set in the register, it will 
output the digital count of the clock, 
which can be compared internally to 
declare if the chip passes or fails (Figure 
1). Also, we can connect the digital re-
sult of the timer to a device pin in order 
to report the clock frequency value.

In this method, the clock under test 
does not need to be divided, because it 
is not brought out directly to the pri-
mary I/O pin. (But the timer frequency 
must be at least two times faster than 
the clock being measured.) The number 
of cycle counts for the clock will be the 
same as in the conventional method. 
For faster clocks, the cycle counts can 
remain the same as for slower clocks, 
but since the clock is faster, it takes less 
time to reach the same count. This leads 
to significant reduction in test time and 
reduces the device test cost. 

The method requires no special tester 
hardware, as the device is being tested 
internally. Therefore, you don’t need to 
account for the settling time of the tes-
ter hardware when planning your tests.

The on-chip method has several ad-
vantages. First, you can perform the on-
chip test at any test insertion without 
adding extra pins for output frequency. 
If you perform the test at the wafer 
level, you won’t need any high-fre-
quency capable probes. Also, you don’t 
have to be concerned about the capa-
bility of the tester, and the results are 
independent of the frequency charac-
teristics of the I/O pads. Finally, even 
though it is a DFT technique, it does 
not add any significant silicon area, and 
no special hardware is required. 

Table 1 shows a comparison be-
tween external and on-chip methods of 
frequency measurements. We collected 
the data on one of the MCUs from 
Free scale Semiconductor’s Industrial 
and Mass Market portfolio using an in-
dustry-standard tester platform. A com-
parison of an 8-MHz clock measure-
ment using the two methods under the 
same test and device conditions shows a 
test time reduction of more than 50%.

External measurement techniques 
work well enough for frequencies that 
are within the I/O spec. In the case 
where the frequency is too high, it will 
need to be divided inside the chip and 
then measured. The proposed on-chip 
method provides an excellent and faster 
alternative to external frequency mea-
surements. T&MW
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Measurement 
method

Frequency 
to be  

measured
Target count 

(time)

Test time breakdown
Total 

test timePre-test Test Post-test

external 8 MHz 1.25 ms 3.3 ms 4.5 ms 65 ns 7.8 ms

external 32 MHz*

On-chip 8 MHz 1.25 ms 0.2 ms 3.3 ms 65 ns 3.5 ms

On-chip 32 MHz 0.3125 ms 0.2 ms 2.36 ms 65 ns 2.56 ms

Table 1. Test time comparisons for a Freescale MCU.

*May not be measurable if I/O pads don’t support such high frequencies.
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Introduction to IEEE 
802.11ac manufacturing
test requirements 
As WLAN standards evolve, manufacturers need to ensure their test equipment can support  
802.11ac test requirements as well as legacy and complementary technologies.

I
EEE 802.11ac is a draft WLAN 
standard aimed at delivering VHT 
(very high throughput) local 
wireless connectivity. The pro-
posed standard supports data rates 
that are up to 10 times faster than 

those of WLAN 802.11n HT (high 
throughput), and it also specifies a signal 
bandwidth of up to 160 MHz (four 
times that of 802.11n). In addition, 
802.11ac will support MIMO (multiple-
input, multiple-output) communications 
with up to eight data streams. 

Chipset vendors are already releasing 
reference designs for 802.11ac that have 
an 80-MHz bandwidth, and many ob-
servers expect that the 160-MHz capa-
bilities will be adopted over time in the 
same way that 802.11n evolved into 
more complex and effective MIMO 
implementations.

Engineers who are responsible for 
developing and performing manufac-
turing tests should understand how 
WLAN standards evolve in order to 
plan for future testing. For example, 
802.11ac test equipment will need 
wide-bandwidth analysis and genera-
tion capabilities in order to handle the 
mandatory 80-MHz channel band-
width. For those familiar with testing 
802.11n devices, the test requirements 
for 802.11ac have many similarities.

The test setup
When 802.11n was introduced, manu-
facturers needed a test setup that could 
evaluate multiple antennas for MIMO. 
This presented manufacturing test engi-
neers with a new challenge: finding a 
way to test MIMO radios while main-

taining the same cost of test and with 
minimal impact to test time and test 
throughput. 

Fortunately, 802.11ac has similar 
MIMO requirements, so existing 
802.11n test setups are applicable. In a 
typical setup (Figure 1), the signal ana-
lyzer provides the means of  Tx (trans-
mitter) testing, while the signal genera-
tor delivers the output required for Rx 

(receiver) testing. For the sake of sim-
plicity, the test equipment in this exam-
ple is configured to present one RF 
port (Tx/Rx) to the device that can 
potentially test one of the following 
scenarios:
•	 a	single	802.11ac	SISO	(single	input,	
single output) device (1×1) with one 
RF chain/radio, or
•	 a	single	802.11ac	RF	chain/radio	on	
a MIMO device (n×m), testing each 
chain as a separate radio on the device 
(n transmitters can be tested in turn, for 
example, by sequentially switching to 
each chain in turn).

Testing more than one device in par-
allel would require additional hard-
ware—something that is easy to add if 
the test setup is based on modular 
equipment. 

The test plan
Similar to an 802.11n test plan, an
802.11ac test plan is likely to include a 

MANufActuriNg test

Test name Reference

Transmitter testing Transmit spectrum mask 22.3.18.1

Spectral flatness 22.3.18.2

Transmit center frequency tolerance 22.3.18.3

Symbol clock frequency tolerance 22.3.18.4

Transmit center frequency leakage 22.3.18.5.2

Transmitter constellation error 22.3.18.5.3

Receiver testing Receiver minimum input sensitivity 22.3.19.1

Adjacent-channel rejection 22.3.19.2

Nonadjacent-channel rejection 22.3.19.3

Receiver maximum input level 22.3.1.4

Table 1. IEEE 802.11ac test requirements. 

Test equipment

Signal
analyzer

Signal
generator

Tx/Rx

DUT

FIGURE 1. This basic test setup can be 
used to perform IEEE 802.11ac WLAN 
testing.



range of tests that cover the expected 
use of the device. In the same way that 
802.11n test plans contained test items 
that allowed a device to operate in both 
legacy and HT modes, an 802.11ac test 
plan will do the same to address back-
ward compatibility (an important fea-
ture of the specification). 

Even though the test must test back-
ward compatibility, engineers will likely 
focus on testing 802.11ac signals. For 
example, engineers are likely to define 
spectral-mask requirements for at least 
an 80-MHz transmission and verify 
modulation accuracy at MCS (modula-
tion and coding scheme) 9 for 256 
QAM, with receiver testing also using 
an 802.11ac MCS 9 signal.

The specific test items contained 
within a test plan are very similar to 
802.11n. Table 1 includes a list of test 
items from the standard (Ref. 1).

Note that adjacent-channel-rejection 
and nonadjacent-channel-rejection tests 
require an interfering signal from an ad-
ditional signal generator. These tests are 
verified prior to manufacturing and are 
not considered a production test re-
quirement, so they are not covered in 
this analysis.

Transmitter tests
The 802.11ac draft standard specifies six 
Tx tests:
•Transmit spectrum mask. The 
spectral mask test verifies that the out-
put spectrum from the device does not 
interfere with other devices, and that 
the spectrum meets the mask require-
ments set in the specification. This test is 
typically performed at maximum power 
output from the device. Figure 2 and 
Table 2 summarize the requirements 
for each signal bandwidth.

The engineer should check that the 
spectrum meets the dBr (decibels rela-
tive to reference level) mask require-
ments where they are relative to the 
maximum spectral density of the signal. 
Or, depending upon the power level of 
the input signal, the engineer should 
check the dBm/MHz requirement 
(which dictates the highest mask value 
allowed). 

Taking the maximum of either re-
quirement addresses the 802.11ac speci-
fication. In each case, the engineer 
needs to make the measurements using 
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Signal bandwidth 
under test

Reference to Figure 2 Test limit

A B C D Maximum of:

20 MHz 9 11 20 30 –40 dBr and –53 dBm/MHz

40 MHz 19 21 40 60 –40 dBr and –56 dBm/MHz

80 MHz 39 41 80 120 –40 dBr and –59 dBm/MHz

160 MHz 79 81 160 240 –40 dBr and –59 dBm/MHz

Table 2. Signal bandwidths for spectral-mask requirements.  

Table 3. 80 + 80-MHz noncontiguous spectral mask values.

Mask region (per Figure 2) Frequency overlap
Resultant mask 
value

0 dBr to –20 dBr (A–>B) Neither  
(not possible)

Higher of the two 
masks

–20 dBr to –40 dBr (B–>D) Both masks Sum of both masks 
(linear)

Other Any frequency region 
that has not been de-
fined in the above

Linear interpolation 
(dB) between two 
nearest frequency 
points with defined 
mask values

D C B A A B C D

Freq [MHz]
–40 dBr*

–28 dBr

–20 dBr

0 dBr
PSD

FIGURE 2. Spectral-mask requirements are dependent on signal bandwidth.
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FIGURE 3. An MCS 8 80-MHz signal demonstrates spectral-mask performance.
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a 100-kHz resolution bandwidth and a 30-kHz video band-
width. Figure 3 shows an example measurement for an MCS 
8 80-MHz signal.

Finally, the specification describes the procedure for the 80 
+ 80-MHz noncontiguous case. The mask is constructed 
from two 80-MHz masks that are then combined or over-
lapped. The mask limits are calculated as shown in Table 3. 
The specification provides an example of this with two center 
frequencies separated by 160 MHz (Figure 4).

For a spectral-mask measurement, the engineer should be 
able to use the test setup, which will include a signal genera-
tor, signal analyzer, and software options, to define the mask 
required, and then the equipment should return (as a mini-
mum) a pass or fail versus the mask.
• Spectral flatness. Spectral flatness is a measure of the de-
viation of each subcarrier from the average power. You can 
measure spectral flatness using BPSK (binary phase-shift key-
ing) modulated packets. As the measurement is dependent on 
the signal bandwidth in question, the specification limits are 
defined per subcarrier. 

Figure 5 illustrates Ei,avg as the average 
constellation energy of a BPSK modulated 
subcarrier, i, in a VHT data symbol. The 
mask limits in each case (shown in red) are 
±4 or –6 depending upon whether the ref-
erence is to the central region (–B to B) or 
the outer region (–B to –C and B to C) of 
subcarriers. 

Table 4 provides the subcarrier indexes 
depending upon the bandwidth of the 
transmission. Note that subcarrier position 
B represents the start of the outer region 
(inclusive). The 160-MHz bandwidth does 
not use the –4-dB limit. An example of a 
measurement for an 80-MHz signal is 
shown in Figure 6.
• Transmit center frequency tolerance. 

This test looks at the frequency error (with re-
spect to the desired carrier frequency) from the transmitter, 
normally produced as a demodulation of the modulated signal. 
The criteria for a pass is < ±20 ppm (0.002%). As an example, 
this would be ±275 kHz at 5500 MHz.
• Symbol clock frequency tolerance. The symbol clock 
frequency tolerance is a measure of the symbol clock fre-
quency offset from the desired symbol clock frequency. The 
pass criteria is < ±20 ppm. This test checks for any time-
varying frequency changes in the local oscillator. If the fre-

Table 4. Spectral flatness subcarrier 
indexes by bandwidth of transmission.

Table 5. Transmit center frequency leakage test conditions and limits.

Table 6. Permitted transmitter 
constellation error.

Bandwidth A B C

20 MHz 1 17 28

40 MHz 2 43 58

80 MHz 2 85 122

160 MHz N/A (limit is +4/–6) 6 250

Test condition Test limits

RF LO center of transmitted PPDU bandwidth Power measured at center <PT –10log(N)

RF LO not center of transmitted PPDU bandwidth Power measured < maximum of (PT – 32 dB, –20 dBm)

Noncontiguous, nonadjacent 80-MHz channel, RF LO out-
side both channels

Spectral mask requirements 22.3.19.1

–28 dBr

–200     –160     –80   80   160  200  
–121   –41    –39    39    41   –119   121119

Freq [MHz]

–20 dBr

–25 dBr

–40 dBr

0 dBr

PSD

FIGURE 4. The IEEE 802.11ac draft specification provides a noncontiguous 
spectral mask example with two center frequencies 160 MHz apart.

Note: PT = total transmit power; N is data plus pilots tone; resolution bandwidth is 312.5 kHz.

 
 

MCS

 
 

Modulation

 
 

Coding rate

Relative  
constellation 

error (dB)

0 BPSK 1/2 –5

1 QPSK 1/2 –10

2 QPSK 3/4 –13

3 16 QAM 1/2 –16

4 16 QAM 3/4 –19

5 64 QAM 2/3 –22

6 64 QAM 3/4 –25

7 64 QAM 5/6 –27

8 256 QAM 3/4 –30

9 256 QAM 5/6 –32
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quency error is measured, there is no 
need to return this measurement.
• Transmit center frequency leak-
age. The transmit center frequency 
leakage test is designed to check for any 
unwanted energy at the center fre-
quency of a modulated signal. This leak-
age can sometimes cause problems for 
receivers.

Leakage is defined according to three 
conditions depending upon the posi-
tion of the LO (carrier). For example, 
an LO would not be in the center of a 
transmission bandwidth if a 20-MHz or 
40-MHz transmission was used in an 
80-MHz channel (Table 5).
• Transmitter constellation error. 
Together, transmitter constellation error 
and transmit center frequency leakage 
(which applies to all bandwidths) form 
the requirements for testing the modu-
lation accuracy of the transmitter. The 
specification states that the number of 
spatial streams under test shall be equal 
to the number of antennas and also to 
the number of input ports on the test 
equipment. Table 6 shows the RCE 
(relative constellation error) in decibels 
for the different MCSs. The measured 
result should not exceed the data-rate 
dependent value.

The payload data must be random 
and be at least 16 data OFDM (orthog-
onal frequency-division multiplexing) 
symbols long. The test must be per-
formed over at least 20 frames. An ex-
ample of modulation accuracy results 
for an MCS 8 signal returning an RCE 
is shown in Figure 7, and the constella-
tion is shown in Figure 8

Receiver testing
During Rx testing, each measurement 
result is reported from the device itself. 
Test engineers must set up the test 
equipment with the correct signal for 
stimulation of the Rx tests.

Many test vendors offer signal-gener-
ation packages that engineers can use to 
design specific WLAN signals. In gen-
eral, most chipsets and commercial de-
vices are set up during the manufactur-
ing process so they need very little in 
the way of specific receiver parameters. 
The most commonly needed setup 
steps involve adjusting the size of the 
data and perhaps using a specific MAC 
address. Table 7 contains an example 
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Manufacturing test

requirement for an MCS 7 64 QAM 
5/6 coding rate.

Starting with the data field, you need 
to understand what 400 symbols equate 
to for an MCS 7 signal. The number of 
octets to be defined depends on MCS. 
According to Table 22-41 in the draft 

standard (Ref. 1), for one stream 
with an 800-ns guard interval, 
there are 1170 bits per OFDM 
symbol, which is 146.25 octets. For 
400 symbols, this equates to 58500 
octets. The data source is likely to 
be PRBS9 as per the 802.11ac 
specification. The engineer can 
enter these parameters into a sig-
nal-design package, which will 

verify the PPDU 
(phy s i c a l  l aye r 
convergence pro-
cedure protocol 
data unit).

Thi s  ana lys i s 
(Figure 9) shows 
that the data field be-
gins at chip 3200 and 
ends at chip 131,519, 
which equals 128,320 
chips. For an 802.11ac 
VHT signal with an 
80-MHz channel band-
width and a sampling 
rate of 80 Msamples/s, 
the duration of one 
marker chip is 0.0125 
µs. With 4 µs per sym-
bol for OFDM, there 
are 320 chips per sym-
bol. For 400 symbols, 

this equals 128,000 chips, so the value 
determined for the data field looks cor-
rect. In fact, it is one symbol (320 chips) 
longer once designed and packaged.

A common requirement is to set up 
WLAN signals with a broadcast MAC 
header. IEEE 802.11 2007 (Ref. 2) 

contains a table that shows how to set 
up a beacon (Figure 10). This example 
shows that the bits b4 to b7 need to be 
configured for a beacon in order to de-
fine the subtype field in the frame con-
trol. The easiest way to do this is to use 
least-significant bit notation and enter 
“0000000100000000” into the frame 
control field of a signal-design package 
(Figure 11). If the engineer then se-
lects and configures any other parame-
ter required, the signal can be gener-
ated and packaged for playback for the 
specified receiver tests:
• Receiver minimum input sensi-
tivity. Minimum input sensitivity test-
ing is a key verification test of the abil-
ity of the receiver to successfully 
demodulate an 802.11ac signal. The 
PER (packet error rate) should be less 
than 10% for a PSDU (physical layer 
service data unit) length of 4096 octets.

Standard: IEEE 802.11ac
Channel bandwidth: 80 MHz
MCS index: 7
Spatial streams: 1
Tx antennas: 1
Data: 400 symbols
Idle time: 1 µs

Table 7. Example 
requirement for an MCS 7 
64 QAM 5/6 coding rate.

FIGURE 9. Engineers can configure the data field with 
a signal-design package, which will verify the PPDU.

 
 Type value Type  Subtype value Subtype 
 b3 b2 description b7 b6 b5 b4 description

 00 Management 0000 Association request
 00 Management 0001 Association response
 00 Management 0010 Reassociation request
 00 Management 0011 Reassociation response
 00 Management 0100 Probe request
 00 Management 0101 Probe response
 00 Management 0110 0111 Reserved
 00 Management 1000 Beacon

Type Subtype
To
DS

From
DS

More
frag Retry

Pwr
Mgt

More
data

Protected
Frame Order

Protocol
version

B0 B1 B2 B3 B4 B7 B8 B10 B11 B12 B13 B14 B15B9

Bits: 2 2 4 1 11 1 1 11 1

b) Frame-control fields

a) Valid type and subtype combinations

FIGURE 10.  
a) The IEEE 802.11ac draft 
standard defines valid type 
and subtype combinations. 
Bits b4 to b7 need to be 
configured for a beacon in 
order to define the subtype 
field in the frame control (b).

FIGURE 11. Designers can enter 
0000000100000000 in a signal-design 
package for a MAC header configuration  
for broadcast mode.
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The specification suggests 4096 oc-
tets. Taking MCS 7 as an example, there 
are 1170 bits per OFDM symbol for an 
800-ns guard interval, which is 146.25 
octets, so 4096 octets is just over 28 
symbols. For MCS 9 this is just over 21 
symbols. 
• Receiver maximum input level. In 
contrast to the minimum sensitivity test, 
this test makes sure that the device can 
receive when the power level incident 
to the antenna is comparatively high. 
The specification asks for this test to be 
carried out with a PSDU of 4096 octets 
using any MCS signal but at the higher 
power of –30 dBm. The test limit is 
again 10% of the PER.

Being test-ready for 802.11ac
Test equipment for 802.11ac must be 
able to test 80 MHz at a minimum, and 
should be able to evolve to test 80 + 
80-MHz and 160-MHz scenar ios. 
Some test equipment deployed in cel-
lular and noncellular manufacturing 

lines for signal generation and signal 
analysis already supports an 80-MHz 
bandwidth. For this equipment, the 
upgrade path for 802.11ac testing is 
easier, and the necessary capabilities 
can be added through software up-
grades. The 160-MHz bandwidth pres-
ents a different challenge, however, and 
hardware upgrades are necessary.

Just like 802.11a/b/g/n, 802.11ac is 
unlikely to be the only technology a 
manufacturer is concerned with testing. 
Indeed, end products such as mobile 
phones may offer WLAN as a comple-
mentary technology. In the early days of 
WLAN, manufacturers often used dedi-
cated WLAN test equipment. Over 
time, however, as chipsets offered 
WLAN alongside technologies such as 
Bluetooth, GPS, FM, and WiMAX, 
manufacturers needed test equipment 
that could handle a breadth of cellular 
formats. Manufacturers can no longer 
support a range of test platforms for a 
mix of technologies. A modular hard-

ware and software platform can also 
bring further advantages. Using capable 
test equipment, engineers need to know 
about the new 802.11ac test require-
ments in order to understand what po-
tential test plans can be deployed, how 
to address individual test cases, and how 
to fulfill these tests using available test 
equipment. T&MW
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Agilent boosts SMU’s  
voltage and current

Today’s high-power devices need 
characterization at full voltage and 
full current. Furthermore, these de-
vices have ever-shrinking on resis-
tances. To meet these power needs, 
Agilent Technologies has boosted 
the output of its B1505A power de-
vice analyzer/curve tracer. The 
B1505A mainframe (bottom unit in 
photo) has new modules that pro-
duce voltage up to 10 kV and cur-
rent to 1500 A. new internal mod-
ules produce 100 V/100 mA 
(B1511A), 3000 V (B1513A), and 
pulsed 1 A/30 V (B1514A). 

The B1505A also has a milliohm-
resistance-measurement capability 
to accommodate small on-resis-
tance measurements. When charac-
terizing high-power devices such as 

IGBTs, the B1505A uses all four-wire 
measurements to minimize losses in 
probe wires. The pulsing capability 
avoids self-heating, which can alter 
a device’s characteristics. For high-
voltage measurements, the B1505A 
can produce pulses as small as 10 
µs wide. ultra-high-current tests can 

have pulses down to 50 µs. Its abil-
ity to measure temperature lets the 
B1505A monitor the temperature of 
a device under test. With this up-
grade, the B1505A now synchro-
nizes temperature, voltage, and cur-
rent measurements.

new high-power devices such as 
those made from Gan also have 
problems with current collapse. In 
those tests, you apply a high volt-
age and measure the current in the 
device. To help with those measure-
ments, you can use the n1267A 
high-voltage/high-current fast-switch 
option, which switches the system 
from voltage mode to current-mea-
surement mode in time to capture 
collapsed current in the device.

Price range: $45,000 to $200,000. 
Agilent Technologies, www.agilent.
com/find/b1505a.

SPEcIAL FocuS: Power Sources and Analyzers

(continued)

Smart Measurement SolutionsSmart Measurement Solutions

Wideband Injection Transformer B-WIT 100
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Multitest Kelvin contactor 
suits high-power test
Aimed at high-power IC test appli-
cations up to 500 A, the ecoAmp 
Kelvin contactor from Multitest is 
designed to meet the requirements 
of high-voltage and high-current 
testing. The contactor provides max-

imum loop inductance of 4.5 nH for 
lead pitches down to 0.5 mm, and it 
can be used from −60°C to +175°C. 
The ecoAmp accommodates QFP, 
SO, TO, and DPAK devices and 
power modules used in automotive 
and motor-control applications.

With a cantilever spring and hard 
gold coating, ecoAmp provides typi-
cal contact resistance of 30 mΩ. 
Other specifications include a maxi-
mum peak current of 160 A at 1% 
duty cycle and maximum continuous 
current of 8 A. In addition, ecoAmp 
is optimized to withstand high ther-
mal stress during testing and has a 
lifespan of 1 million insertions.

Base price: approximately $5206. 
Multitest, www.multitest.com.

Sorensen SG Series dc
power supply family grows
AMeTeK Programmable Power has 
added a 50-V model to its Sorensen 
SG series of DC power supplies. 
Output voltages for the series now 
range from 0–10 VDC to 0–800 
VDC, with current up to 2400 A and 
power up to 150 kW. The new 
0–50-V model provides an output of 
up to 100 A at 5 kW in a single unit.

The SGA version of the power 
supply can be controlled through 
front-panel controls or a remote se-
rial interface. Features include 10-
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turn potentiometers, a 3.5-digit LeD 
readout, front-panel overvoltage 
protection preview/adjustment and 
reset, and remote interface options. 

The SGI version provides onboard 
controls, a constant power mode, 
and save-and-recall of instrument 
settings. With its ability to loop se-
quences, the SGI is able to handle 
repetitive testing.

AMETEK Programmable Power, 
www.programmablepower.com.

uSB scopes offer extra 
features
The PicoScope 6400 family of uSB 
oscilloscopes features three models 
with bandwidths of 250 MHz (Model 
6402), 350 MHz (Model 6403), and 
500 MHz (Model 6404). each is avail-
able in an “A” version, which in-
cludes a function generator, and a 
“B” version, which includes an arbi-
trary-waveform generator. The A 
models produce sine, square, trian-
gle, and DC signals; the B models 
produce signals at 250 Msamples/s 
with 16 ksamples of signal memory.

All models feature an improved 
uSB streaming mode. When sam-
pling rates are 10 Msamples/s and 
slower, the oscilloscopes can capture 
100% of the data 100% of the time. 

The 6400 series scopes sample at 
5 Gsamples/s on one channel, 2.5 
Gsamples/s on two channels, and 
1.25 Gsamples/s on three or four 
channels. Acquisition memory is 
shared among all active channels 
and ranges from 128 Msamples 
(6402A) to 1 Gsample (6404B). All 
models also support decoding of 
CAn, LIn, FlexRAY, SPI, I2C, uART, 
and RS-232 protocols.

Base price: $3291. Pico Technol-
ogy, www.picotech.com. 

Microwave switching sys-
tems take on many relays
The GT-8900 series of microwave 
switching systems from Giga-tonics 
consists of two models, the GT-8901 
and GT-8902. The GT-8902 is a 2u-
high, full-rack version, while the GT-
8901 is a half-rack-width model. 
Both have GPIB and LAn ports that 
let you automate testing and are 

available in 18-GHz, 26.4-GHz, and 
40-GHz versions.

You can configure a GT-8900 sys-
tem with SPDT, SP4T, SP6T, and 
DPDT microwave switch modules. All 
modules are available with or with-
out terminations. Internal firmware 
keeps track of each time a relay 
opens and closes. In addition, the 
GT-8902 provides LeDs on the front 
panel that indicate the closure status 

of each relay, so you can confirm that 
the automation software is properly 
closing the desired relay. 

The Giga-tronics software lets you 
manually open or close any relay by 
clicking on the screen. For auto-
mated tests, you can use LabView 
drivers, which come with source 
code that lets you modify the driver 
as needed.

Giga-tronics, www.gigatronics.com.
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O
ne of the advantages of modular 
instrumentation is its reduced 
size compared to traditional 
equipment. Eliminate the key-

boards and displays and do more via virtual 
instrumentation, and you can easily achieve 
five-to-one size savings or even more. At 
one time, this wasn’t considered such a big 
deal, but more and more applications are 
seeing real benefits from down-sized 
instrumentation. Here’s why:
•	 Size is sometimes mission-critical. Small size 
is essential for many military test systems. 
Deploying a squadron of jet fighters in the 
desert involves more than just moving 
pilots and airplanes to a new location; there 
is a big logistics tail that needs to be 
deployed as well, including spare parts and 
test equipment. Years ago, large rack-and-
stack ATE (automated test equipment) 
systems threatened to take more space than 
the weapon systems they were made to 
support. Imagine multiple C-130 cargo 
planes full of big, heavy test equipment, and 
you can imagine the problem. This is when 
military programs such as MATE, IFTE, 
and CASS mandated modular down-sized 
equipment. It was this imperative that led 
to the creation of the VXIbus, the first open 
modular architecture.

What’s worse than deploying equipment 
in the desert? How about storing equip-
ment on an aircraft carrier! Ships have 
extremely limited space, and they are 
meant to store crew, planes, and ordnance, 
not to be filled up by bulky test equip-
ment. This is why when it comes to 
defense, small size is often mission-critical.
•	Small size offers cost advantages to commercial 
manufacturing. Factory footprint costs 
money: lease costs, utility costs, HVAC, etc. 
Keeping test stations to a single rack mini-
mizes needed rack space, while cabling and 
fixturing also become less expensive as size 
is reduced. Logistics become easier, too. 
Small size gives flexibility in integrating 
with the rest of a manufacturing line.

Small size means the spares are small, too. 
A 24×7 factory must be able to swap 

instruments quickly. Small size means small 
storage space for critical spares.
•	Small size is now delivering higher perfor-
mance. Two trends are having a significant 
effect on fixturing: higher-frequency RF 
applications and higher-speed digital buses. 
These higher speeds need shorter-length 
cabling to the DUT (device under test), 
which is easier to accomplish when the 
instrumentation ports are geographically 
concentrated. In this case, down-sized 
instruments come to the rescue again. 

Think of it this way: If you have to cable 
from the DUT to test equipment along 
the entire height of a rack, the cable 
lengths can be up to half the rack height. 
The more you can concentrate high-fre-
quency instrumentation densely to the 
center of the rack, the shorter those spans. 
You’ll experience less signal loss, require 
less calibration, and obtain higher-fidelity 
signals at the other end.

But why does “small” often mean “mod-
ular”? Modular instrumentation enables a 
smaller footprint in three ways:
•	Modular instruments are inherently smaller. 
By eliminating front panels, keyboards, and 
redundant power supplies, modular instru-
ments take a fraction of the rack space of 
traditional instruments.
•	Modular instruments often take advantage of 
virtual instrumentation. Powerful software 
can make many measurements mathemati-
cally from a single ADC and front end. 
This eliminates redundant instruments 
types. While this concept can also be 
deployed for traditional instruments, it isn’t 
as common. Because modular instruments 
have the software disaggregated from the 
hardware, virtual instrumentation is a more 
natural fit with modular instruments.
•	Modular instruments are faster. Faster sys-
tems mean you need fewer systems in a 
manufacturing environment, which 
directly reduces floor space and cost.

Small, fast, flexible. All delivered on 
modern modular platforms. So, the next 
time you are thinking of a big idea for test 
strategy, think small. T&MW

let’s get small! 
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See how the
innovations in the
X-Series benefi t you.
Watch the video at
http://goo.gl/rhyds
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The Agilent EXG X-Series signal generator lets you 
simulate multiple signal technologies, effi ciently and 
affordably. Like the pure and precise MXG, it features 
industry-leading ACPR, EVM and output power. 
So you can feel confi dent that the devices you’re 
manufacturing are ready for real-world performance.

Trade in your current signal generator today

and receive up to 50% off your upgrade

www.agilent.com/find/Agilent_EXG

It works accurately with 
tight tolerances and tight budgets.

EXG X-Series Signal Generators

Analog and vector; 9 kHz up to 6 GHz
Fast switching speed (<900 μs) 

Simplifi ed signal creation with Signal Studio software

Highg  reliability, easysy sselelff-mamainintetenanancncee

http://goo.gl/rhyds
www.agilent.com/find/Agilent_EXG
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Unrivaled performance,  
 flexibility, and value.

From the company that invented PXI.

Since the invention of PXI in 1997, engineers have dramatically reduced overall system 

costs by making the switch to NI software and PXI hardware. Faster test execution, 

improved productivity,  higher throughput, and increased scalability are just a few 

of the benefits. NI PXI, combined with NI LabVIEW system design software, takes 

advantage of the latest developments in PC buses, multicore processors, and FPGAs 

to deliver the fastest test times and best-in-class performance.

©2012 National Instruments. All rights reserved. LabVIEW, National Instruments, NI, and ni.com are trademarks of National Instruments. 
Other product and company names listed are trademarks or trade names of their respective companies.  Alliance Partner is a business entity  
independent from National Instruments and has no agency, partnership, or joint-venture relationship with National Instruments.  05678

500+ PXI Products
200+ Global Locations
600+ Alliance Partners

PXI
NATIONAL INSTRUMENTS


