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SUMMARY

The advent of deep submicron technology coupled with ever increasing demands
from the customer for more functionality on a compact silicon real estate has led to a
proliferation of highly complex integrated RF systemchip (SoC) and systeion
insulator (Sol) solutions. The use of scaled CMOS technologies for high frequency
wireless applications is posing daunting technological challenges both in design and
manufacturing test. Ifil] the authors describe 54GHz and 100 GHz V@3igns in
CMOS 90nm process technologies and show that 100 GHz designs are quite feasible. In
the future, higher speed circuits will be possible with scaled devices. However, the
resulting circuits will be increasingly susceptible to manufacturing pra@esgions and
coupled noise (substrate, power planes) fronthip digital signal processing circuitry.

In the digital area, Intel is already reporting up to 2X variation in performance and up to
20X (worst case) variation in leakage in microprocessauitry [2]-[3]. To ensure

market success, manufacturers need to ensure the quality of these advanced RF devices
by subjecting them to a conventional set of production test routines that arenbeth ti
consuming and expensive. Typically the devices are tested for parametric specifications
such as gain, linearity metrics, quadrature mismatches, phase noise, noise figure (NF) and
endto-end system level specifications such as EVM (error vector maghitBE® (bit
errorrate) etc. Due to the reduced visibility imposed by high levels of integration, testing
for parametric specifications are becoming more and more complex.

To offset the yield loss resulting from process variability effects and reliability
issues in RF circuits, the use of ske#faling/seltuning mechanisms will be imperative.
Such sehlhealing is typically implemented as a test/se#it and selfune procedure and
is applied postmanufacture. To enable this, simple test routines thatacaarately

diagnose complex performance parameters of the RF circuits need to be developed first.
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After diagnosing the performance of a complex RF system appropriate compensation
techniques need to be developed to increase or restore the system performance
Moreover, the test, diagnosis and compensation approach should sbwith
minimal hardware and software overhead to ensure that the final product is economically
viable for the manufacturer.

As illustrated inFigure 1 the main components of the presentieesisare as
follows:

Low-cost specification testing of advanced radio frequency frorends:
Methodologies are developed to address the issue of test cost and test time associated
with conventional produin testing of advanced RF freahds. The developed
methodologies are amenable for performing self healing of RF Ske3$.generation
algorithms are developed to perform alternate test stimulus generation that includes the
artifacts of test signal pathush as response capture accuracy, -lo@ard DT etc. A
novel cross loofback methodology is developed to perform low cost system level
specification testing of mulband RF transceivers. A novel lesost EVM testing
approach is developed for productiasting of wireless 802.11 OFDM freehds. A
signal transformation based model extraction technique is developed to compute multiple
RF system level specifications of wireless frentls from a single data capture. The
developed techniques are lawst andacilitate a reduction in the overall contribution of
test cost towards the manufacturing cost of advanced wireless products.

Analog tuning methodologies for compensating wireless RF front ends:
Methodologies for performing lowost self tuning of multig impairments of wireless
RF devices are developedhis research considers for the first time, multiple analog
tuning parameters of a complete RF transceiver system (transmitter and receiver) for
tuning purposes. The developed techniques are demonstratedrdware components

and behavioral models to improve the overall yield of integrated RF SoCs.
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CHAPTER 1
INTRODUCTION

Wireless communications for both mobile and-oifice (pointto-point
communication) applications is undergoing a revolution due to the proliferation of
different communication standards spanning diverse communication bandwidths. The
advent of deep sulmicron technologies has rendered these new age deviceasmgly
susceptible to process variations. The deviations in performances resulting from the
above said issues entail careful testing of these devices. The performance metrics for
semiconductor devices are usually presented in terms of specificatitiresdsvice. The
manufacturer needs to carefully test for these specifications to ensure that the effect of
these process variations on the specifications are within specified bounds. These tests are
conducted over millions of devices requiring automagst equipment (ATE), and are
referred to as production tests. The test cost of modern RF modules and SoC devices is
the fastest growing portion of their manufacturing cost and is currently estimated to be
around 45% of the total cost. Hence new approaches be developed to address the
test challenges keeping in mind the increasing levels of complexity and more

importantly, the need for reduced cost.

1.1 CONVENTIONAL APPROACHFOR PRODUCTION TESTIK
Conventional approach for production testing followsegugntial approach to
test for each specification of the device as showfignre2. During the characterization
phase of the product development cycle, a comprehensive set of specifications along with
its guard lands are identified. During production testing phase, test comp§t}ifsi is
performed to identify a set of critical specifications out of the available list of
specifications. These specificatis are then tested for in a sequential manner. Each test

configuration involves the hardware setup, application of the test stimulus, settling time



of the DUT, and the specification measurement time. Thus, the entire process requires
switching (using relgs) between different setups during the test process, which increases
the total test time. With increasing levels of integration and complexity the production

test cost can amount to as much as 45% of the manufacturing test cost.

Production Test flow

——

[intitzation || {Testsetup 1 15t P | furasur oot Testsotp 1 7o 1P [utssure | ena]
DuT %

Specs =
Fabrication Test
| il 25% 45%
Voiss
- @
M Test compaction g
BW I P 30%
: |
{1y x|

Datasheet
Figure2: Sequential approach for conventional production testing

Typical specifications that are considered for a RF device include gain, IIP3,
adjacent channel power ratio (ACPR);phase (I) and quadrature (Q) gain and phase
mismatch, phase noise, EV&ic. While other specifications offer module level (such as
amplifiers, mixers, VCO etc) information, EVM offers system level information about
the performance of a complex RF system (Transmitter, receiver etc). EVM captures the
overall effect of all thenonidealities in the transceiver including anatoedigital
converter (ADC) and digitaio-analog converter (DAC) nelmearity, sampling clock
jitter, RF frontend nonrlinearity and gain variations, local oscillator (LO) frequency
offset and phase noistc. Measuring the EVM of a system in lieu of individual RF and
baseband circuit specifications is convenient and quantifies the overall transceiver
performance. EVM quantifies the difference between the transmitted and received

symbols at the basebantlid computed as follows.
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Where,"Y j is the received complex data symbol¥, j is transmitted
complexdata symbols, N is the number of complex data points used for computation,
whereN is sufficiently large. It computes the root mean square (rms) of the error vector
magnitudes of N transmitceive pairs expressed as percentage of average power of the
trarsmitted data symbols. Typically a large number of symbols need to be transmitted

and received to determine the EVM value.

1.2 COST CONSIDERATIONSN WIRELESS TRANSCEVER TESTING
Testing complex specifications of highly integrated RF femds require high
precision RF testers with digital modulation capabilities. In addition, the test time for
systemlevel specifications is large as mentioned in the previous section. Cost of test

(CoT)[6] can be expressed as,

0QOMmE | ¥QDO 1 Bk & @)
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where Fixed cost consists of Automated Test Equipment (ATE) cost,
probe/handler cost and installation cofecurring costconsists of ATE maintenae
costs and pedevice test cost that in total amount to about 10% of the fixed d6stdjs
the ratio of the total number of good devices to the total number of tested devices, and
Throughputis the ratio of the total number of good devices to thietiee consumed to
test all the devices. The CoT is highly sensitive to the cost of the ATE used to test the
devices for a constant processes yield and throughput. RF ATEs are expensive and are

projected to cost around two million dollars each. This lowlen to around three to five



cents per second of test time. This could be significant for devices that require complex
and long tests.

Test cost reduction is critical to reduce the overall manufacturing cost of these
devices to ensure market success. ©hehe objectives of the proposed work is to
perform efficient test of wireless devices on lowst ATE platforms, and thereby,

reducing the test cost.

1.3 PRIOR WORK TO REDUCHEST COST

Testing of RF systems involve testing of the digital baseband undstlee
RF/analog subsystems separately. Significant research has been done in the field of
digital testing to lower the test cost of complex devices. However, research in the area of
test cost reduction of RF devices is fairly primitive. A defeiéntedtest (DOT)
approach for wireless Bluetooth systems to identify faults present in the system is
proposed in[7]-[8]. DOT involves analysis of failure mechanisms through simulation
and/or collection bempirical data to build the required fault models. These models are
used to predict failures that would normally require lengthy, expensive tests. The fault
models themselves are very hard to obtain as a lot of test data analysis across multiple
lots ofwafers is necessarWhile DOT remains common for digital testifg] it has little
application for RF testing due to the lack of knowledge for a comprehensive fault model.
Approaches for reduction of test time for system lesgadcifications such as EVM has
been explored in the past. The speedup of EVM test measurement for GSM transceivers
by avoiding expensive matrix inversions is discussefll@). An order of magnitude
savings in test time is adohed. The automation of test time savings for QAM devices is
discussed irj11] and a buikin test approach that uses the baseband processor for EVM
computation is discussed [b2]. In [13], Acar and Ozev develop methods for enhancing
EVM test using refined EVM computation in conjunction with measurement of path

inputoutput impedances. If14], the same authors present methods for compu@ng



mismatch, IIP3 and bit error rate using constellation data obtained from the transmission
of OFDM symbols. A statistical model of the distribution of the constellation symbols in
the FQ plane is used to predict bit error rate. Binlself test (BIS) approaches for RF
devices and systems have been explored in thgJ#4t5]. In this approach, additional

test circuitry is built into the system to enable $e#fting with little support froman
external tester. While BIST reduces cost significantly for targeted specifications of a
system, the additional test circuitry becomes fairly complicated when applied for multiple
specifications present in the system.[16]-[17] low cost test methods for predicting
complex specifications of wireless systems such as Gain, 1IP3, P1dB, ACPR, Magnitude
Error Ratio and Error Vector Magnitude using msitie test stimuli are developed.
These testtdtni ques are based on the dalternate
and Chatterjee 18] and are applied tsingle carrier systemé&s opposed to OFDM
which uses multiple orthogonal carriers). In the alternate testingoagpr machine
learning techniques based on the use of regression sdiBjeme used to predict a range

of device and system level specifications from the response of the RF device to carefully
computed and compaetiternatetests Referencg20] discusses new BIST techniques
that rely on the use of embedded RF sensors fotesdlf These sensors can be embedded

in RF circuits for test purposes without impacting overall RF performance. With
increasingly complex modulation schemes being used in communication systems, and
with the complex radios of the future (cognitive radio, softwdetned radio),
considerable research is needed towards improved efficient arefi@asive production

test techrques. In this thesis, novel test techniques that are amenable for BIST
implementation are developed to lower test cost and test time of-sagier wireless

RF systems and wireless RF orthogonal frequency division multiplexing (OFDM)
systems. Apart frontowering test cost, and methodologies and algorithms for calibration

of RF systems need to be developed to ensure reliable operation of these systems.



1.4 NEED FOR COMPENSATI®I OF NONIDEALITIES IN WIRELESS
TRANSCEIVER SYSTEMS

A complex multtband, multiradio system may integrate FM radio (100 MHz),
RFID (13 MHz), Digital TV (8061600 MHz), GPS (1.5 GHz), Bluetooth (2.4 MHz),
Wi-Fi (2.4'5 GHz), 802.11 (24 GHz), WiMax (2.5 3.5 GHz) and UWB (30 GHz).
In addition, standards for wide area communicatisumsh as GSM/GPRS/EDGE (900
1800 MHz), 3SGWCDMA (1.8.4 GHz) and the proposed 4G-&§2GHz) may also be
integrated into futuresoftware radio systems [21]-[23] using CMOS RF design
technology. Thisntegration problem is made worse by the rapid deployment of scaled
RF CMOS technologies in higinequency RF transceivers. As the authorgl¢fpoint
out, individual scaled 90nm CMOS transistors are unconditionally stable @ifoGHz.
Hence, matching networks, feedback mechanisms and loading networks must be
designed very carefully to prevent oscillations in high frequency circuits. In the future,
higher speed circuits will be possible with scaled devices. However, thengstittuits
will be increasingly susceptible to manufacturing process variations and coupled noise
from various orchip sources. The former results in RF circuit +ealities due to
nonlinear behavior and mismatch effects. The latter is manifested red 8itegrity
problems due to:
1 Power and ground bounce effects at the package level,
1 On-chip substrate coupling noise between digital & analog functions,
1 Noise induced by electromagnetic radiation and,
1 Transient errors

Any combination of the above caegrade overall Quality of Service (QoS) and

cause spectral content to spill over into adjacent communication channels. It is clear that
future advanced scal€eMOS RF front end modules will need to be carefully tested and
calibrated to avoid these probis. In addition, to manage device degradation in the field,
selftest and seltalibration capability must be designed into the transceiver itself.
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Compensation of the neidealities of a RF system can be performed both in the
DSP domain using digital limeization techniques such as4glistortion and in the circuit
domain (bias tuning, supply voltage tuning, use of reconfigurable passives etc.). Digital
compensation technique uses DSP algorithms that run in the baseband processor to
correct for or calibree-out the effects of the various natealities before processing the
data. Techniques adopted for digital compensation of transceiver systems can in general
be classified as adaptivik4]-[29] or nonadaptive [30]. Adaptive compensation is
usually performed by continuous online monitoring of the system, and calibration is
performed by using search techniques like least squares (LS), least mean squares (LMS)
or recursivdeast squares (RLS). One drawback of such a compensation technique is the
time taken to converge for an optimum performance of the system. hadamiive
compensation, a ortane calibration of the system is done during production test. Each
DUT inthep oduction | ine is -theebtyéd uandgcdiighbt
signals from the ATE. However to ensure optimum compensation such techniques rely
on accurate computation of the nidiealities present in a system using expensive RF
instrumentatia during the production testing phase of these devices. Another drawback
of this approach is its inability to track and compensate for variaitiotie fieldcaused
by temperature drift and device weart etc. Digital compensation techniques in general
are limited the dynamic range of operation of the data converters in their ability to
compensate for severe naealities. While digital compensation techniques by
themselves are good enough to compensate for isolated effects such as 1/Q mismatch etc,
they may not be very effective in a real system that suffers from several such effects
simultaneously such as frequency offset, phase noiselinearity etc. In analog
compensation, the calibration is performed in the analog domain by modifying circuit
charateristics such as bias, supply voltage[8td-[35]. The authors i136] develop an
adaptive technique to compensate for IQ mismatches observed in typical Renfagnt

by making use of a variable delay gain cell to feed back correction vectors to the system
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LO. Compensation for temperature effects using bgapl bias circuits and gain
variations using automatic gain control circuits (AGCs) are widely used. Suchceetni
incur additional hardware requirements thereby increasing the complexity of the
proposed solution and are specific to certain test measurenmémsauthors in37]
develop an oscillation test based dedhling approachwhere the DUT is made to
oscillate with the help of additional circuitry. The oscillation frequency of the DUT is
used toobtaininformation aboutsystem performance and appropriate compensation is
performed by adjusting the tuning knobs (bias, capacitamte) designed into the
system. Compensation techniques in general published in the literature involve
development of methodologies to compensate for limited effects oidealities in
isolation. Since no scheme other than the alternate testing teelB®juis able to
determine all (or many) spec values with a single test, existing techniques target specific
systemlevel RF performance metrics without regard to the impact that tuning might have
on other systeAevel RF spes.

In the proposedelthealingapproach, regression based diagnostic {€hapter
3) that allow estimation of multiple specifications and methodologies for compensating
nortridealities of the system are developed. The key advantage of the proposégltechn
is the ability to tune for multiple specifications simultaneously. Various optimization
techniques are developg€hapter 4)to identify the best way to tune the analog
parameters in a short amount of time. This has direct implications in reduciogettadi

manufacturing cost by increasing the overall yield of the advanced wireless systems.



CHAPTER 2
ALTERNATE TEST FRAME WORK

Conventional test strategies for mixgignal, analog and RF circuits are based
upon specification based testing techniquiere the DUT specifications are measured
and compared against paefined specification bounds to make pass/fail decisions for
each specification. This requires a different testupefor each specification resulting in
an increase in test time and tesst. Alternate teqtl6]-[17] & [38], (as shown irFigure
3) on the other hand makes use of a single test configuration radettp all of the
specifications of interest with a single input stimultiereby, reducing the overall test

time and test cost.

Mapping concept : Alternate test procedure
Parametric Specification Measurement
Variations Optlmlzed Test response
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The fundamentals of alternate test framework are briefigrd®ed in this chapter.
Consider variations in the process parameter spaad Figure 3 that affect the
specifications of the DUT. For low cost diagnosis,adternate set of measuremeigs
determined such th#lte test measurements are strongly correlated with variations in the
test specification valuesf the device under test (DUT) under process variations. This set
of measurements defines threeasurement spadé of Figure3. For RF devices, the set
of M measurements is made on the output of a sensor (e.g. envelope detector) connected
to the RF device. Any deviation in the observed measurements from the expected implies
a corresponding deviation of the measured RF iSp&ions of the DUT from the
expected in thespecification spacé&, due to perturbations in the process spadsee
perturbations indicated iRigure3). A nonlinear regression mapping model using MARS
(Multi-Variate Adaptive Regressiorplines) [19] is then developed using measurements
on a Atraining seto of devices.

The MARS algorithm mainly depends on the selection of a set of basis functions
and a set of coefficient values copesding to each basis function to construct the
nonlinear regression model over a predefined trainingiféet MARS model can also be
visualized as a weighted sum of basis functions that span all values of each of the
independent variables. MARS uses tsided truncated functions of the forfiax)+ and
(x-t)+ as basis functions for linear and Aamear relationships between the dependent

and independent variablédyeing the knot positions. The basis function has the form:

A~

ex-t X>t 0

- 1) =3
(x-1) : 0 otherwiseg,u G
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The basis functions together with the model parameters are combined to generate
the predicted values from the values of the independent variables. The MARS model for

a dependent variable y and M independent terms can be summarized as

M
y=f(x)=6,+a b H e (Xem) 4)

m=1

Where, the summation is over the independent variables, amg and b, are
parameters of the model (along with the kniofisr each basis function, which are also

estimated from the data). The functiorcéh be expressed as:

X
H km(Xv(k,m)) = O hkm (5)
k=1

Where &  is the K independent variable of the"hproduct. During the

forward stepwise placement, basis functions are constantly added to the model. After this
implementation, a backward procedure ppleed, when the basis functions associated
with the smallest increase in the least squares fits are removed, producing the final model.
At the same time, th&eneralized Cross Validation ErrqGGCVE), which is a measure
of goodness of fit, is computed take into account the residual error and the model
complexity. The above equation can be further decomposed into sum of linear, square
products, cubic products and so forth. Introducing larger or smaller number of basis
functions can also change the accyra

The relationshib et ween the specificatiQams 06S06,

t he measur e nsefthefoome ct or 0 po
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Where,s represents system performance like Gain, 1IP3 €¢., pepresents the
nonlinear regression function amrepresents the a vector containing theasurement
responses modeled ByM @ his model is then used to predict the RF test specificaBons
of the DUT from the observed alternate test measurenverats shown irFigure3. The
process of applying the alternate test and predicting the DUT specifications S from the
alternate test measurements is performed by algorithms running on the baseband DSP.

The failure coverage of the alternaésting technique depends on the choice of
the input test stimulus. The input test stimulus is carefully optimized to result in an output
response that idhighly correlated with the specification values of intere$he
optimization of the test stimulusedends on the type of DUT being tested and the
performance parameters being evaluated. For a given DUT there are several test
generation algorithm[89] available for optimizing the input test stimulus. The optimized
test stimlus is applied to each of these DUTs and their resulting responses are sampled
and stored. Simultaneously, the output specifications of these devices are measured using
the conventional specification test -sgis. The sampled transient measurements are
mapped onto the specifications of the device usinglimar regression functions.

During production test, this ndmear regression function is used to predict the
specifications of a DUT from its response to the same optimized test stimulus. The

producton test implementation of alternate test technology is showigure4.
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CHAPTER 3
LOW -COST SPECIFICATION T ESTING OF ADVANCED RADIO
FREQUENCY FRONT-ENDS

The advent of deep submicron technology along with the high levels of device

integration has led to a greater variability in the production yield. Semiconductors in
general and RF ICs in particular suffer from severe m®e@riations for technologies
approaching 45 nanometer (nm) regiméke production cycle of RF systems begins
with simulations that study the design concepts of a RF system. Upon satisfaction, few
prototypes are fabricated and are tested to verify théoouity to design requirements.
The findings of the test procedures are fed back to the design cycleefaaluation. This
is repeated until the design is finalizgd]. Upon finalization, prototypes are fabricated
and arecharacterized heavily to understand the impact of manufacturing process
variations. The characterization routines are designed to be extensive and involve high
precision bench top equipments to perform testing. A select set of known good devices
are idenfiied in this phase. Once a desirable yield is achieved, the devices fabricated go
into the production line where the devices are tested for their goodness using a set of
carefully chosen parametric and system level tests. The key drawbacks of conventional
production testing routines are as follows

1 Production test routines are time consuming and often involve switching between
multiple test setups.

1 The production test infrastructure for testing RF systems is prohibitively expensive
due to the requirement dfigh precision RF sources and sinkafeng with high
precision digital modulation/demodulation capability

In this chapter, several lewost test solutions that address the issue oftitast

and testtost are discussed. The key objective of these tgobsiis to accurately
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compute multiple RF specifications of advanced RF feads in a significantly reduced
test time using lowcost test infrastructure environment amenable for production floor

deployment.

3.1 ALTERNATE TESTSTIMULUS GENERATION CO-OPTIMIZATION OF
TEST INPUT, TEST SIGAL PATH ARTIFACTS AND EMBEDDED SENSORS
FOR SPECIFICATION ESTING OF RF SYSTEMS

It is clear thatin the future, advanced scale@MOS RF front end modules will
need to be carefully tested andlibrated.Built-in-test (BIT) and builtoff-test (BOT)
solutions offer significant alternatives to conventional production testing to lower the
overall manufacturing costn the past, there has been significant work in the area of
built-in self test using embedded senddrH-[43]. The concept oélternate tesis used
to drive the test procedures. However, there exists no formal methodology for
determining thebest stimulus to apy (which can be generated using the transceiver
DSP), thebest embedded sensors to (m@or work focusednly on one specific sensor
type for an application), theodes at which to place the sensar&l theaccuracy of the
data converterspecific to the RF transceiver being testBde test engineaxorks with
a variety of orchip physical test circuits and creates a custom test solution for each
production partSignificanteffort is spent in optimizing and debugging the test approach
(derived from bench test procedures) with no systematic toolslaleato optimally trade
off all the builtin test parameters.

A key shortcoming of existinBIT techniques is that separate test procedures and
on-chip test hardware is needed for measuring different RF test specifications. In the
proposed approactall the RF DUT specs are inferred fromsimgle data acquisition
resulting in a considerable test time reductibime proposed methodology determines the
best stimulus to apyp (generated by software running on the transceiver DSP) and the

best embedded semsdo use(from a library of sensoydor high quality parametric test

15



and diagnosisThe impact of the data convertespecific to the RF transceiver being
tested is considered this methodology. The best sensors to use are those that have the
leastimpact on RF DUT performance while generating thaximumamount of test
information. The volume of data generated by each sensor and the resulting test time is

also considered carefully

3.1.1 GOALS AND OBJECTIVES
The key objectives of the methodology are:
1 The applied tests must be generated by an algorithm ctiraptimizesthe test
stimulus, the ofthip test stimulus generation and response capture hardware (test
access points, test response sensors) in such a way that Haealdies of the
hardware(lhear i ty, noise) are taken into consi
built-in test solution (combination of test stimulus, test access points and sensors

employed for builin test).

1 The methodology should be able to select the best possible Rfffogolor a given
DUT. While doing this selection the methodology should take into account the test
guality, the dynamic range and the bandwidth of the sensors, the amount of
degradation in performance of a DUT due to the insertion of these sensorbeand t

area overhead

1 The methodology should significantly reduce the test time and test cost associated
with conventional production tests and should be amenable for production floor

deployment using a lowostinfrastructure

In the following sections key conponents of the proposed methodology are

described to address the goals and objectives of this approach.
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3.1.2 PROPOSED METHODOLOGY

In this work,a formal builtin testdevelopmenimethodologyfor RF systems is
discussedThe test framework uses special embedded RF sensors for test response data
acquisition from different points of the RF signal path. The impact of data converters on
the quality of test input and the measurement response isledoithto the optimization
routines to develop an accurate BIST technidue methodology is demonstrated on a
behavioral model of a 1.5 GHz RF transmitt€he proposed framework is shown in

Figureb5.

3.1.2.1 RF Transmitter Modeling

Although, the transistedevel simulation of all the sulmodules yields high
accuracy of simulation, long simulation times make this impractical. The primary
objective of test generation is to determine the optimal set of test sf]1[45], rather
than to verify the functionality of the design. As long as the behavioral modeling
approximations preserve the relative "goodness" of one possible test stimulus versus

another, itcan be used for fast test generation with little loss in test accuracy as shown in
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[44] and[45]. The underlying assumption is that the variations in specification data and
measurement data follovthe same statistical trend under behavioral parameter
perturbations as they would for transistor level parameter perturbaftigose 6 shows

the modeling approach (similar that that proposef4#, [45]) employed for the RF
systemundertest. The behavioral model of each dalbck was constructed as follows

The transfer function of the baass filters of the RF subsystem are realized as

linear tansfer functions with specified magnitude and phase characteri3ines.
amplifiers of the RF subystem (e.g. LNA) are realized by implementing a-hiosar

transfer function of the type

GO | | & | & 0 | & 0 )

=
g
=
Y
o
]
=

Mixer

Figure6: Behavioral modeling of the transmitter
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The coefficients ar e fir f (gain)t andl ao+intan t he
(harmonics and intemodulation terms) effects of the amplifiers concerned. Using the
time domain input vs. output characteristic as given(fy the corresponding output
frequency spectrum (both magnitualed phase) is computed. In general, the computation
complexity is O(N), where N is the number of test tones used for test
generation/simulation.

Mixers are modeled as ndimear transfer functions followed by an ideal
multiplier. The nodinear transfer function is realized in the same manner as discussed
earlier for amplifiers. The frequency mixing operation is realized by the multiplication
operation

WO 068> 08y 0O (8)

Where,C represents the conversion gaohthe mixer.

The peak amplitude value corresponds to the local oscillator frequency; the
amplitudes adjacent to the frequencies fall off according to the ivése characteristics
of the local oscillator.

The coeffcientsay, ai, etc. are used to deé the linearity of amplifiers andre
extracted from the inptdutput (R\-Po) relationship of the amplifier as determined by
transistor level simulation via least squares polynomial fitting. Alternatively, they can
also be extracted from the 1dB compression point and IIP3 specifications of the

amplifiers.The coefficients can be determined from P1dB as follows

.
0 & od (9)
T T U T

&
e (10
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3.1.2.2 Data ConverteModeling

Modeling the response capture characteristics is a key requirement to ensure the
guality of the developed test schemes. The capture characteristics of the ADCs/DACs
present in the system (or in testers in production test environment) significantly affects
the signal quality of both the applied test stimulus and the observed test response. Hence
it becomes imperative to model these characteristics to develop relialdehestes. In
this work the capture characteristics are modeled based on nonlinear characteristics of the
PCI6115 data acquisition card (DAQ). PCI6115 is used as a low cost replacement to an
ATE to transfer the test data to the baseband processor (PGtddrated nodinearity
(INL) and the differential nofinearity (DNL) characteristics obtained from the
datasheets of the PCI6115 DAQ card are used to characterize the sourcing and digitizing
properties of the data acquisition system. The frequency danmaits and outputs of the

developed digitizer model are showrFigure?.

0.012

DIGITIZER INPUT DIGITIZER i DIGITIZER OUTPUT

TIME—>

02 04 06 08 1 12 14 16 18

Figure7: Test response before and after the digitizer module

It can be observettom Figure 7 that the signal quality of the test response is

affected significantly by the nonlinearities of tth&ta convertemodules.

20



3.1.2.3 Embedded Sensor Modeling

In this section the modeling of three different types of test resps&issors has
been discussed.

The envelope detector (shownhkigure8a) and its uses as a test response sensor
were first proppsed by Han and Chatterjee [#il]. This is a common circuit for AM
demodulation, composed of a diode, a resistor, and a capacitor. Through proper
adjustment of the RC constant value, the requisite envelope detection can be performed.
The value of th&RCtime constant should be such th&tx< 1/RC<<fc. This allows the
circuit to track the low frequency envelope of the RF signal. Considering that the above
two frequencies have large separation, R&time constant can be picked to make the
decoded envelope immune to process variations.yAc&asideration is the loading of the
Circuit under Test (CUT) by the envelope detector. The input impedance of the envelope

detector depends mainly on the bias resistors and the capacitance of the diode.

PA
Enwelope

(@)

5 6 7 8 9 10
Time X 10°
Figure8: (a) Envelopaletector schematic (b) Envelope detector output
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The bias resistors are relatively largompared to the typical 50 ohm RF

matching impedance. During the normal operating mode, themptor the envelope

21



detector carpe turned off using a transistor switgt6] in which casethe diode behaves
like an open switch. In general, tlwapacitance of a diode is several tens of farads.
Therefore, the impedance (loading) of the envelope detector has negligible effect on the
RF DUT perfemance.Figure 8b shows thetransient output of the envelope detector
showingtracking the inpuRF envelope. The observed output is a transient waveform
and hence it has much more information compared to tlgutoof RMS or peak
detectors. However this added information comes at the cost of having to process much
more data than just single DC RMS or peak values.

Theschematic of the RMS senddi7] is shown i Figure9a. Elements L1 and C1
form the matching network, providing a 50 Ohm match at 1.5 GHz. The low value of S11
for this detector («45dB) results in minimal loading of the RF system. R2 is chosen so
that the circuitprod es t he #Atrued RMS value of the
detector. The output of the detector for a metitine input stimulus has been plotted i
Figure 9b for four different specified combinations of irippower levels. It can be

observed that both the DC value as well as ripple voltage increases with increase in input

power level.
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Figure9: (a) RMS detector schematic (b): RMS detector output
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FigurelO: (a) Peak detector schematic (b) Peak detector output

The conceptual diagram of a standard peak detector is simokgure 10a. The
biasing and matching circuits have not been shown for simplititg. output is a DC
voltage indicating the peak of the applied voltage. As shawiigure 10b the output
voltage takes some time to reach its final value. This transient response is ignored and the
final steady st@ value is considered as the peak vakigure 10b shows the transient
output voltage for different power levels of a mistine input signal. The voltaggtains
a certain steady state level after a certain arnofitime depending on the input power

level. This information is used to model the peak detector.

3.1.2.4 Test Generation

In this approach, regression functions such as those generated by MARS are used
to build a mapping function between the test respand the DUT specifications using a
set of devices with random process variatidesioted as thé&aining set.During the
actual test, trained MARS models are used to predict the specifications of the DUT from

the observed test response. It should bedhbere that defect filteris used to screen out

devices with catastrophic faults, and onl

23

\



considered for this study. This defect filter consists of simple algorithms that analyze the

test response of the OWo determine whether it has characteristics thasigraficantly

di fferent from the Atraining seto of devi
described earlier. The test quality of alternate tests is highly correlated to the sensitivity

of the observed measurement response to the changes in the process parameters. For a
given DUT there are several test generation algorithms available for optimizing the input

test stimulus. In this work a genetic algorithm based test generationoj@s & Figure

11) for the proposed frameworklfown inFigure5) is used due to the nonlinear nature of

the search space to avoid local convergence.
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Figurell: GA based optimization roure.
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Figurel2 Singlepoint crossover operation for reproduction in the GA.

Crossoverand mutationare the two mechanisms by whia new generation is
created[48]. Figure 12 shows an example case of crossover. In crossover, two parent
genes are crossed over in an arbitrary fashdefined by the crossover probability to
result in a completely new child. In mutation a single bit of the gene sequence is
randonty mutated as defined by a mutation probability to result in a new child. These
two mechanisms are responsible for the creation of cl@amosomesvhich inturn are
assessed for their fitness. There is one another mechanism known as elitism in which
geneswith a particular fitness values are classifieceli® and are passed on from one
generation to another without any crossove
fitness is passed on from one generation to another. Further insights into thiarakgori

can be found irf48].
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Figurel3: Coherently and nenoherently sampled response

A multi-tone test input is used as the test stimulus of choice. A set of 20 tones are
uniformly deployed across bandwidth of 1MHz.The amplitudes of the tones are
detrmined by the optimization algorithriihe amplitude levels are allowed to have 32
(2°) levels of variation ranging fron¥0 to 10 dBm. Thus each tone can be coded into a 5
bit gene sequence to resultaril00 bit gene individudahereby defining the search space
of the optimization algorithmiigure 13 showsthe frequency domain representation of
two multi-tone signals with 20 component tones with coherent an@coloerent
sampling. The widekirts observedn Figure 13 are theoutcome of norcoherent
sampling of the time domain wa¥erm. Coherencyis mathematically representecds

follows

€

0
Q¢

(11)

Where fy is the input frequency of the mutbne signal, § is the sampling
frequencyg is the number of cycles of the signal that fits in a sampling window
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and ¢ is the number of data points in the FFT of the signal. The presence of
unwanted tones in the test input degrades the test quality significantly. Hence it is very
critical that the multitone is coherently sampled. The coherently sampled, genetically
optimized multitone waveform is then used to obtain the appropriate test response, based
on which theRF systemlevel specifications are computed by using nonlinear regression

mapping techniques such as MARS.

3.1.3 VALIDATION RESULTS

The proposed test simutatas described above is used to evaluate different BIT
alternativesThree BIT candidates with envelope, peak and RMS sensors at the output of
the power amplifier of a wireless OFDM transmithee selected for evaluation. The test
generation algorithm pduces an optimized test stimulus for each BIT candidate. The
BIT candidates are then ranked in order of the accuracy with which the test specifications
of the RF DUT can be predicted from the observed test response. Since the hardware cost
of each BIT saltion is also known, the test designer can then pick the best solution from

a cost vs. accuracy perspective as desired by the test customer.

3.1.3.1 Test Generation Results

The genetic algorithm based test generation is run for each BIT candidate, to
obtan the best possibléest input For a multitone test input defined by a single
individual, the regression functions that define the MARS model are computed by
training for a set of 200 devices. The Model is then evaluated for RMS error in
prediction. TheRMS prediction error of the developed MARS model is used as the
fitness function of the proposed genetic algorithm. Gain, 1IP3 and EVM and I/Q phase
mismatchesare considered as the specification of interest for the evaluated BIT
technique. The frequencyodhain representation of the optimized coherently sampled

multi-tone test input for a BIT solution with envelope detector is showigimre 14.
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Figure14: Optimized multitone test stimuwis

3.1.3.2 Prediction Accuracyor the Optimized Test Input

The quality of the alternate test procedure employed is determined by the
accuracy with which the specifications of the DUT could be predicted from the obtained
BIT response. Th&MS prediction eror over a large number of evaluation instances of
the DUT is used to quantify the quality of the BIT technique. This RMS error in
prediction forllP3 is shown inTable 1 for a set of optimized muklione inputs It can be
observed that the BlTandidatevith envelope detector at the output of the PA results in

the least RMS error in prediction.

Tablel: Evaluation of the test quality for three types of DfT solution for IIP3

estimation

Error Type Envelope

RMS error 0.1475 0.2 0.21

28



1IP3
Gain 30
30 T T T T T

251

201

Predicted
Computed

. . . .
—_ 5 10 15 20 % 30
EvM a

Predicted

. . . . . I . L I 0.03 0032 0034 0036 0.038 004 0.042
7 8 9 10 11 12 138 14 15 18 17 Actial
Actual

Figurel5: Estimation plots for (a) Gain (b) [IP3 (c) EVM and (d) I/Q phase

mismatch

3.1.3.3 Performance Bgradation

For simplicity the sensom@redeployed only at the optit of the power amplifier
of the RF transmitter. This results in lower performance degradation of the trangmitter
comparisorto the case where sensors are placed at the output of the mixer as well. The
performance degradation simulatioase run using ADS (Agilent Advanced Design
System). The performance degradation plots in terms of the opegdingof the
transmitter are shown figure16. The results are quantified numericailiyTable2 for a

specifiedlevel output power level of the transmitter. It is observed that the envelope
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detector provides the least performance degradation of 1dB at an output power of 15

dBm.

Table2: Performance degdation of the Power amplifier @ 15dBm output power

level
Component Actual Envelope Peak RMS

15.16 dB 14.14 dB 10.58 dB 10.64 dB

Performance degradation
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Figurel6: Performance degradation of the power amplifier for three types of

Sensors

3.1.3.4 Bit Candidate Selection

The BIT candidatethat provides the least amount of performance degradation
while providing acceptable accuracy of specification prediction from the test response is

chosen as the final test solution. In this regard, the envekteetibn sensor attached to
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the output of the transmittés found to have the best performance of the three sensors
investigated in this work. It is important to note here that the developed tool has the
capability to select the best possiBlmbedded sesorsolution givena library of sensors

and their designs (e.g. there are many different wayRMS sensor can be designed).

The scatter plots obtained for the final test solution for Gain, IIP3, EVM, and I/Q phase
mismatch specifications arshown in Figure 15. It can be observed that the -co
optimization of the test stimulus, response capture and the sensor solutions result in a

high accuracy of prediction for the proposed alternate test based BIT technique.

3.14 KEY ADVANTAGES

The key advantages of -@ptimizing the multitone test input for specification
test accuracy, test signal path artifacts and the embedded sensor artifacts are summarized
below,

1 Co-optimization of the test stimulus and the response cajtiata converters)
characteristics results in developing a BIT solution with high accuracy of
prediction for an alternate test based BIT methodology. This is achieved by
modeling the data converters by their ndealities to quantify their impact on the
test input.

T The proposed methodology is capable of
from a library of sensors. The -optimization technique is used to compute the
test qualityfor a given sensor. Based on the requirements of the test engineer, the
knowledge gained through the developed methodotagybe used tdradeoff
between the test quality, performance degradation, dynamic range etc to select a
viable BIT solution.

1 The proposed methodology is amenable for a production floor deployment using a

low-cost infrastructure to accurately estimate multiple RF specifications
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3.2 CROSSLOOPBACK BASED SPEMICATION TESTING OFMULTI -
BAND, MULTI-HARDWARE RADIOS

Commercial mobile handsets available today such as iPhone4 integrate
UMTS/HSDPA/HSUPA (850, 900,900 and 2100 MHz), GSM/EDGE (850, 900, 1800
and 1900 MHZ), 802.11 b/g/n Wi (2.4 GHz) and Bluetooth standards (2.4 GHz) into a
single deviceDue to the impact of process variations on the system performangk,
be very important to perform rigorotssting and diagnosis of such transceiver systems.
Due to the broadband nature of the transceiver architecture, the cost of a precision
external tester for manufacturing test will be significant.

To resolve the problem of testing such integrated Avaitd/multistandard
radios, acrossloopbacktest approach is proposed. tmossloopback a transmitter
corresponding to a selected frequency band and RF standard is uest doreceiver
corresponding to a completely different frequency band and RFasthoding optimized
multi-tone alternate test stimuluduring the test procedure all the standard signal
modul ati on and demodul ation are algorithm
transmitter may be used to test a Bluetooth receiver and vice Vidrsgproposed
met hodol ogy i s behéavda tmodel obaanuha@waré, multi

standard radio.

3.2.1 GOALS AND OBJECTIVES
The key objectivesfor testing multihardware, multband radios are
1 The test methodology should be modulation inddpah to scale across multiple
transceiver chains
1 The output of a source transmitter should be frequency scalable and the output power
level of a source transmitter should be scalable
1 The test methodology should be able to accurately track the individnahtitter and

receiver specifications
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3.2.2 PROPOSED METHODOLOGY
In order to meet with above mentioned requirements, the following is proposed
1T A Test generation methodol oggod t @l tgernrea t:
stimuli
T A Owbadned 6 pixerswsthi agper ongr ammabl ed VCO to provi
perform frequency translation.
1 A @grogrammabléattenuator to scale the power levels of a source transmitter.
1 Methodology to map the test responkesv(frequency of the system to its subsystem
speifications
The wideband mixer, along with the programmable VCO and a programmable
attenuator will be collectively referred as th&resource for the rest of the document.
The proposed methodology is a ldadhrd solution, in which the flD resource is
implemented on the loaldbard. It should also be noted that the simplicity of the solution
lends itself amenable for a compact BIST implementafidre following subsections

detail the key components of the proposed methodology.

DfT Resource o 4
| A
L3\ [T o /4] >R
; o-—g—» —b—E-O ! A‘A A
P P GSM |
LO-1

| . WLAN |
| RS E o D oS
; A

LO-2

Figurel7: Crossloopback test architecture
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3.2.2.1 Test Architecture

Figure17 shows the proposed crels®pback architecturélhe behavioral model
of the multi-band radio deployed for proof of concept of thepmsed methodology
consists of (a) a 900 MHz GSM transceiver system and (b) a 2.4 GHz 802.11g WLAN
transceiver system. These systems can be a single chip solution with -hardtare
approach or more common tightly integrated tkokg systems on packag&oP)
solution. The subsystems are crmsp backed via the DFT resource implemented on the
load-board. CrossLoopback derives its name from the fact that it crdsspbacks the
transmitters and receivers of completely different RF standards. For tive urader
consideration, the following crogsopbacks are performed via the DFT resource
1 Spectrhoutpu of the 900 MHz GSM transnitter is loop-backed (crossyith the 2.47

GHz 802.119 receiver
1 Spectra output of the 2.47 GHz 802.11g WLAN transmitiedoop-backed (cross)
with the 900 MHz GSM receiver

The test responses are captured at the baseband output of the receiver for the
selected croskopback pathThe advantage of doing suchraulti-tone basedrossloop
back is that, it alleviates the compliées [49] associated with (a) hatfuplex mode of
operation of the transceiver subsystems and (b) VCO modulation scheme based
transceiver subsystems (Bluetooth systems typically deploy VCO modulated
architectures). The cro$sopback is achievediat he DFT resource. I t 6
the mixer has a wideband performance since it must be able to frequency translate the
spectral outputs of the transmitters across multiple frequency bands. A simple wideband
passive mixercanbes ed f or such purposes. Linear T
mixer (passive) with an operating frequency range of 10MHz to 3.7GHz. Similarly,
programmable attenuators can be implemented using typicalaloglifiers, thereby

rendering the above propasBFT resources feasible for a production test deployment.
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Figurel8: Behavioral Modeling of the Transceiver

Observed test responses at the receiving ends of the architecture are then used to
build a nonlinear regression motlethat can be used to accurately predict the

performance parameters of the subsystems.

3.2.2.2 SystemModeling, Test GeneratioandSpecification Estimation

The mixer and the amplifier modules of the transmitters and the receivers are
defined similar to tB models discussed iprevious section The block diagram
representations of the models are showRigure18. The multitone test input definition
and the test generation is performed similar to the algorithpopeal in Sectio.1.2.1
The test generation is performed for each ctospback path. For a given cress
loopback path MARS is used to build the regression map {tfflihe) between the
observed test responses and the specifications of the indittidnsinitters and receivers.
During the test generation procedure, for a chosen -twogback path, the prediction
accuracy of the MARS model evaluated over a set of instances is defined as the fitness
value of thegenetic individualthat defines the teshput. Once the test generation is
performed, during production testing the test response captures of the selected cross

loopback path for an optimized muttne test input are used to estimate the
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specifications of the individual transmitter and the remreusing the developed MARS
models. The specifications targeted are gain and IIP3 of the individual transmitters and

receivers.

3.2.3 VALIDATION RESULTS

The proposed methodology is validated on a behavioral model of albaoti
radio with GSM and WLAN mades of operation. The 900 MHz GSM transmitter is
crosslooped with the 2.47 GHz WLAN receiver and vice versa via the load board DfT.
The programmable 61l 06 and the programmabl e
respectively. The genetic algorithmdea test generation results for the ciiospback
paths are shown iRigure19. The multitone is defined to have 20 tones within a 1 MHz

bandwidth. The amplitudes of the tones are determined by the optimizgioihan.

GSM cross-loopback with WLAN WLAN cross-loopback with GSM

(a) (b)

=
=)
-
—
L]
~
A
=
<

HANLI'TdNYV

FREQUENCY FREQUENCY

Figure19: Frequency spectrum of the Optimized mtutie for (a) GSM
transmitter crostoopback with WLAN receiver and (b) WLAN transmitter cross
loopback with GSM receiver

The MARS model is built for a training seft instances generated by Monte Carlo
simulations on the behavioral parameters in MATLAB. A set of 80 instances and a set of
20 instances of the transmitter and the receiver were used as the training set and the

evaluation set for each crempback pathrespectively. The scatter plots presenting the
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prediction results for GSM transmitter crdespback with WLAN receiver are shown in
Figure20 and WLAN transmitter croskwopback with GSM receiver are shownRigure

21
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Figure20: Prediction results for GSM transmitter (a) gain (b) 1IP3 and WLAN
receiver (c) gain (d) 1IP3
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Figure21: Prediction results for WLAN transmitter (a) gain (b) 1IP3 &M
receiver (c) gain (d) 1IP3
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The percentage relative error in prediction between the actual and the predicted
values were observed to be less than 5% in the scatter plots shdwguia 20 and
Figure 21. The prediction results can further be improved by increasing the number of
instances for which the MARS model is built. However, this increases the computation
time exponentially for test generation purposes. The results destusere are simply

meant to demonstrate the capability of the proposed test at agircmficept capacity.

3.2.4 KEY ADVANTAGES
The key advantages of performing cré@3pback testing of muHband radios
using a multitone test stimulus are

1 The crosdoopback test procedure allows each transceiver in the-bart radio to
operate in its native haffluplex modeThe DfT resources with careful planning can
be designed into the SoP solution, there by rendering the developed methodology
amenable for BISTmplementation.

1 The proposed technique can also be extended to a-sitaltiesting environment
where, the transmitter of DUT at one site can be dagsbacked with the receiver
of a DUT (designed for a different standard) in another site andversa. This
enables parallel testing of different families of transceiver products at the same time,
thereby contributing to a significant reduction in the test cost.

1 The technique uses mditine stimulus as a test input, thereby making the test
procedure moduteon independent. Further, problems with loopback in VCO
modulated architectures that result in modulation cancellation such as faced while
doing loopback test of a Bluetooth device are automatically resolved.

1 The test generation procedure is a-timee st and can be performed extensively
and can be performed on processors with powerful computation capabidtipwo

accurate prediction of the various transmitter and receiver test specification values.
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3.3 LOW COST EVM TESTINGOF WIRELESS RF SOCRONT-ENDS
USING MULTI-TONES

Typically RF devices are tested for fundamental specifications such as gain,
linearity metrics (second and third order amplitude and phase distortion metrics),
guadrature mismatches (amplitude, phase), phase noise, noise figuen{N#)eto-end
system level specifications such as EVM (error vector magnitude), BERr{brrate)
etc. Due to the reduced visibility imposed by high levels of integration, testing for
fundamental module level specifications are becoming more and oongex.Hence,
design and test engineers rely heavily upon defsigtest (DfT) solutions to perform
testing on individual blocks, thereby increasing the overall design complexity.

I n order to reduce test ti me amds compl
system level testing for specifications such as EVM that are sensitive to module level
impairments. EVM, a critical specification, is primarily a measure of the digital
modulation quality of a wireless RF system. EVM is sensitive to fundamental
impaiments introduced by the various building blocks (digital, mixed signal and analog
blocks) of a RF system and hence has the potential to replace the testing of fundamental
specifications such as gain, linearity quadrature mismatch, noise etc, te gresuality
of a RF systenf50]-[52]. Further, EVM exhibits strong correlation to the BER (an-end
end quality of service metric that quantifies the errors introduced into the transmitted
digital bits) d a communication systefd3]. Hence production testing of EVM in lieu of
individual RF and baseband specifications is of critical importance to reduce the overall
test cost.

Conventionally, EVM is tested by sending and reegvdigitally modulated
symbols through a RF system for a communication scheme of choice. The most common
communication scheme in use today is the orthogonal frequency division multiplexing
(OFDM as specified in standai@4]). The IEEE WLAN 802.11 standard for EVM

measuremenf54] r e q u i r ¢he test $halltbe @erformed over at least 20 WLAN
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frames and the packets under each frame shall be at least 16 OFDM symbols long.
Random data shallbe usedlf gener at i nTy perférne EVMymedswwemend

in accordancé¢o the standard specified [jB4] incurs significant test time to transmit and
capture320 OFDM symbolsand requires a test system with full OFDM modulatiod a
demodulation capabilityin production testing, such requirements translate to higher test
cost per unit devicerurther, for testing a RF transmitter, the measurement system must
duplicate the entire receiver chain accurately (and vice versa). Swiferegnts escalate

the overall test cost and contribute significantly towards the overall manufacturing cost of
a RF system. Hence, there is an urgent need to develop new EVM test methods that are
fast and inexpensive in terms of the complexity and costsbfinstrumentation. Further,
itdéds desirable to develop techniques that
EVM test cost reduction in generdrior researctil0]-[14] & [55]-[57] in the area of
production testing of EVMffer reduction in test cost and test timaweverthey fail to
address the key bottleneck in obtaining significant test time savings by using modulated
symbd s as test input. Hence it 0 stonetestibputc a l
to significantly reduce test time.

In this sectiona new EVM test approach that has the potential to significantly
reduce overall EVM test co@ presentedThe promsed approach involves the usage of
multi-tones to perform EVM testing and consists of two components: (1) Quantification of
the deterministic attributes of EVM from fundamental static impairments and (2)
Quantification of the random attributes of EVM fréumdamental dynamic impairments.

The deterministic and the random components are the used to compute the overall EVM

of the system.

3.3.1 CONVENTIONAL TESTINGOF EVM AND LIMITATIO NS
EVM offers insight into the performance of a digital communication system

EVM is gaining in popularity as a mainstream production test to quantify the system
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level functionality of a radio and is already integrated into severalrgenge
communication standardS2],[54]. Under production test conditions the EVM of a radio
(ideal channel) quantifies the overall effect of digital, miseghal and RF impairments

on the quality of digitally modulated signdis0]-[52]. EVM is typically measured by
sending digitally modulated symbols (QPSK,QAM etc) through a DUT and capturing the
appropriate symbols (demodulated from the DUT response). The symbols (both
transmitted and received) are typically plotted on a complex [#Qepand is referred to

as a constellation diagram (shown kigure 22a for QPSK modulation)Figure 22b

shows the error vector corresponding to a single constellatioh ipdime first quadrant.

The root mean square of several such error vectors between the normalized received

symbols and the transmitted symbols is calculated for a sufficiently large number of

symbols.
A Q ..,.-“ Q
@ e '
I
[ YOO W )
| QPSK

Figure22: (a) Constellon plot for QPSK, (b) Error vector for a transmitted and
received symbol in the™quadrant
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The root mean square error is typically represented as a percentage of the average
power of the transmitted symbols for a mualirrier system and is commonkgferred to
as EVMkus [58]. From this point forward in thishesis for simplicity EVMgys is

denotedas EVM and is expressed as follows

(12

Where,Y j denotes a transmitted (ideal) data symb¥l, j denotes a
received(corrupted) data symbol and N denotes the number of data symbols for which
EVM is computed. ltds common to perform nc
and the transmitted data symbols before computing E¥s.recommended by the
WLAN standard at lest 320 randomly generated OFDM symbols are required to perform
the EVM test. Each OFDM symbol is constructed using 48 data symbols, there by
requiring at least 15360 data symbols. The number of bits required depends on the type of
digital modulation techigjue. For e.g. a 16 QAM technique would require 61440 bits (4
bits/symbol) to generate the required 320 OFDM symbols.

Ideal
Transmitter
OFDM
Modulation/Demodulation

Offset Ideal
Compensation Receiver

Figure23: Production test setup for EVM
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A typical production test setup for EVM testing of a generic DUT mashin
Figure23. The requirements of an ATE to perform EVM testing vary based on the type
of RF device that is being tested for and are summarized below based on the 802.11
standards

Standalone modulesDevices hat fall under this category typically are power
amplifiers (PA), low noise amplifiers (LNA) and up/down conversion mixers. To test
these devices, the ATE should have high precision RF/Baseband sourcing and sinking
capability. The ATE should also have sigticated digital modulation and demodulation
capability to send and receive 802.11 OFDM frames.

Transmitter/ReceiveiThe modulation/demodulation requirements are identical to
the first case. For transmitters, the ATE should be capable of replicatidgaineceiver
with an appropriate architecture. For receivers the ATE should be capable of replicating
anideal transmitter with an appropriate architecture.

Transceiver:For an integrated transceiver, the current industry practice is to test
fortransmitte r and receiver EVM separately. Altho
testing to relax RF requirements on the /
transmitter and receiver EVM values. Hence, the ATE requirements for conventional

testing of EVMfor transceivers are identical to the previous case.

3.3.1.1 Limitationsof Conventional Testingf EVM

With growing demand for EVM testing by various standards (and customers),
there is an urgent need to address some of the key limitations of the pyodasting of
EVM. The limitations are,
1T To achieve good test cover ageéffcientntnbber cr i t i
of symbols. This results ilonger test timgsand affects the overatkst cosdirectly.
As the number of data symbols (N) is piped the ability of EVM to quantify signal

quality degrades significantly.
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1 Therequirements of ATEoupled with long test times to perform EVM testing affects
the overalltest cossignificantly. To have a generic EVM test setup, the ATE should
accommoda RF/IF sourcing and sinking along with digital modulation capability to

test any of the devices discussed above.

3.3.2 INTRODUCTIONON OFDM

While the proposed approach targets rawltie testing for EVM to obviate the
need for performing OFDM modulatioand demodulation, an understanding of the
OFDM methodology is necessary to understand the complexities in performing OFDM

modulation. Hence in this section a brief introduction on OFDM is discussed.
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Figure24: OFDM Transceiver

In OFDM a large number of orthogonal scidrriers are encoded with digital data
bits resulting in a high spectral efficiency as compared to single carrier systems. OFDM
is preferred due to its inherent robustness to multipath fading and Haaravchanre
interferences. A conceptual diagram of a typical OFDM link is showkigare 24. The
input to the baseband transmitter is a serial digital bit stream that carries information

about the data being transmittedy(e/oice, Video etc). The incoming serial bit stream is
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converted into Nc parallel bit streams where, Nc denotes the number of orthogonal
subcarriers in the modulation scheme. The parallel bit streams are then digitally
modulated using any standard modgiatscheme such as quadrature phase shift keying
(QPSK), quadrature amplitude modulation (QAM) etc.

The modul ated symbols are denoted as fic
with the term AOFDM symbol 0o (exppflhamgimed be
1966 [59], was a continuous time modulation scheme, where the parallel bit streams are
modulated onto orthogonal subcarriers using a mixer bank. In Y@&ihstein and Ebert
[59] proposed the usage discrete Fourier transforms (FFT & IFFT) to replace the mixer
bank approach resulting in a discrete time OFDM scheme that has been adopted into
standards prevalent today such as 80f54], WiMax etc. In a discrete OFDM seime
the complex representation of the modulateta symbolsare treated as frequency
domain information and are fed as input to an inverse fast Fourier transform (IFFT)
block. The IFFT block converts the input symbols into discrete data samples inxomple
representation. Cyclic prefix (Tcp) values are then added to the discrete data samples to
result in a compleX0OFDM symbo(OFDM frame). In a typical WLAN standaf@4], one
OFDM symbol is made up of 48ata symbolsThe realand imaginary parts of the
complex OFDM symbol are separated and passed on to the analog/REnfiionia
digital to analog data converters (DAC). The analog signal is thecomnyerted and
transmitted by the RF fromnd. In a receiver, the signal is decewonverted to
intermediate frequency by the RF fresrid and converted into complex discrete samples
by analog to digital data converters (ADC). The complex samples are cleaved off the
cyclic prefix values followed by FFT operation and demodulation toirokit@ received
data bits.

In addition to the cyclic prefix, the data bits are interleaved in both time and
frequency domain along with the addition of guard bands and pilot carriers to facilitate

time and frequency synchronization in the receiver (toirmae inter symbol
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interferencelSl). Further, to minimize ISI, the number of subcarriers (Nc) and the
frequency spacing ( opf) need to be carefull
generated by the IFFT block are integer multiples of the slowdstasrier. Hence to

mai ntain orthogonality, its necessary to e
data block contain integer number of cycles of the slowest subcarrier (fundamental

subcarrier frequency).

3.3.3 GOALS AND OBJECTIVES
To capitaliz on t he advantages of EVM testi ncg
limitations of the conventional EVM testing approach. The objectives of the proposed
approach are
1 Goal 1:To reduce test timeassociated with EVM testing to result in a feasible
production test scheme. This would necessitate the development of test solutions that
can compute EVM with good accuracy (in par with conventional EVM test) in a
shorter amount of time.
1 Goal 2:To reduce test cosassociated with the test setup infrastructuredbgxing
the requirementsof ATE. This would necessitate development load board
infrastructure to eliminate RF requirements from the tester coupled with test

solutions that caeliminate the modulation/demodulatioapability of the ATE.

3.3.4 PROPOSED MTHODOLOGY

In this section,the methodologyproposed to address the shortcomings of a
conventional EVM tests discussed brieflyFigure 25 shows the block diagram of the
proposed approach to perform kmwest prodation testing of wireless RF frominds. The
key idea of the approach is to exploit the high correlation between EVM and the

parametric impairments (both static and dynamic) of RF systems.
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Test 1: Static impairments (TX, RX) Test 2: Dynamic impairments (TX) Test 3: Dynamic impairments (RX)

Load Board
DIT

Regression
models

il IS
N

X
EVMpgr
RX » e RX
| EVMoer | € EVMgsp

Figure25: Proposed test architecture

1 To address goal,la model based approach to compute EVM from the static and
dynamic impairments of a systesnproposed The key advantage of this method is
that the static and dynamic impairments can be computed at a significantly reduced
time in compaison to conventional EVM.

1 To address goal Znulti-tone test inpuis proposed to be usedong with load board
DfT circuitry such as up/down conversion mixers and an envelope detector to
significantly relax the requirements of ATEhe key advantage of utti-tone test
inputs is that it eliminates the need for modulation/demodulation capability and the
associated signal processing algorithms such as time/frequencieaers, guard
band/cyclic prefix algorithms, synchronization algorithms etc.

The proposé approach is demonstrated on a 2.4 GHz 802.11 wireless OFDM
transmitter and a receiver both in software and hardware. By definition, EVM is a
measure of the variance of the received constellation points from the ideal (sent)
constellation points and quargs the combined influence of all the system impairments
on the ideal constellation points. In tlapproachthe system impairments are classified
into two categories: Static and dynamic. The effect of static impairments on the ideal
constellation poirg are quantified by EVMET and the effect of dynamic impairments on
the ideal constellation points are quantified by EMM The variance quantified by
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EVMper and EVIVknp are uncorrelated and hence can be added to obtain the overall
EVM of the system as sham in (13)-(15). The EVMper and EVMrnp Vvalues are
estimatedfrom the static and dynamic impairments respectively using the proposed

multi-tone test as explained below.

Om0 "QEYO HDQ& O & QRO b 0 d (13
0wl "QEYO OVEOPOQ Qe O i (14)
Owi "VEO D E O AN OWE & i (15)

The following steps outline the operation of the proposed app{@acthown in

Figure25).

1 Test 1: Apply an optimized multone test input and setup thansmitter and the
receiverin a loopback configuratiorio capture the low frequency test responses at
the output of an envelope detector (DfT) and the receiver baseband.

1 The captured test responses are then used to compute the static impairments of the
transceiver using a ndmear ®lver. The static impairmentsconsidered are
transmitter and receiver gain, 1IP2, [IP3, P1dB and quadrature mismatches (amplitude
and phase)

1 Test 2. Apply the same mulibne test stimulus and capture the low frequency test
response of thetransmitter via the load board mixer to computdynamic
impairments The dynamic impairments considered are (VCO phase noise and
thermal noise)

1 Test 3: Apply the same mulibne test stimulus to theeceivervia the load board
mixer and capture the baseband responsertpute thedynamic impairmentsf the

receiver.

48



1 Compute EVMer and EVMnp from the static and dynamic impairments

respectively for the transmitter and receiver.

1 Computetheoverall EVM for the transmitter and receiver

Each of the steps involved and the uhyleg concepts behind them are discussed

in the following subsections.
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Figure26: Behavioral modeling of a 2.4 GHz OFDM transceiver

3.3.4.1 BehavioralModelingof RF FrontEnds

The models implemented in MATLAB. The behavidevel model parameters for
the amplifiers are extracted in MATLAB from the circuit level simulations performed in
Agilent ADS (advanced design system). The transmitter chain is modeled by a quadrature
up conversion mixer followed by a power amplifier. Tieeeiver is modeled by a low
noise amplifier followed by a qudrature down conversion mixer.

The static impairmentanodeled in thisresearchare, transmitter 1/Q amplitude
and phase imbalance, PA AM/AM and AM/PM nlmearity, LNA AM/AM non-
linearity andreceiver 1/Q amplitude and phase imbalance. @figamic impairments

modeled are VCO phase noise, transmitter thermal noise and receiver thermal noise. A
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block diagram of the transceiver architecture along with the modeled impairments is
show inFigure26.
The input to a quadrature mixer i-s mode

phase component as 01l (t)é and th@®)quadratu

wo 0 QU o (19)

During actual operation, I(t) and Q(t) represent the real and imaginary
components of the complex IFFT output of an OFDM modulation scheme. During
testing, I(t) and Q(t) represent the optimizeditrtone test input fed into the | and Q
channels. To perform @drature mixing, the carrier signals corresponding to | and Q
channels need to be phase shifted by 90 degrees and the amplitudes of the carrier signal

need to be the same as shown below,

Y ATOs® TQOEt s® (17)

Wher gmx0i6sS t he transmichtsenr hearcrairen esi dmal
is the time base for simulation. However in reality, the amplitudegren@hase of the
carrier signals differ from their ideal values giving rise to amplitude and phase
mismatches (alseferred to as I/Q imbalan¢21]). Asymmetric modeling (modeling the

impairments into one of the channels}tod mismatch effects result in,

Y ATOs® @p - DESH® - (18)
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Where,-  denotes the amplitude mismatch (modeled as percentage error, for
e.g. 5% mismatch results in being set to 0.05ands  denotes the phase mismatch
(2 degrees typically).

Apart from quadrature mismatch, the carrier signal also suffers from a dynamic
phenomenon called as phase noise. Phase noise quantifies the noise on the phase of a
carrier signal that varies with time. Phase noise is studied in the frequency domain for RF
circuits. Ideally, a clean carrier signal will have a single tone in the frequency spectrum.
Phase noise corrupts the frequency spectrum and results in a skirtl dheunarrier
frequency. In thisesearchthe phase noise values are modeled based on the amplitude in
relation to the carrier amplitude (dBc/Hz characteristics, where dBc denotes dB below
carrier) at certain frequency e#its from the carrier signg@1i].

For e.g. the frequency spectrum of the carrier signal can be defined to have a
noise power 0f80 dBc at 1kHz offset from the carrier frequency and so on. The resulting
skirt in the frequency can be represented as phaseindisee domain and is represented
ase 0. The carrier signal in the presence of I/Q imbalance and phase noise can be

represented as follows,

Y ATos®w « 0 @p - B&Et8s® - e« 0 (19

Both transmitter and the receiver share the same oscillator in a typical transceiver
architecture. Hence 0 also represents the phase noise component of the receiver
0LO6 as Figune@@wTheoiunt put of the quadrature up c

be represented as follows,
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Q@ 08p - BDOEETB® - e 0

Mixer nonlinearity is not modeled in this approach because in most systems the
mixers are operated in a linear range due to the highbfinear operation of the power
amplifiers. At this stage iIits common to
input to thepower amplifier. Howevein this work,the complex valueare retainedo
facilitate AM/AM and AM/PM modeling of a RF power amplifier.

Power amplifier is a nofinear device and introduces amplitude and phase
distortion irto the transmitted signal quantified by AM/AM and AM/PM characteristics.
AM/AM and AM/PM are modeled as a polynomial function of the magnitude of the
amplitude modulated input signal. The input of the power amplifier signal is represented

as follows,

Lo 0 1 o0& (21)

Where, r(t) is the magnitude ardo is the angle of the complex signal Y(t). The

output of the power amplifier is then modeled as follows,

06 6 PQI & (22

Where,PQr epresents the real component
represents the AM/AM distortion and 0 represents the AM/PM distortion. The

distortion characteristics are modeled as follows,
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Figure27: (a) AM-AM and (b) AM-PM curves for a 2.4 GHz power alifigr
simulated in ADS

The polynomial coefficients and! are extracted from circuit level simulations
through a curve fitting process. A power amplifier design in ADS environment,
implemented in CMOS 0.18u technology is used for this purpose. ThAMNY our VS
Vn) and AM/PM (Output phase vs curves are simulated using ADS templates. The
AM/AM curves are characterized up to"d&der polynomial|() and the AM/PM curves
are characterized up to & drder polynomialf( . The AM-AM and AM-PM cuves
obtained for a single instance of the PA is showRigure27. The gain, 1IP2 and 1IP3 of

the PA can be represented as follows

VOQ I T ¢ Q6 (24)
"0Q0 $ K SLUE Ao (25)
'00O0 THo8% A SU € Ao (26)
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The signal being transmitted suffers from the thermal noise of various transistors

present in the chairdétermined significantly by PA) and is modeled as white Gaussian

noi se with zero mean. MATLAB function O6wghn
follows,
0 0 UQEYW ¢ Qi (27)
b o 06 o 0 o (29)
Where,"YQ0 € Qi s set to result in a typical NF value of around 14dB for

the transmitter.

| 8L4&ECBW® + 0O

O «8p - 4 BB + - 0 DwRO
(29
i

I L4 e 8 « 0

Gt «8p - 4 w8s® - « 0 0 o

Combining(16)-(28), the output of the transmitter in terms of the input and other
impairments (static and dynamic) of the system can be exdrasshown irf29).
The input to the LNA is the received signal captured by the receiver antenna. To

represent a generic model, the input to LNA is defined as Z(t). The Z(t) value is set
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depending on the type of testNA is a nonlinear device that injects AMM non-

linearity into the signal received. The output of LNA is modeled as follows,

O0® o | h M 8ph oah o (30)

Where,| denotes the polynomial coefficients of LNA AM/AM ndinearity. A
LNA design in ADS (Agilent advance design system) envitent, implemented in
CMOS 0.18u technology is used for this purpose. The AM/AMU{WS Vin) curves are
simulated using ADS templates. The AM/AM curves are characterized uptomiér
polynomial (6 ) . The receiver gai n,ated dinl& to@4n d |
(26).

The receiver 1/Q imbalanddoth amplitude and phase) is modeled similar to the

transmitter. The phase noige ( 0) of the receiver is the same as trantmitlue to the

fact that the transmitter and receiver share the same RF oscillator. The receiver carrier

signal in the presence of I/Q imbalar{emplitude and phase) and phase noise is modeled

as follows,
nY AI = N \ . \
. SLOFE 0 (31
@p - 8EI¢EB - e 0
Where,- ande denotes the receiver I/Q amplitude and phase mismatch

val ues. The r eceRXgd s midaledadfadlowd, si gnal (6

Yo 6 0®  o8Y 32

55

P3



The NF of the receiver is modeled as white Gaussian noise similar to the

transmitter NF. The noise added baseband signal is represented as follows,

0 0 UQEYWO ¢iQ (33
Do PQYO O 0 o
. e s L (34)
v O od Yw O u o

Where,’Y &0 € Qi is set to result in a typical NWalue of around 10dB for

the Receiver. Combinin(B0)-(34), the output of the receiverri(t) and x(t)) in terms

of the input (Z(t)), and other impairments can be expressed as follows,

o ro | el o 8. AT O8® « o

@p - OE8® - e 0 (35)
O 0
0 ol | | 84 « BAT O8® « 0o
(36)
Bp - B&EFEW® - e 0 O o

3.3.4.2 Decompositiorof EVM into Deterministic and Random EVM

In order to decompose EVM into EMrand EVMrpi t 6 cr i ti cal to
the relationship between the system impairments and BN Nhis analysis, for a single
transmitter instance, the overall EVM, EWM and EVMgnp Values are computed to
demonstrate the decomposition of EVM. The analysis of tkeiver yields similar
results and hence are omitted for reasons of brevity. The analysis is performed based on

standard 16 QAM Modulated OFDM data frames.
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The modeling parameters that define @EDM transmitter chain are shown in
Table 3. Phase noisds 0) is defined by the carrier signal frequency spectrum
characteristics. The AMM and AM-PM coefficients are extracted from the curves

shown inFigure27.

Table3: Modeling parameters for EVM computation

-112dBc@100KHz
Figure27a | Figure27b | -134dBc@500KHz 14dB
T8 p T80 3 -140dBc@1MHz

The input to the transmitter model I(t) and Q(t) are defined by the real and the
imaginary components of the OFDM symbols obtained at the output of the IFFT block.

I(t) and Q(t) computedoi a single OFDM symbol are expressed as follows,

‘0 PQ Y S O (37

LO oa Y S O (39

Wher e, 0T6 is the ti me miabluS$pmtdermtes the f a
16QAM modulated data symbols. The output of the transmitter is calculated as shown in
(29). The output of the transmitter is dowaonverted using an ideal receiver. The
measured symbols (Bas) are obtaind by computing the FFT at the output of the ideal
receiver. The EVM values are calculated as shown(1®). Figure 28 shows the
constellation plot obtained under the influence of all tretesn impairments modeled in
thiswork.
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16QAM: STATIC AND DYNAMIC IMPAIRMENTS
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Figure28: Combined effect of all system impairments

The static impairments of the system are set as showahle 3. The dyamic
impairments are set to be ideal (ise. 0 1 and Nx(t) = 0). For the same data
symbols shown in (37)-(38), the effects of static impairments on the received
constellations (computed similar to previous case) are shofigume29a.

The key difference between the midérrier and the single carrier schemes is that
the static impairments result in amplitude dependant effects along with symbol dispersion
(i.e. noise is introduced into the cesitation plot along with the amplitude dependant

constellation shifts) as shown kilgure29a.
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Figure29: (a) Effects of Static impairments (I/Q imbalance, AW and AM-
PM) (b) Equivaént representation by Mean shifted constellation and variance

The symbol dispersion is due to the fact that the static impairments in a multi
carrier scheme introduce intearrierinterference (ICI)[60]-[61] into the orthogonal
sub-carriers. Due to the randomness in the data between theasidrs, the ICI effects
result in symbol dispersiohe received constellation pldtigure29a) can be modeled
by an averaged constellation pointyEay) for each constellation cloud and a variance
value (VARstaTic) for each constellation cloud as showrFigure29%. Syean quantifies
the amplitude dependant static impairmesffects on the received symbols and
VARstaTic quantifies the symbol dispersion effects of the static impairments and is
observed to be the same across all the constellation clouds.yERe &d VARsTATIC

values are calculated as follows,

Y Q (39

@ BY (40)
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Where, 6(i, " syniboliheetoconsesl Itantei ojn ¢l oud and
the number of symbols in th8 ¢onstellation cloudThe EVMper component can then be
further decomposed into EVidaric_mean (computed from @ean) and EVMstatic var
(computed from VARratic). The EVMstatic_mean, EVMstatic var @and EVVber values

are calculated as shown (#hl)-(43).

O p T&E (41
Bp— B Y R
o~ 0 @
Oow p T8% 42)
[V
(o)ii) (o)ii) (o)) (43

While (29), (37) and (38) show how the impairments are analytically related to
the received constellation points, the symbol dispersion introduced by ICI along with the
randomness of the data are not direct (analytically) under the combined influence of all
the static impairments. Howevea, key observation is that theu&n and VARTaTIC
values exhibit high correlation to the static impairments of the system when computed for
sufficiently large number of symbol§his property is exploited in thisvork to
compute/predict the \igpan and VARTtatic Values from the static impairments, thereby

obviating the need for sending data bits to compute the same.

60



16QAM: DYNAMIC IMPAIRMENTS EQUIVALENT CONSTELLATION
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Figure30: (a) Effects of dynamic impairments (b) Equivalent representation by
variance

In this case study, the static impairments are set idda (i.e.- Tire
M riphdmrdn b 1t ) andthe dynamic impairments are set according to values
shown inTable 3. In multi-carrier systems, deterministic component in the phase noise
results in a commo phase rotation (CPR) across all the-salyiers and the random
component introduces symbol spreading across the constellation clouds. The CPR effects
are compensated in the receiver by making use of the pilot[@izjds the OFDM frame
prior to EVM computation.

For the same data symbols modeled (87)-(38), the effects of dynamic
impairments on the received constellations (after compensating for CPR) is shown in
Figure 30a. The received constellation plot can be modeled with a variance
(VARpynamic) associated with the ideal constellation points (noise results in a
distribution with zero mean) as shownHRigure30b. Similar to VARstatic, VARDpynamic

is also observed to be the same across all constellation clouds. EVMRND can then be

computed as follows,
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O p n81p : (44)
'-0—83 Y h

Table4: EVM decomposition analysis

EVM (combined) FT' .o FT 44,
13.94 13.55 3.17 13.9159

Table4 shows the results of the decomposition analysis where, EVM is calculated
as shown in12), EVMper is calculated as shown {@#3) and EVVknp is calculated as
shown in(44). It can be observettom Table 4 that the EVM of the system can be
accurately decomposed into its deterministic and random comporBagsd a the
formulation described above, the key observations are,

1 To compute the overall EVM accurately using the decomposition mibeehyean,

VAR static and VARyynavic Valuesneed tdbe computel.

1 Svean and VARstatic relationship with the static impairmentgeanot direct
analytically; however, they exhibit high correlation to the static impairments of the
system (suggesting a deterministic but highly-finear relationship).

1 If techniguesare developedo compute fean, VARstatic and VAR ynamic USIng
multi-tones, then the need to send modulated data to compute Ed&v be

eliminated.

3.3.4.3 Estimationof Static Mean and Variance Using Multi-Tones

In (39) and (40), the values for gean and VARstatic are computed sing a
16QAM modulated 802.11 OFDM frame. However, the goal of wusk is to develop

an approach to perform EVM testing with mutines. In order to accomplish the goal,
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the strong correlation betweemygn and VARstatic and the static impairments ofeth
systemis exploited First a methodology to determine the transmitter and receiver static
impairments of the system using a nidtine stimuluss developedSeconda regression
tool called MARS is usetb build a regression function quantifying the Hyghontlinear
relationship betweenygan and VARstatic and the computed static impairments.

In thiswork, a ron-linear solverbased approach proposed @8] to solve for the
static im@irments of a transceiver in a loopback configuration (showfigare 25) is
adopted For an optimized muklione, the low frequency test responses are captured at
the output of a loathoard envelope detector (deped at the output of the transmitter)
and at the baseband of the receiver.

A model parameter solving based testing approach has been used in this work to
compute static noidealities of the RF transceiver system. At first comprehensigdels
of the different blocks of the transceiver chain are built that includes the significant non
ideal effects such as: transmitter 1/Q imbalance,-AM and AM-PM effects of the
power amplifier, nonlinearity of the LNA and receiver I/Q mismatch. Taesimitter and
receiver are connected in loopback mode and an envelope detector is placed at the output
of the transmitter. The optimized test stimuli are applied to the | and Q input and output
of the envelope detector and the | and Q output of the excare captured and digitized
for analysis. A MATLAB based nonlinear equation solver is used for solving the model
of the transmitter and the receiver. The nonlinear solver computes thdeatities by
solving the model parameters in such a way that itnellated output of the modeled
transceiver matches with the actual hardware (DUT) output. The whole process is
performed in two steps. In first step, using the output of the envelope detector, the non
idealities of the transmitter are calculated. Then endbcond step the nadhealities of
the transmitter computed in first step are used as known parameters and receiver non

idealities are calculated.
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To accelerate the convergence time of the-lmar solver and to increase the
accuracy of the estimation agetic algorithm based test generation technigugsed in

this research

Imitial population:
randomly generated set
of chromosomes

Genetic
Algorithm

Test stimulus

Modify candidate solution

DUT response

Nonlinear i
equation model
solver parameters

Calculate cost function

Parameter
estimation error
< predefined
small number

Figure31: Test generation

The multitone test stimuli that are applied to the | and Q input of the transmitter
are optimized using getic algorithm in such a way that the accuracy of the parameter
estimation improves. In simulation, several instances of the RF transceiver are created
from ADS circuit simulation data and a set of randomly generated-ton#i test signal
are applied toltem and for each inputhe static parameters are computed using the

nonlinear solver.
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Figure32 MARS model building: Training and Evaluation

Then the squared errors between the computed values of the parameters and the
actualvalues are calculated to define the cost function of the genetic algorithm. GA uses
crossover and mutation operators to modify the initial population of candidate solutions
(test stimuli) and generates new set of solutions. The cost function value dscnétis
iterations of genetic algorithm and when GA converges, the optimum test stimulus is
obtained for which parameter estimation error is minimizBg. performing test
generation as discussed above and by using the optimizedtomgltas test input is
possible tgperform loopback testing accurately, in a short period of time.

As mentioned earlier,fgan and VARstatic e€xhibit high correlation to the static
impairments of theystem when simulated for a sufficient number of symbols. Hence in
order to quantify this relationshgpregression tool called MARS is used.

The steps involved in developing the MARS model as shoviigare32 are as

follows,
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1 For atraining set of devices, using a software model of the system under the influence
of only static impairments, compute theuemn and VARstatic values for the
transmitter and receiver with standard 802.11 OFDM (16QAM modulated) frames.
For the same training set of devices compute the static impairments for the transmitter
and receiver using the proposed mitdtie loopback test.

1 Using MARS build a regression function between the static impairments (input to
MARS) and the ean and VARstatic (output of MARS) values.

1 For an evaluation set of instances, validate the goodness of the built MARS model by
comparing the predictedugan and VARstaTic values against the actual&n and
VARsTATIC Values.

The goodness of a model in estimating a patamover a set of instances is
guantified by error metrics such as mean squared error (mse) and percentage relative

error (pre). The 6msed and o6épred values ca

B 0000 W@iI QQ@OoO Q

ai Q : (45)
0
L A DOOODN QQEHOQQ
ni Qp n&x (46)
A WOEDA
Wher e, P denotes t he i nsualniceanduseéeldr & d

denotes the parameters being eval uatsed f or
and pre values as close as possible to zebmring production testing the static
impairments are computed based on the test responses to-tomailtiput and are fed as

input to the MARS models to predicty&n and VARstatic Values, which are then used

to compute EVMgr as shown ir{41) - (43).

66



3.3.4.4 Noise AmplificationAnalysisto EstimateDynamic Variance

A noise amplification technique developed [B¥] is adopted in this work to
compute VARvynamic. EVMRgnp estimation generally requires longer test time (or more
test frames being transmitted and received) than gfMstimation since the EVMp
estimation process is a type of noise analysis, which requires a set of observations to
determine with confidence the statistical characteristics of noise of the signal being
tested. To reduce test time required for the ERRMMestimation, a noise amplification
technique that exploits a sliding window demodulatiodisgussedn this sectionln the
standard EVM measurement of OFDM transceivers as showigure 24, transmitted
symbols are decoded inethreceiver by performing 4doint FFT of digitized 1/Q signals
to detect symbols (or constellation points on the 1/Q plane). The spatial dispersion of
detected symbols represents how much noise resides on the communication systems and
channels. However, thstandard EVM test cannot fully respond to the noise whose
frequency is higher than the baseband frame rate since-g@nNFFT is performed
frame by frame.

The proposed noise amplification performs ifftame noise analysis in
comparison with the framey-frame noise analysis of the standard EVM tEgjure 33
summarizes the sliding window demodulation technique, which is designed to enhance
the EVM estimation sensitivity to higinequency noise. For the demodulation of
received baseband 1/Q signals, the sliding discrete Fourier transform (SDFT), which
calculates an Noint DFT within a sliding window, is used as a band division filter. The
SDFT module for a frequency bin ®f computes the intdrame spectral components of
Irx(t)+HQrx(t) for ¥« as shown irFigure33.

In this SDFT based demodulation, the received baseband signal is required to be
periodic within any selected time window since using the DFT implies that the finite
segment being analyzesl one period of an infinitely extended periodic signal unless a

special time window function is used to reduce the-pemodicity induced artifacts in
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the spectrum. In the transceiver, such a periodic test signal can be generated by

repeatedly transmittg the samamulti-tone stimulusgenerated by the optimized test

generation introduced in Secti@B.4.3s0 that any windowed data of the test signal can

be analyzed using the sliding DFT without additional artifacts.
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Figure33: Noise amplification methodology

As shown inFigure 33, the filtered 1/Q signal using the SDFTs for a frequency

éry, tnap (

tnmbalst are tretaed with gng another in terms of a deterministic

band of¥y results in a series of the received symbobs ), S€ry, t1)
€ Notice
phase shift due to the sliding window operation of the SDFT. When static distortions of
the transmitter/receiver are considered, the symbols are affected by such distortions on
top of the phasshift. However, the phase shift and static distortions affect every frame in

the same way since the received baseband signal is periodic with a period of a single

frame. By this reason, all the symbols detected during one frame are considered unique.
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Symbol locations are compared frame by frame to measure the signal noise in

terms of variance. The variance value is calculated from

0 Oi a—— (47)
v

whereL denotes the number of time instances used fovdhgnamic cOmputation.

Thus by performing loopback testing and noise amplification, the &fAR,
Svean and VAR>ynamvic Values are computed using a mitidtne test input. The computed
values can then be used to determine EVM, thereby eliminating the need to use OFDM

modulated data bits to do the same.

3.3.5 SIMULATION RESULTS

In this section the simulation results are shown for a behavioral model of a 2.4
GHz transceiver using MATLABFirst the decomposition of EVM under process
variations is demonstrated using modulated daits. Then proposed loopback test
methodologyresults are presentedhe performance ofMARS regression modelto
compute ean and VARstatic are presentedNoise amplification results are then
presented to validate the estimation of MARamic. Finally EVM is computedrom the
Svean, VARstatic and VARoynamwic Values as shown ifdl) - (44), and are validated
agains the conventionally computed EVM. The simulation is performed for a set of 200
instances of the transmitter and receiver. The modeling parameters in MATLAB
(Imbalance, phase noise, NF) are picked from a random distribution with a 10% variation
from theirnominal values. For the amplifiers, mom&lo simulations are performed in
ADS to generate multiple AMMM and AM-PM curves for PA and AMAM curves for
LNA.
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3.3.5.1 Proofof EVM Decomposition

The keyidea of decomposing EVM into EVp4r and EVIMknp Valuesunder
process variation as a case study for the transm#tenlidatedin this section. The
decomposition iperformedon a set of 200 instances by using 16QAM modulated 802.11
OFDM frames as an input to the transmitter. 320 OFDM syndrelssed to pedrm the
analysis. The frames are scaled to be at 1Volt at the input of the PAtheilsSYM
values are computedonventionally (EVMonvenTional) Using(12). For the same set of
frames, using simulations on a software model tbfe transmitter for only static
impairments the EVMper values are computedsing (41) - (43). For the same set of
frames transmitteris simulatedfor only dynamic impairments and compute EMi
using (44). The overall EVM is computed (EVbBAcomposen using (13). Figure 34
shows the scatter plot of EVnvenTional VS EVMbecomposepand themse(using(45))

value between the EVMNVENTIONAL and the EVMECOMPOSEDvalueS-

EVM DECOMPOSITION
20 - , . .

18

T

T

16

14

M.S.E=0.14

EVM-DECOMPOSED

12

10 ——EVM-BITS * EVM-DECOMPOSED
10 12 14 16 18 20
EVM-BITS

Figure34: EVMconvenTionaL VS. EVMbecomposeD
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It can be observed from thegure34 that the conventionally computed EVMrca

be accurately decomposed into EWi and EVMgnp Values.
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Figure35: Computed vs Actual static parameters for Transmitter and Receiver

3.3.5.2 LoopbackTestingof Static Impairments

In this section the loopback results obtaimsthg the no#dinear solver approach
is presented. The loopback test is performed as showigume25. The optimized multi
tone is fed into channels | and Q. The envelope detector response is captured at the
transmitter outputo compute the gain mismatch (), phase mismatch ( ), AM-AM

polynomial coefficients|( 8|  and AM-PM polynomial coefficients (B i . The
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loopback response at the baseband of the receiver is captured to compute receiver AM
AM coefficients ( ad8h @, gain mismatch-( ) and phase mismatch ( ). A total of
22 model parameters that characterizes the static impairments of the transceiver (as
shown inFigure 26) are computed from the loopback test methodpl@ue to brevity
the scatter plots that compare the computed model parameters from Hnmeeaosolver
approach with the actual model parameters are shown only for 4 such model parameters

(transmitter AMAM coefficients | |

and receiver AMAM coefficients| & | & in
Figure35for 100 instances of the transceiver. The pre values computed(d6)rigr all

the static parameters are observed to be less than 2.5%.
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3.3.5.3 EVM Computation

In this case study, 100 devica® aised as the training set to develop the MARS
regression models and 100 devices are used as the evaluation set. For the evaluation set
of instances, the static impairments are computed using the-tomdti loopback test
methodology. The computed statigpairments are then fed as input to the MARS model
to predict the @ean and VARstatic Vvalues. Figure 36 and Figure 37 shows the
comparison of the predicted values agaithet actual ean and VARstatic values
computed using OFDM data frames Faure2%)y mb o |
for the transmitter and receiver respectively. Theeand pre values calculated using
(45)-(46) are also shown iRigure36 andFigure37.

For the evaluation set of instances, the predi@8EAN and VARSTATIC
values are used to compute EVMDET as showf#in - (43) for the transmitter and the
receiver.

For the evaluation set of instances the \é\Rwic values are estinbed using the
proposed noise amplification methodology for the transmitter and the receiver. The
computed VARynamic Values are used to compute EXNM as shown in(44). Five

cycles of the multi-tone test input is used to perform the noise analysis.

Table5: Comparison with Conventiah EVM tests

Best case Prediction Worst case Prediction
BITS Multi -tone  error BITS Multi -tone  error
TX 13.4832 13.4754 0.0078 15.158 16.3431 1.1852
RX 12.2374 12.2390 0.0016 5.5945 6.7957 1.2012

The overall EVM denoted as EMMLti-tone IS then compted from the EVMer
and EVMknp values as shown i(L3) for the transmitter and the receiver. For the set of

evaluation instances the EVM values denoted as g¥Mre computed conventionally
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using 320, 16QAM OFDMymbols for the transmitter and the receividre scatter plot
comparisons between the EYM 11-tone and EVIMEirs and themsecomputed using45)

- (46) are shown irFigure38 andFigure39 for the transmitter and the receiver. From the
msevalues shown irFigure 38 and Figure 39, it can be observed that the EVM values
computed using mulione closely tracks the EVM values computed conventionally.

Table5 shows the best and worst case error in estimation for the titsersamd receiver.

TEST RESULTS FOR TRANSMITTER
20 ' . : :
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EVMMULTITONE

121 mse = 0.1568 .
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Figure38 EVMuuLti-Tone VS. EVMgrs for Transmitter
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TEST RESULTS FOR RECEIVER
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Figure39: EVMwmuLTi-Tone VS. EVMgrs for Receiver

3.3.6 HARDWARE RESULTS

In order to demonstrate the feasibility of the pregmb approach at proof of
concept capacity, experimengse conductedn a hardware prototype. An industrial
802.11 a/b/g industrial RF fromind (PA/LNA) from Texas Instruments, is used to
validate the approach. The transmitter and receiver chains areeucted in an ad hoc
manner. The following steps detail the outline of the hardware experiments.
1 Conventional testing of EVM to compare against the proposed approach.
1 Proposed loopback testing of RF fraartds to compute static impairments.
1 Conventional teting of distortion characteristics of the RF fremd to compare

against loopback testing.

1 EVM computation from the decomposition model.
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3.3.6.1 InstrumentatiorandRF Modules

The RF, baseband instrumentation and the RF modules used to conduct

experimers, are listed below,

802.11 a/b/g RF front-end
R&S SMATE200A

Texas Instruments Test Board
Baseband : [":\' RHO
Source/ UL
LO > 1Q Imbalance
we | Leb P

Q) , |
Vector Signal Generator X ;R?( RX ;
OUT IN ouT
Transmitter ' Receiver |

Figure40: Ad hoc setup of the transceiver

T A product i onR&S SMATE200R pabt £O0r6 si gnal gener
source RF signals. The vector signal generator is capable of simulating multiple 1/Q
imbalance characteristics using anbinlt quadrature modulator. The baseband
sources in the instrumentation support both standard OFDM signal generation as well
as arbitrary waveform generation of up to 128 Msamples.

1 The WLAN signals are captured and amzald byR&S FSQvector signal analyzer.

The vector signal analyzer is used to demodulate the WLAN signals to compute EVM
conventionally.

1 HP E3631DC supplies are used to power up the RF feords.

1 The RF frontends are housed on a mdiie test boardia RF sockets. The 802.11
a/b/g chip is capable of operating as both PA and LNA. However, only one amplifier

can be enabled at any given time. Hence site 1 of the-smatboard is assigned to

76



house chips designated as seRWp3S designatatl assi t e
LNAOGS.

1 The transmitter chain is represented by the inbuilt quadrature modulator of R&S
SMATE200A along with the PA at site 1 as showrrigure40.

1 The receiver is represented by the LNAitd 8 as shown ifrigure40.

1 A prototype envelope detector and a commercial off the shelf Analog devices 1/Q
demodulator, AD5382 are used to mimic the lbadrd DfT to perform loopback
experiments

1 The low frequeny responses for the loopback experiments are captured by a VLCT
tester (very low cost tester) from Texas instruments.

1 Conventional measurements of the distortion characteristics of the RFefrdsit
(PA/LNA) are measured using an Agilent E8363b PNA semadaork analyzer.

In the hardware demonstrations, the effects of dynamic impairments are not
included. This is due to the lack of facilities to inject phase noise in a controlled manner
(because the chips meadiege primarily amplifiers anthe R&S SMATE200A used for
mimicking an upconversion mixer does not allow for phase noise control). The inherent
phase noise of the instrumentation is designed to be extremely small to cater for
production testing. Further the thermal noise effects effitntends on the EVM value
are minimal due to the high gain operation of the PA (SNR is low) and due to the low
NF design of the LNA. Hence, onlyu&n and VARstatic values determine the overall
EVM in this setup. However this is acceptable becauseelgemotivation behind the
hardware experiments is to demonstrate the feasibility of the proposed approach at a

proof-of-concept capacity.

3.3.6.2 Conventionallestingof EVM

The experiments are conducted for 8 instances of the transceiver. The setup for

this experiment is shown figure4l.
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Ideal 1/Q

Figure41: Conventional EVM measurement setup

The vector signal generator R&S SMATEZ200A is programmed tcergés
802.11 16 QAM modulated WLAN OFDM frames. The I/Q imbalance characteristics of
the instrumentation are set appropriately and the output of site 1 of thesiteutibard is
captured by R&S FSQ analyzer to compute transmitter EWMable 6 shows the
conventionally computed EVM values and the programmed quadrature offset values for 8

instances of the transmitter.

Table6: Conventional measurements of TX EVM

Quadrature offset Burst EVM

Instance Power S
Gain (dB) Phase (deg)  (g4gm) factor (%)
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The vector signal generator R&S SMATE200A is programmed to generate
802.11 16 QAM modulated WLAN OFDM frames. The I/Q imbalance characteristics are
set to be idedlor this experiment. The RF output of the generator is fed as input to the
LNA at site 2 of the test board. The WLAN frames at the output of the LNA are captured
by R&S FSQ analyzer to compute receiver EVMable 7 shows the conventionally

measured EVM values for 8 instances of the receiver.

Table7: Conventional measurements of Receiver EVM

Instance Burst Power (dBm) Crest factor EVM (%)
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Agilent E8363b PNA

series network analyzer

Port-1 SITE 1

A

Figure42: Conventional
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Distortion measurement setup

3.3.6.3 ConventionaMeasurementef Distortion Chaacteristics

The setup for this experiment is shownHFigure 42. The Agilent E8363b PNA
series network analyzer is set to make continuous wave (CW) power sweep
measurements at 2.4 GHz to measure theAWand AM-PM characteristics of PA at
site 1 and the AMAM characteristics of LNA at site 2. The input power to the RF front
ends is swept from their linear range to their input P1dB vakigare43 andFigure44

show the measured curves for a single instance of the transmitter PA and the receiver

LNA.
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VNA data _~ 72
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Figure43: Conventionally measured AMM and AM-PM curves for the PA
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Figure44: Conventionally measured AMM curves for the LNA

3.3.6.4 EVM ComputationJsing Proposed Methodology

The baseband source of the vector signal generator R&S SMATEZ200A is
programmed to generate an optimized ragltie stimulus for the | and Q channels. The
I/Q imbalance characteristics are set appropriately for the transmitter. The transmitter and
the receiver are setup in a loopback configuration. The output of an envelope detector is
captured by the VLCT to compute transmitter impairments. The output @&f isN
captured by VLCT via a load board dowanversion mixer (AD5382) to compute the

receiver impairments. The setup for this experiment is shoWwigure45.

Texas Inst ts tester board
exas Instruments tester boar VLCT

y HIGH SPEED R SOURCE ADL;SSZ
" . NA  Loadboard DfT W
Power E f

Divider Envelope
Detector

Figure45: Loopback testetup
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HARDWARE TEST RESULTS - TX
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Figure46. Comparison of multtone EVM tests vs. conventional EVM tests for
(@) Tx and (b) Rx

The transmitter and receiver impairments are computed from thé&dgwency
responses captured using preposed loopback metdology The loopback test results
are skipped for brevityThe computed impairments using the loopback test technique are
fed as input to the MARS model (built offline) to predict thg=Ax and VARstaTic
values. Due to the minimal impact of dynamic inmpeents in this setip the overall

EVM is approximately equal to the EMMr. The EVMyer is calculated from the
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predicted §ean and VARstatic values as shown idl) - (43). The error between
conventional &M and proposed EVM is quantified by tieem svaldes as shown in
(45). Figure 46 shows the comparison between the conventionally measured EVM and
the proposed muHione test based EVMpf the transmitter and the receiv@he low

v a |l u ens ednfionstrate the feasibility of the proposed-mygt multitone testing of

EVM

3.3.7 KEY ADVANTAGES

The following subsections summarize the kaglvantagesf thisresearch

3.3.7.1 TestTime Rediction

The decomposition of EVM into deterministic and random components
significantly reduces the test time required to compute EVM accurately. The comparison
in test and computation times is shown below for the transmitter (receiver operations are
similar). From the comparison it can be observed that the proposed methodology offers
significant improvements over conventional testing techniques.

1 Conventional EVM testing requires at least 20 frames of 802.11 WLAN data. Each
frame requires the presence ofledst 16 OFDM symbols. Thus a minimum of 320
OFDM symbols is required to perform EVM testing (320 OFDM symbols with 48
data symbols per an OFDM symbol = 15360 data symbols).

1 The proposed approach requires a maximum of 5 symbols of thetomdtsignal (1
multi-tone symbol (20 MHz¢ 1 OFDM symbol) to perform EVM testing.

1 Conventional EVM testing requires 320 IFFT/FFT operations to modulate and
demodulate data symbols across 320 OFDM symbols. Further additional time is
required to perform synchronization, guard band removal etc.

1 Theproposed technique, requires 160 FFT operations (32 operations per-fomaulti

symbol) to perform noise analysis.
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3.3.7.2 TestCost Reduction

In this approach EVM testing is demonstrated with a mutine test input. The

key advantages of the proposggbeach are,

1 Multi-tone input can be generated by a-owest arbitrary waveform generator.

1 Eliminating the need for OFDM modulation and demodulation capability.

1 Eliminating the need for performing time and frequency synchronization, time and
frequency inerleaving and guard banding, therelsygnificantly relaxing the
requirements of ATE

1 Computation of multiple system impairments (I/Q imbalance,-AM and AM-PM

characteristics and Noise power) along with EVM.

To summarize,n thissection a lowcost muli-tone EVM testing methodology is
presented. The proposed methodology computes EVM by decomposing it into its
deterministic and random components. The deterministic EVM component exhibit strong
correlation to the static impairments present in the systersimiple loopback test
approach is developed to compute the static impairments to estimate the deterministic
component of EVM. The random component of EVM is computed using a noise
amplification technique. The EVM of the DUT is then computed from the detistio
and random components. Simulation results and experiments on a hardware prototype
demonstrate the accuracy of the proposed approach. The developed soluticedstiow
primarily due to the use of multones generated by a levost ATE as test infuThe
proposed methodology offers significant reduction in test time in comparison to
conventional testing techniques and is amenable for deployment in the production floor
using a lowcost infrastructureWith minor modifications the proposed methodolagy

be extended for a sdffealing framework as well.
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3.4 RESPONSE FITTING DRIEN DEVICE MODEL EXTRACTION FOR
LOW COST SPECIFICATON TESTING OF RF SYBEMS

Alternate testing offers a lowost alternative to conventional production testing
schemes by estiating multiple RF specifications form a single data acquisition resulting
in significant test time reduction. Alternate test coupled with DfT solutions such as
embedded sensors make production testing using acdew infrastructure feasible.
However, cosiderable effort is expended in developing the regression based mapping.
Specifically, the training set of devices for developing the mapping using supervised
learning techniques must include devices across as many process corners as possible. In
practice,a defect filter[65]-[66] is used to first determine if the DUT specifications can
be predicted accurately from its response (the specifications of devices that are
significantly outside the perforance domain of devices in the training set are not

predicted accurately by the alternate test procedure). If not, then standard specification

tests are applied to these fAoutliero devi
data i s useedd tthoe fsuuppdear vi sed | earner . Il n th
shifts, it i's expected that -btalcek 0r @ sou |l stti anng

testing procedures and the resulting information fed to the supervised learning algorithm.
Insucha scenari o, the system fil earnso about p
time. However, the learning process can be lengthy and does not eliminate the use of
standard test mechanisms

Hence itds desirabl e to olkvateth®mpeedttoe st i n
perform training and compute multiple performance metrics using a -dost
infrastructure in a shorter period of time compared to conventional testing techniques. In
this section, a response fitting based device model extraction (gisoed to as
parameter estimation/identification) technique is discussed to compute multiple
performance metrics from a single data acquisition. In a parameter identification

technique, the DUT is defined by a black box model. The model parametersracteeixt
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by observing the output response of the DUT to a carefully chosen test input. The
extracted models are then used to compute the specifications of the [@70]

illustrate prior literatue concerning various parameter identifications techniques.

3.4.1 GOALS AND OBJECTIVES
The key objectives for lowost testing of multiple specifications of RF devices
are

1 The test methodology should allow fleF devices to be tested with tleast test
time possiblaising a single data acquisition.

1 The test methodology should allow fanultiple RF specificationsto be
determined concurrently from aingle data acquisitionusing low cost test
equipment.

1 The test methodologwhould eliminate the need fotraining of supervised

learners for accurate test specification computation

ATPG || Reference test

stimulus DUT
|
Envelope detector or mixer down-converter
Golden reference Observed response
N-Model .| compare Phase adjustment
| R
I | Determine DUT
Adjust model specs
parameters

Figure47:. Device model extraction approach
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3.4.2 PROPOSED METHODOLOGY

An ADS design of the RF PA is used as a test vehicle. Behavioral models of the
PA ae extracted from the AM\M and AM-PM curves obtained using ADS templates.
Figure 47 shows the flongraph of the proposed response fitting based device model
extraction approach. The behavioral model of the PA in MATLAB is refaoesk the
DUT in Figure 47. The black box model extracted by the response fitting approach is
denot ed -nacsd etl-hgmdel dermines the specifications that can be computed
from the same. In this work, theMxAM characteristics are targeted. Note that the
behavioral model used to simulate the device is different from theodlel extracted
from the response fitting approach. In production testing, the DUT blo&kgure 47
represents an actual device. The complexity of theddel is determined based on the

specifications of interest.

3.4.2.1 Approach

A single or multitone amplitudenodulated RF test stimulus (optimized via a
genetic test generation algorithm) is cartgd in such a way that tmesponse of th®F
DUT to the stimulusexhibits strong statistical correlation with its test specification
valuesunder multiparameter DUT perturbations (this is similar to the manner in which
the test stimulus is constructent the alternate test approach). The resulting stimulus is
called thereference test stimul®TS). The DUT is excited by the RTS and its response
is downconverted to baseband using either a mixer or envelope detector. The down
converted signal is digited for analysis and is referred to asdbserved respons# the
DUT. Note that the observed response is distorted by the DUT gain and phase transfer
nonridealities. Hence, this response is also calleddib®rted responsesignal (DRS).
The DUT is reroved and the input signal (RTS) is directly deeonverted by the same
mixer or envelope detector and digitized by a data converter. This is the idgdtien

reference signalGRS).
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For comparison of the golden signal and the observed test respbeggsases of
the same are adjusted digitally. Given a finite order-ideality model (NModel in
Figure47) for the RF DUT including AMAM distortion effects, the input to the model is
assumed to be the goldeneedfnce signal and its output is assumed to be the observed
response of the DUT to the RTS. The model parameters are then computed in such a way
that the input and output of the model are consistent with each other using a combination
of algebraic methodsnd optimization algorithms. The process of mapping the golden
reference signal to the observed DUT response via the DUT model is cfamhse
fitting. The relevant specifications of the DUT are computed from the model parameters

SO extracted.

Asin(ot +d(t))
—_ -—)@—) ADC1 >
RF Gl b . b
S : RFCgO Processor
N
ADC2 N
Asin(oft) :

Figure48: Response fitting based model extraction test setup

3.4.2.2 Test Setup

Figure48 showsthe test setup on which the proposed theory is validated. The test
input is sourced from a lowdguency multtone signal generator. The low frequency
RTS is upconverted by a preharacterized load board mixer. The test setup is evaluated
for two different sensors: 1) Envelope sensor and 2) Mixer. The low frequency outputs at

the sensor is digitizeand transported to a lewost tester/processor for further analysis.
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Figure49: AM-AM and AM-PM modeling of the PA

3.4.2.3 Modelingof AM-AM andAM -PM Characteristicef the PA

A two stage RF PA was designed at the transigeellusing CMOS 0.18um
technology and simulated in Agilent Advance Design Systems (ADSADB design
templates were used to simulate for AAM and AM-PM characteristics. The extracted
characteristics were then imported to MATLAB. The developed modekhameused to
simulate transient DUT response waveforms. The reference test stimul® (KT
generated in the baseband using low frequency +sinkis. The test waveform is thenup
converted using a miXxer;beothe carrferefrequencytofahe | 0 a c
RF signal shown in the test g(kjuRos@®E@) I np
where r(t) is the modulated envelope at the input of the PACamdthe phase of the

carrier. The output of the PA is then given by,

Go  bio®ET O i 0 (49)
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Where, A[r(t)]is defined by the AMAM di st ortion character:|
defined by the AMPM characteristics (measured using -APS). The modeling
approach is shown ifrigure 49. The sensor responses for the PA output are then

computedand digitized for analysis.

3.4.2.4 Nonlinearity Model(N-Model) For Usein Response Fitting

In this researchthe focus is on measuring AMM distortion effects in the
presence of AMAM distortion as well as AMPM distortion in the RF power amplifier
(PA). The Nmo d e | is assumed to be of pol ynomi g
predefined degree. The third order polynon
U2*#« UB*¥or an ideal device, Ul = gain, U2
objed i ve is to find the val uxésshegolflen tdéferenced2 an c
signal y is thedistorted signal response

The golden response for a given test is mapped to the distorted response obtained
from ADS characterization data to compute ff@ynomials that define the AMM
characteristics of the devick.is observed that the degree of the polynomial model affect
t he accuracy of the characterizati on. I n t
computed from the captured responsesesult in accurate characterization of the RF
DUT. Once the polynomial ¥ f(x) for a specific RF DUTis known, the specifications
that define the AMAM distortion characteristics such as Gain, IIP2, [IP3 and P1dB
(input) can be computed from the computédmo d e | parameters. Coef

and U3 (from a 6th degree fit) are used to

shown below

0O d 11C Q6 (49

0Qd — 0 & ao (50
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Figure50: (a) Optimized test waveform (b) fithess metric across generations

3.4.2.5 Test StimulusGeneratio

Genetic algorithm is used to obtain an optimized ntalie test stimulugd-or test
generation, a sample set of devices under statistically significant process variations is
created. For each device, the values of the polynomial coefficients are corapungd
data from HPADS simulation runs. During test generation, for each candidate test
stimul us (correspondi ng -ftiot -oreodeNcpblynamab s o me )
coefficients (Ubs) correspondis oogputedby e ac h
mapping he golden response signatio the corresponding distorted sigyal

The error between the ¢ alocsul(aktneodwn(o sf oar

the devices in the sample set are weighted appropriately to obtain the fitness function that

the geneticalgorithm minimizes. For accurate computation, the input stimulus has to
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capture all the noideal effects of each DUT. The optimization is done over both
frequency and amplitude of the baseband signal within the 20 MHz baseband bandwidth
(typical for an OFDM system) to finally determine a multine for which the best
accuracy in computing the -Model parameterss achieved Figure 50 shows the
progression of the fithess metric vs. the no. of iterations on the left and thezepitimi

multi-sine test stimulus on the right

Observed (Distorted)
Reference Test Response (DRS)
Stimulus (RTS) i
—_— -
Response PDistonion
Fitting Coefficients
' — /v
Golden Response

(GRS)

Figure51: Conceptual block diagram for response fitting

3.4.2.6 Responséitting

In this subsection the basic theory behind signal transformation based testing of
multiple specificabns of the RF DUTis discussedThe conceptual block diagram for N
model identification is given ifrigure 51. In this procedure, for a given reference test
stimulus (RTS) the golden response signal (GRS) andisk&rted response signal (DRS)
are captured. For simplicity, the RTS is showmbe a single tone sine wave. The key

idea is that thepolynomial that maps the golden response signal (GRS) to the distorted

92



response signal (DRS) captures the distortion athearistics of the nonlinear transfer
function of the RF device under test (DUT).

For a given test setup, the GRS and the DRS of a DUT are known. The
polynomial that characterizes the distortion can then be computed by constructing the
fiVander mo nidke 0O0h&@B&S is assigned asand DRS is assigned &s The
objective is to deter mi xwoy.tldt the qegrdeyohtbemi al s
pol ynomi al benb defFonexh Wadkband debhpeee&/adder mo

matrix can be constructed follows,

Vp (53

WhereU j is an element of the Vandermonde mawiwith rowi nde and 6i 0

column index 06j 6. Once the Vander monde me
obtained by solving the followingegut i on i n t he @dfdlavs,t squares
8 w (54)

(54) is solved by using standhrQR factorization techniquesny(V)* y) to
calculatep in a computationally efficient manner. In practidakt setups the DRS
undergoes transformations from the measurement setup artifacts in addition to the
distortion characteristics of the RF device. However since the GRS is captured into the
digital signal processor via the same measurement setup/pa#inithets introduced by
the measurement setup can be ignored. Further, any mismatch between the measurement

setup paths can be-@enbedded based on prior characterization
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3.4.3 VALIDATION RESULTS

In this section the simulatn results obtained for the dvstage PA designed in
ADS is presented. The nominal AKM and AM-PM characteristics obtained from ADS
simulations are shown iRigure52. Monte Garlo simulations are then performed in ADS
to generate process varans to obtain multiple AMAM and AM-PM curvesfor 100

instances of the PA

AM-AM AM-PM
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. o »
0 1 1 L 1 Gn_rr & 1 L 1 1
1] 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Amplitude Normalized Amplitude

Figure52: AM-AM and AM-PM curves from the ADS design of PA

3.4.3.1 Casel: TestResultswith No AM-PM Effects

AM-PM effects of the DUT model are tawth off in this case studyThe
optimized tesshown inFigure50ais used to compute the black box models for all the
instances. Equationsto 10 are then used to compute the specifications such as Gain,
[IP2, 1IP3 and P1dB. Thaccuracyof the proposed test is evaluated by comparing the
computed specifications against specifications obtained from ADS simulations as shown
in Figure 53 for an envelope detectoFigure 54 shows thetest results for a mixer as
sensorThe O6x6 axis for the plots refers to sp
obtained from the proposed signal transformation technigae.a PA with AMAM
artifacts only, it can be observed from the figured the test results are accurate for both
envelope and mixer sensors at the output of the DUT
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3.4.3.2 Case2: Test Resultsvith AM -PM Effects

The test results shvn in Figure53 andFigure54 ignore the AMPM effectof the
amplifier on theoutput.However a causdor concern is the fact that the effects of AM
PM phase additions on the RF carr@rrrupt the amigudes of the envelope and mixer
sensor6s outputs. T hificationrcengputdtiansTheiimpaci af ac c ur
AM-PM effects on the accuracy of the test results are studied for two scenarios, hominal
AM-PM (10 degrees max) and exaggerated-RM (up to 80 degrees) for both the
envelope and mixer sensofsgure 55 and Figure 56 shows the test results for IIP3 for

realistic AM-PM effects and exaggerated ARM effects respectively.
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Figure55: Impact of Realistic AMPM on 1IP3 estimation

It can be observe#igure 55 that the presence oéalistic AM-PM results in a
slight DC shift in the computespecificationdrom the actuaspecificationdor both the
sensors. It can be observed fréigure 56 that even for high values of phase distortion
(exaggerated AMPM) the envelope detector shows only a DC shift in the computed
spedfications This is due to the fact that the eloge is dominated by the AMM

effects.
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This DC shift in estimation for envelope detectaran be compensated by

comparing thadevelopedtest results with standard tastsuls for a nominal device to

determine theamount of DC shift in computatiorlowever fromFigure56it can be seen

that inthe case of mixer the results get corrupted significaHtlg.n c e |

t 6s

desi

an envelope dettor to accurately estimate the AMM specifications under the

influence of AMPM distortion.

3.4.4 KEY ADVANTAGES

The key advantages of the proposed response fitting based device model

extraction technique are,

1 The proposed technique islaw-cost testsolution. The signals are sourced and

measured at low frequencies.

1 The response fitting algorithms are simple and hence offer accurate testing in a

significantly reduced amount of time using lowst infrastructure.

1 Results show that accurate computatidrAM-AM distortion effects such as Gain,

[IP2, 1IP3 and P1dB is possiblsing a black box model approach

1 The proposed test is accurdte multiple specificationsusing a single data capture

without the need for training of a supervised learner
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In conclwsion, this chapter presentestverallow-cost test solutions that are
amenable to production floor deploymeftiree methodologies based on the alternate
testing principleand a response fitting test methodologgéseloped to tedbr multiple
RF specifcations using a single data capturke proposed methodologies reduce overall
test time and are capable of estimating multiple RF specifications of the system. The
methodologies are implemented using a -8t infrastructure with minimal RF
requirements.

The test cost of an RF system contributes significantly to the manufacturing cost
of a wireless productWith the high levels of integration and the advent of deep
submicron technologies, thmpact of process variations on the RF system performance
is increasingly severgesulting in a significant increase in the overall test.cis¢ low
costproduction tesmethodologies discussed in the chapter address the issue of test cost
and test timeto significantly reduce the overall test cost of highly inéégd advanced
RF SoCs.This has direct impact on theeduction of overall manufacturing cosf
advanced RF SoCs and consequentlyrédaiction of time to marketdf these advanced

systems, to guarantee a success in the marketplace.
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CHAPTER 4
ANALOG TUNI NG METHODOLOGIES FOR COMPENSATING
WIRELESS RF FRONT-ENDS

RF ICs suffer from severe process variations for technologies approaching 45
nanometer (nm) regimeReduction in the production yield of RF ICs significantly affects
the overall manufacturing cosvf the final product In order to address process
variability, design engineers perform design centefifig to guarantee the design across
a set of process corners. In addition during the early stages of production, engineers
spend considerable amount of time in developing meticulous characterization routines
across each process corner to guarantee the performance of the Bystest.caseghe
devices that are deemed bad during production test exhibit parametric vargions
opposed to a catastrophic fault in the system. Such deviatamsbe tunedor by
designing a set of control knolro the system during the design phase. Once the tuning
knobs are in place, a tuning stratggging optimization routine)an be deveped to
run low cost tuning routine@o compute the cost functioduring the production testing
phase(referred to agpost manufacture tuning this thesis).The key challengesof
analog tuningare as follows:

91 Developing afast and accuratéow cost tst to computemultiple performance
parametersising a single data capture.
1 Developing aapid low cost tuning to improve the product yield.

In this chapter, several post manufacture analog tuning strategies to combat
process variability are discussed. Hay objective of these techniques is to perform post
manufacture tuning of advanced RF SoCs in adogt environment with emphasis on
reducing the time taken to perform tuning. Once a desirable yield is achieved the tuning

knob values are fixed to theiptimal values.
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4.1 ANALOG SIGNATURE DRNEN MULTI DIMENSIONAL POST
MANUFACTURE TUNING OF RF SYSTEMS

Researchers have proposed various tuning strategies to combat process variability.
The key drawback of prior research is thatekesting techniques targspecific system
level RF performance metrics without regard to the impact that tuning might have on
other systenievel RF specsin the past, alternate test has been used to obtain multiple
specifications of a RF system using a single test. However, riligves extensive
training to develop accurate regression models to estimate the specifications from a single
data capture. Although training can be performed offline (before production floor
deployment), it is desirable to have solutiovithout the needor training to fimplicitly
tuned multiple specifications in cases where training can be hard to perform.

In this section, a loveost analog signature drive post manufacture tuning
approach is discussed. The emphasis is on performing rapid tuning usipte si

measurements to improve the overall yield of a system.

4.11 GOALS AND OBJECTIVES
The key requirements for developing an analog signature driven post manufacture
tuning approach are,
1 Development of a test methodology to assess multiple performagtciesrof
the system for a chosen combination of the analog tuning knobs, without the
need to perform extensive training.
1 Development of an optimal control law (cost function) to improve the overall
production yield of RF systems
1 Development of optimizatin techniques to determine the best way to perform

multi-dimensional tuning of analog knobs built into the system.
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Figure57: Conceptuatiagram of the proposed analog signature driven tuning
methodology

Golden Envelope

4.12 PROPOSED METHODOLO®

The conceptual diagram of the proposed approach is showigume 57. The
proposed methodology is demonstrated on a 2.4 GHz wireless OFDM transmitter. An
envelope detector is used at the output of the transmitter to a caépiufeequency
response. The key idea is to perform tuning by comparing the performance of a DUT to
the performance of a golden device that is identified during the characterization phase of
the product cycle. The performance of the RF system is quankbfiethe envelope
response captured for an optimized test inphé objective of tuning ithento minimize
the difference between a process perturbed test response and a golden response (implicit
tuning of specificationspy controlling the analog tuningikbs to implicitly guarantee an
improvement in the overall yield of the system. The specifications targeted in this work
are transmitter gain and 11P3.

Process variations perturb the ndadealities in the system and hence the
observed respons®y samplingresponses (golden response) from known good devices
that exhibit nominal behavior and comparing them against the responses obtained from a
process perturbed device one can develop a m@ost function)that relates to the

deviation in the performanca@mmeters of the process perturbed system from its nominal
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performance (indicating the amount of tuning requiréah)important observation is that
the tunability of a process perturbed instance can be maximized by maximizing the

sensitivity of the capturktest response to the multiple specifications of the system.

4.1.2.1 Test Generation

In order to maximize the sensitivity of the observed waveform to the perturbed
process, a 0Genetic al gor it hhedenchccatgaithmt e st
is similar the ones discussed in Chapter 3. Alternate test is used as a test vehicle to
perform test generationThe success of alternate test depends on sthéstical
correlation between theobserved test respons:d theprocess perturbationgn the
sysem. The goal of this test generation is to identify a test stimulus with a high degree of
alternate test accuracy. The quality of the alternate test is determined by the prediction
accuracy of the developed regression functions, meaning that an altestatesponse
with high statistical correlation (for an optimized test stimulus) to the process
perturbations result in good prediction accuracy. By optimizing for the prediction
accuracythe sensitivity between the test response and the multiple specifisatf the
systemis maximized implicitly

Note: Alternate test is only used as a vehicle to perform test generation to
guarantee a test response (envelop capture) that is highly sensitive to process
perturbationsDuring the tuning phaselternate tests not usedo perform tuning. Once
an optimized test stimulus islebbetminedtitd

compute the codtinction

4.1.2.2 Cost Function Derivation

A simplistic approach to determine the cost function to perform optiiorzs to
compute the least squared error (LSE) between the observed envelope response and the
golden envelope response for an optimized test irtpowvever a key drawback of the

approach is the aliasing of the effect of one specification over the esipagially in the
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case of opposing specifications.nt ui ti vely i tds easy to ide
between the golden and observed envelope response is dominated by the difference in
gain between the two instances (difference in 1IP3 values havieimal impact on the
LSE). However, asimple signal processing trickcan be performed on the captured test
responseso obtain metrics that have strong correlatiorbath gain and the distortion
characteristicglIP3) of the systemThe idea is to devejptwo independent metrics with
each having a high degree of correlation to the specifications of interest (gain and 11P3).
The cost function of the analog optimization strategy is then derived as a weighted sum
of the independent metrics

The LSE between th observed and golden envelopgscalculatedto obtain a
metric with high gain correlation (denoted as gain errofhe LSE between normalized
observed and golden envelopes is calcultdembtain a metrigvith high IIP3 correlation
(denoted as IIP3 errpr The two metrics are combined together to compute the cost

function as follows,

6 & 0D & wOWEs 88O @i Qi AW & U ¢
S a 0 6i Qi 0QQ0t aQQe (59
©C TA Q0 Q00 Q0
Where,W1 and W2 refer to the weight assignments feritidividual metrics. By
appropriately allocating W1 and WBe techniquean exercise the flexibility of tuning

one metric over the other depending on the requirements of the system.

4.1.2.3 Tuning Strategy

The objective of this research is to develagoathms that can determine the best
way to tune the control knobs. Designing the knobs by itself is a separate area of study

and hence is out of the scope of this resedfoh.a given RF systenit, is assumd that
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mul tiple Atuning krnroddwdating deviae pesfarraande a(dd. e
capacitances, resistancasvoltages and curresdf a circuit module). In thisesearch

the focus is orsomecommonanalog controknobsthat influence the performance of the
system mixer supply, mixer bias, powemmplifier supply and power amplifier bias.
Figure 58 shows the flow graph of the proposed steepest descent based analog tuning

strategy.

ﬁitialize circuit tuning knoty

!

Compute gradient
(central difference)

!

Compute optimal step size
(Golden ratio search)

!

Update circuit knobs

No

Set Circuit tuning knobs
to optimal values

Figure58: Steepest Descent based Gradient Search Technique
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In general the tuning knobs should be chosen such that they can accommodate
tradeoffs between specifications. Let K =
tuning knobs. For a process perturbed device the tuning algorithm starts from a nominal
value ofthe K vector. A steepest descent based gradient search algorithm is the used to
minimize a cost f u n c(®5).0 hhe tarfing IS paf¢rroen Mot e d
iterative manner. The following steps outline the proposed @nsilgnature driven
tuning strategy,

1 For each iteration the test response (a low frequency capture of the envelope
detectordés output) of the RF system to a
vector O6KO6 is captured. nSelisasedtb tompute¢hd | ow
cost function o6f(K)&6 for a given iteratio

1 A central derivative approximation of the cost function is used to identify the gradient
vector for each tuning knob as shown (B6). The gradient vector indites the
direction of maximum benefit (performance improvement in this case). The central
derivative is obtained by perturbing eac
running the proposed test to ascertain the effect of the change in tuning knob values
on the specifications of the RF system (hence, the hamlwareiterated).

1 The gradient vector obtained through this procedure is used to compute the search
direction as shown i(68).

1 Oncethe search direction is found an optlretep size (critical to reduce the number
of iterations) for each iteration is obtained using a golden ratio line search technique
[72]. To obtainhgp, a |line search is performed on
minimizef uncti on 062Z(5BY®.) 6as shown in

1 The control vector K is then updated as show{60).

The mathematical framework of the hardware iterated gradient search is shown

below:
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4.1.3 VALIDATION RESULTS FROM SIMULATION

In this section the validation results obtained from the simulations performed in
MAT LAB on a behavioral model of a 2.4 GHz wireless OFDM transmitter are discussed.
An ADS design of a RF mixer and a power amplifier is used to construct the OFDM
transmitter chainA two stage RF PAlesign(similar to the ones in Chapter 3)@MOS
0.18um tehnologyis used in this studyFor the mixer, a doublealanced Gilbert cell
architecture is chosen. The operating range of the mixer is ffé@Hz, and the power

consumption is 6.6mW at a nominal supply voltage of 1.8V and bias of 0.8V.

4.1.3.1 Tuning KnobDefinitions

The chosen analoguning knobsfor the mixer and PA desigrare mixer bias,
mixer supply, PA biasl (stagel) and PA bias2 (stage2). The mixer bias values are set to
operate from 1.7 to 2.2V. The mixer supply is set to operate &&nto 09V. The PA
biasl is set to operate from 2.6 to 3.4 V. The PA bias2 values are set to operate from 2.6
to 3.4V. The voltage resolution for all the tuning knobs is set to 0.1V. The voltage
resolution defines the minimum voltage value by which the tuning kreob be
controlled. All possible combinations of the tuning knobs within the prescribed ranges

resultinab search space6 of 2430 unique tuning
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4.1.3.2 Modeling R Transmitter

Monte-Carlo simulations are performed in ADS to gerneratltiple instances of
the PA and mixerThe design templates in ADS are used to generate multipleARM
curves for each process perturbed instance across the entire range of the tuning knobs.
The tuning data obtained for all the instances of the tratesnmstexported to MATLAB
to extract the behavioral parameters. The amplifiers and the mixers are modeled in
MATLAB as nonlinear polynomial transfer functions as discussed in Se@&iarR1.
For a selected tuning knob combination, the coefficients eégttdoom appropriate ADS

curves define the performance of the transmitter.

Best: 0.111 Mean: 0.134

‘‘‘‘‘ Best fitness
~+-Mean fitness

Fitness value

R e VO
0 10 20 30 40 50
Generation

Figure59: Test generation, Fitness function vs. number of iterations

4.1.3.3 Test GeneratioResults

The test input is defined foy a twetone multi-tone The genetic optimization is
performed by evaluating the accuracy of alternate test. The core algorithm is similar to
the technique discussed in Sectii.21. The MARS models are built using a training
set of 100 instances of the transmitter. Thedeh@ccuracy is evaluated for a set of 50
evaluation instances of the transmitter. The accuracy of the regression models across the

evaluation set is set as the fitness function for the chosen genetic individheal.
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amplitude and the frequency of the tiwmput tones are optimizedtigure 59 shows the
fitness function values across the generatiéigure 60a showsthe final optimized test

waveform and-igure60b showsthe envelop response faa process perturbed instance
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Figure60: (a) Optimized test waveform, (b) Envelope response for a process
perturbed instance

4.1.3.4 Cost Function Analysis

The goal of this exercisa ito determine whether the tasetric (shown in(55))

can closely track the perturbations in performance parameters (multiple) of the system

due to process variation across all the tuning knob val&es.an optimized test stimulus

shown inFigure60, the following steps are performed,

9 Capture and store the golden envelope response at the output of the envelope detector
for a golden device (identified during the characterization phase)

1 For a process perturbed instance, capture etwelope response (designated as
observed in(55)) and compute the cost function §r a chosen weight selection,
across all the tuning knob values.

1 For the same instance, calculate the specification values across all thekiuoiing
values.

1 Compare the cost function values with the specification values across the search

space of the instance.
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The mini mum value of the <cost functio
specification values closest to the nominal specification valseshown in(55), the
cost function can be modified by assigning weights W1 and W2 appropridtety.
experiments are performed for three case studies (equal weights, gain preference and IIP3
preference)The nominal performance the system is determined to be 43 dB for gain
and-13 dBm for 1IP3.

Casel(Equalweight9: In this case study the weightél and W2 are set to unity
values to tune foboth gain and IIP3 simultaneouslit can be seefkigure61 that the
gain and 1IP3 values converge towards the nominal gain and IIP3.

Case2(Gain preference: In this study W1 is set to 1 and W2 is set to 0. It can be
seen fromFigure62athat the gain values converge towards the nongjaa value.

Case3(IIP3 preferencg: In this study W1 is set to 0 and W2 is set to 1. It can be
seen fronfFigure62b that the 11P3 values converge towards the nominal 11P3 value.

't should be noted t hgaih alonetwitroout impastiogs s i b | ¢
[IP3 and viceversa. Cases 2 and 3 are used only when the other specification (not being
tuned) can tolerate some degradation (enough design margin) without being classified as
bad. For the rest of the analysighe tuning reglts are shown for the most common
scenario (Casel) to implicitly tune both gain and lI€&se study 1 allows for implicit
tuningandtrade f f s bet ween Gain and |1 P3. 't shou
with equal weights have contributionsrindooth gain and 11P3 there by resulting in some
aliasing of the specifications (i.e a single cost function value can correspond to multiple
combinations of gain and IPBHence i1 tbé6s <critical to perfc
(onetime and is done offlifeto minimize the aliasing effects to achieve yield
improvement in a statistical sense. Alternatively one can perform sophisticated signal
processing to do the same, however such techniques are time consuming and are not

feasible for a lowcost post manuturing approach.
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Figure61: Cost function across search space for equal weights (Gain and 11P3

preference)
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Figure62: Cost function across search apace for (a) Gain preferened (W

W,=0) and (b) IP3 preference (\#0, W,=1)
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4.1.3.5 A NoteonPower Penalty

It should be noted here that the improvement in specification values incurs a
power penalty in most of the cases. The power consumption however should be increased
only as much as required to s$ify the device as good. In thmsethodologythis is
achievel by computing the golden response for a nominal device, thereby, guaranteeing
performance improvement only @p the nominal performance. The tuning results show

an acceptable power consumptymmalty for the proposed approach.

Table8: Nominal Specifications and test bounds for yield analysis

Type of Spec Spec Nominal Spec Bound

Gain 43.06 dB 3 dB (double sided)
IP3 -13.05 dBM 1 dB (single sided)
Power 268.8 mW -

Figure63: Production Yield for Transmitter before and after tuning
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